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POTENTIAL RELEASE OF FIBERS FROM
BURNING COMPOSITES

Vernon L. Bell
NASA, Langley Research Center

SUMMARY

A comprehensive experimental carbon fiber source program was
conducted to determine the potential for the release of conductive
carbon fibers from burning composites. Laboratory testing deter-
mined the relative importance of several parameters influencing
the amounts of single fibers released, while large scale aviation
jet fuel pool fires provided realistic confirmation of the labora-
tory data. The dimensions and size distributions of fire-released
carbon fibers were determined, not only for those of concern in
an electrical sense, but also for those of potential interest from
a health and environmental standpoint. Fire plume and chemistry
studies were performed with large pool fires to provide an experi-
mental input into an analytical modelling of simulated aircraft
crash fires. A study of a high voltage spark system resulted in
a promising device for the detection, counting, and sizing of
electrically conductive fibers, for both active and passive modes
of operation,

INTRODUCTION

The disclosure (ref. 1) of the possibility for widespread
damage to electrical and electronic equipment due to the inadver-
tent release of conductive carbon or graphite fibers into the at-
mosphere resulted in the formation of a carbon fiber risk analysis
program with the objective of assessing the potential risk in de-
tail (ref. 2). The initial element of the NASA study was that
which required a study of the source of the fiber itself. Since
the NASA program was to be concerned primarily with risks result-
ing from the use of carbon fibers in civilian aeronautical appli-
cations, the most likely source of carbon fibers was assumed to be
from the combustion of carbon fiber-reinforced composite aircraft
parts. At the beginning of the program, and to the present time
(1980), no instance was known of a crash and/or fire involving any
of the few commercial transport aircraft having carbon fiber com-
posites in active service. However, several such crashes and
fires involving military aircraft with carbon fiber composites
have occurred, which together with a body of accident statistics
for commercial aviation suggest the inevitability of accidental
carbon fiber release from civilian aircraft crash fires.



Without experience to draw on, it was necessary to develop
and execute a test program to provide the data for predicting how
much and what kind of fibrous materials might be released from
future aircraft crashes. Since the fiber source element was to
be the first input into the comprehensive risk analysis, time was
important in developing the tests. Only sparse knowledge of fire
release was available at the start of NASA's prog~am. Limited
qualitative laboratory tests had been carried out at the Naval
Research Laboratory (ref. 3). Those tests were principally ther-
mogravimetric analysis and fire tests on very smali composite
specimens, The results disclosed  some important effects on the
burning of composites. For example, the formation of a carbona-
ceous binder, or char, from the burned epoxy resins was helpful in
holding the residual carbon fibers together. Furthermore, it was
noted that some form of agitation, intentional or otherwise, was
instrumental in causing the release of single fibers.

Pioneering studies in fiber release from burned composites
were conducted at the Naval Surface Weapons Center, Dahlgren,
virginia (ref. 3). The tests were run in an enclosed room, which
meant the complete containment of all fiber materials given off
during the test. The test procedure involved the combustion of
composite specimens up to 0.1 m2 (1 ft.2) in size with a propane-
air flame, Most of the early tests run by the Navy prior to
NASA's entrance into the carbon fiber study involved the destruc-
tion, subsequent to the fire, of the composite panel with 57 grams
(2 ounces) of explosive placed beneath the specimen. Naturally,
that test sequence resulted in an extensive release of a variety
of fibrous materials (fig. 1). The residues were collected on an
array of more than a hundred sheets of paper coated with a tacky
adhesive to retain the fibers when they fell onto the papers.

The count of single fibers, which were considered to be the most
likely form of fiber to cause electrical damage over a widespread
area, was supplied by a group at the U. S. Army's Dugway Proving
Ground, Utah. Initially, the amounts of single fibers released
from the burning and exploding of flat composite plates were
thought to be very high, as much as 20-25% of the mass of carbon
fiber originally present in the specimens. Later, corrections
and refinements to the counting procedure showed that the amounts
of single fiber released were almost always less than 10%.

The afore-described test sequence was intended tn simulate
the crash scenario for military aircraft, Based on prior experi-
ance, the burn plus explode test appeared to be valid for the
most severe types of military aircraft crash events, in particular
those involving crashing and/or burning on the deck of an aircraft
ca~rier. However, the likelihood that the same test would simu-
late realistically the crash of a commercial air transport was
thought to be very small., Nevertheless, the burn/explode test
was applied at the beginning of the NASA program to several com-~
posite materials, including aircraft parts either of the type in



use or expected to be used on commercial aircraft. It was be-
lieved that such tests could be considered the ultimate in sever-
ity in crash situations. Following those tests were to be a
large number of others, at a number of locations, which would
prescribe test conditions covering a wide range of expected com-
mercial aircraft crash/fire events.

This report describes that test program and presents the to-
tal results of the testing which led to the amounts of carbon fi-
bers which could be expected to be released accidentally from the
crashes, and ensuing fires, of commercial air transports. Specif-
ic amounts of fibers were recommended for application to the risk
analysis computations. In addition to the amounts of carbon fi-
bers, the physical characteristics and dimensions of fire-released
carbon fibers were determined and that knowledge was relayed to
appropriate parties active in the federal carbon fiber study. Use
of trade names in this report is for the sole purpose of identi-
fying the materials tested, and such use does not constitute an
official endorsement of the products, either expressed or implied,
by NASA.

SCOPE OF TEST PROGRAM

The various facilities which have supplied data for the car-
bon fiber source test program have been summarized in Table I.
The test program was under the overall direction of NASA Langley
Research Center. 1In addition, an extensive investigation of the
fundamentals of combustion of both epoxy resins and carbon fibers
was performed at Langley. The initial testing, and eventually
the major portion of the test program was conducted under NASA
contract by Naval Surface Weapons Center personnel at Dahlgren,
Virginia, using the previously-described burn/explode test pro-
cedure (ref. 4, 5). Those tests were then followed by a compre-
hensive program at the Navy facility which correlated the amount
of single carbon fiber release with numerous factors involving
the degree and type of disturbance to the composite residue during
and after the fire (ref. 6). Another laboratory-scale carbon fi-
ber release study was conducted by the AVCO Corporation, Lowell,
MA, to provide some important fundamental composite combustion
characteristics (ref. 7). Some of the earliest fiber-release
data obtained under realistic agitation conditions was made avail-
able by Scientific Services, Inc., on a contract from NASA-Ames
Research Center (ref. 8). The Jet Propulsion Laboratory carried
out a program to develop techniques for detecting and quantifying
released fibers (ref. 9), a continuing need throughout the carbon
fiber risk analysis program.

Demonstration tests were carried out at three different lo-
cations. The demonstration tests were intended to establish the
validity of laboratory-scale tests. All three test series were



successful in providing useful data about the extent of release
of carbon fibers from realistically large, unconfined fuel fires,
even though fiber release was not always the primary test objec-
tive. The first demonstration tests were conducted by the TRW
Defense and Space Systems Group at the Naval Weapons Center, China
Lake, CA, under Air Force sponsorship (ref. 10). NASA's role in
those tests was the support of TRW for the reduction and analysis
of a dozen outdoor.,composite burn tests, beginning with the burn/
explosion of 0.1 m® composite plates and culminating in the out-
door burning of full-size composite aircraft parts. A second
series of demonstration tests was conducted at the Naval Surface
Weapons Center, Dahlgren, in a rather unusual test chamber, a

0.8 km {(one-half mile) long steel tube, a 275-meter (900 feet)
portion of which was used for the test (ref. 1l1). The principal
objective of that test series was to expose electrical equipment,
previously shown to be damaged by virgin carbon fibers in labora-
tory tests, to carbon fibers released by burning carbon composites
with aviation jet fuel. The third set of demonstration tests

was conducted at the Army's Dugway Proving Ground, with two main
objectives: to determine the amount and nature of fibrous mate-
rials released when substantial guantities of carbon fiber com~
posite parts were burned outdoors in a large-size jet fuel pool
fire, and to monitor the downwind dissemination of fibrous prod-
ucts from the fire (ref. 12, 13, 14, 15, 16).

A series of tests which did not afford any direct fiber re-
lease data did, however, provide a body of fundamental knowledge
about fires which was useful in explaining certain observations
about the characteristics of released fibers and in confirming
the amount of fiber which was consumed in large fuel fires. That
program involved the study of several large pool fires at NASA's
White Sands, NM, test range (ref. 17). The fires were instrumented
extensively to determine the gaseous chemical species and their
concentrations, and the temperatures and velocities within the
fire plumes. The resulting data was then applied to the develop-
ment of a model to describe the nature of large, liquid hydro-
carbor. pool fires.

RESULTS AND DISCUSSION

CARBON FIBER RELEASE FROM COMPOSITES

Dahlgren Chambexr Tests

Burn Plus Explosion Tests

Composite aircraft parts.- A general description of the room
in which the Dahlgren chamber propane burn/explode test was car-
ried out is given in reference 3. Additional details of the ex-~
perimental procedure, test equipment, the array of collection
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papers, and the collection of all fiber residues is reported in
reference 4. A Boeing 737 spoiler, identical to a number of such
composite spoilers in flight service on commercial airliners, was
the source of the test specimens. The 0.527 m by 1.32 m spoiler
was fabricated with upper and lower composite skins of up to 6
(upper) and 8 (lower) plies of T-300 carbon fiber - 5209 epoxy
tape. An aluminum frame with hinge fittings and some glass fabric
was also present. The test spoiler, which had been failed in a
flexural test as a cantilever beam, had a long fracture in a diag-
onal direction across the width of the spoiler and through the
comp>cite skin. The spoiler was cut into 15 specimens which were
tested with the burn/explode procedure described in reference 4.
In addition, three duplicate specimens were cut from a second
spoiler and tested in a burn-only mode for comparison with the
corresponding burn/explode test results.

Two portions of DC-10 carbon fiber composite rudder parts,
fabricated from T-300 fiber - 5208 epoxy tape, were also cut into
various sized test specimens. One part, called "rudder no. 1",
did not have the glass fiber-epoxy leading and trailing edges
which were included in the "rudder no. 2" part.

The results of those burn and burn/explode tests for which
complete fiber count data was obtained are presented in Table II.
Two sets of results have been given in the table. The uncorrected
results for the numbers of fibers accounted for, weight of fibers
accounted for, and weight percent of fiber release based on the
amount of fiber calculated to have been present originally in the
specimen were the original counting data from Dugway Proving
Ground. The corresponding corrected results reflect adjustments
made to the early data as a result of a round-robin counting study
by four different laboratories (ref. 18) and a subsequent indepen-
dent data analysis (ref. 19). Weighted averages for the spoiler
and rudder results were determined by dividing the total weight
of carbon fiber released from all tests by the total weight of
carbon fiber initially present, and multiplying by 100.

The results show a wide variation from specimen to specimen
in the amount of fiber release by burning and exploding small (225
to 1000 cm2) specimens of spoilers. The variations in the DC-10
rudder test results were much less extreme. In view of the dif-
ferent burn times for the spoiler tests, it is highly unlikely
that the results can be reconciled with the test variables. Even
tests with the same burn times but cut from different locations
in the spoiler (e.g., BT-119/X-89 and BT-120/X-90) gave widely
differing results. The scatter obtained from the spoiler tests
could be attributed, in part, to several features of the construc-
tion of the spoiler. Certain specimens had different thicknesses
of aluminum honeycomb between the two composite skins, which would
have an effect on the insulation of the upper skin of the test
specimen (mounted horizontally) from the flame. Different results



would also have been exnected for specimens which included portions
of the heavy metal framc or hinge fittings, in comparison to those
with none of the solid metal pieces. The variations in results
could have arisen by virtue of the heavy metal masses serving as
heat sinks and thus moderating the thermal effect on the composite
skin. Perhaps, too, the heavy metal masses from the hinge fittings
could have either moderated, or magnified, the destructive effect
of the explosive on the upper composite skin of the test specimens.
There also may have been a direct correlation between the average
fiber lengths and the weight percent of released fibers, but no
attempt was made to determine how significant the relationship

was beyond the fact that, naturally, the longer the fibers are,

the more they will weigh.

Several other types of aircraft structural parts were exposed
to the burn/explode test at Dahlgren (ref. 5). However, the ex-
pense and time required to count the fibers permitted the eval-
uation of only two tests besides the 737 spoiler and DC-10 rudder
tests. In one instance, a 15 cm x 15 cm specimen of a l-cm thick
Nomex honeycomb panel with two 2-ply carbon-epoxy skins, used as
flooring in some commercial airliners, was burned for 1200 seconds
(selected as a standard burn time) and then destroyed with an ex-
plosive blast. The amount of single fiber released from the panel
was nearly equivalent (5%) to the average amount released from the
spoiler tests (5.6%). The same burn/explode test procedure applied
to an experimental, high tip speed jet engine fan blade, fabri-
cated at NASA's Lewis Research Center from AS carbon fiber and
PMR-11 polyimide resin, produced only 1.1% single carbon fibers.
This lower release may reflect a beneficial effect of the residual
char remaining from the combustion of the polyimide resin.

Thickness and configuration effects.~- Early in this fiber
release test program, some signs were seen that certain factors
such as the relative thickness of the burned composite might play
a role in the amount of fiber released. Obviously, the manner in
which a composite panel is "laid-up", or put together, that is,
in unidirectional, cross-plied or woven configurations, could also
be important from the standpoint of fiber release mechanism. A
series of burn and burn/explode tests were run using panels with
1.6, 3.2, and 6,4 mm (1/16", 1/8", and 1/4") thicknesses for both
unidirectional and ‘cross-plied configurations (woven samples were
not available). The tests were run using the same procedures as
for the aircraft parts, except that the burn times were held con-
stant at 1200 seconds and 15 cm x 15 cm specimens were used. De-
tailed results of those tests are tabulated in references 6 and
20, but a plot of the test results is presented in figure 2.

Figure 2 shows that the amounts of single fioer released when
the specimens were burned only were much, much less than when
burned and exploded. There appeared to be a slight trend toward
greater fiber release for thin, cross-plied samples. The somewhat
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higher release for 3.2 cm unidirectional specimens in both burn
and burn/explode tests is thought to be due to the poor quality
of those composite panels, which had only 25 weight percent resin
versus 30% for the others., C-scan tests showed them to be porous,
with large voids. It seemed reasonable that if portions of the
fibers within the voidy areas had not been wet by the resin during
the manufacturing process, then those fibers would be readily re-
leased when the composite burned. This was the first indication
that the quality of composites right be a factor in the release
of carbon fiber. However, stringent quality control procedures
exercised in the manufacture of composite aircraft parts would
prevent the use of such poor quality materials.

A summary of the amounts of sinc¢le fibers released from all
of the Dahlgren burn/explode tests is given in figure 3. The 6.4
mm thick NASA flat plate was the same 6.4 mm cross-plied panel
shown in figure 2. The corresponding 6.4 mm NAVY flat plate was
also a cross-plied composite, but the specimen was four times as
large (0.1 m2) as the NASA plate (0.025 m2).

Burn Plus Non-explosive Disturbance Tests

The burn/explode tests described above were, admittedly, far
more destructive than could be imagined for the majority of civil-
ian aircraft crashes. To answer that valid criticism, a compre-
hensive test program was run in the Dahlgren chamber (ref. 6).
That program involved the disturbance of post-burned composite
specimens in a numbe: of ways which were felt to be more represen-
tative of the types of disturbing events in a commercial airliner
crash-fire, All of the tests were performed by first burning
standard composite specimens for 1200 seconds with the same pro-
pane-air flame used for all of the Dahlgren chamber tests. The
15 cm x 15 cm, 0.45 cm~thick specimens were cut from 60 cm x 120
cm composite panels. The panels were fabricated from 0.014 cm AS
fiber/3501~-6 epoxy resin pre-preg tape, with 24 plies laminated
in a (0, +459, 909)g3 arrangement, The panels were uniformly ex-
cellent in quality.

Air blast and air flow.- Two sets of tests in the burn plus
disturbance program employed conditions which were thought to be
the extremes in the crash-fire of a commercial air transport. The
first set of tests involved the instantaneous release of pressur-
ized air such that the velocity of the air directed at the edge
of the panel residue of the burned composite (aiter the 1200
seconds burn period) ranged from 70 to 244 meters per second
(135-470 knots). The highest velocity simulated the force from
an exploding fuel tank while 70 meters per second was considered
representative of flame or gas velocities generated by a raging
fire or "firestorm",

The second set of tests involved directing a flow of air,



5 and 15 meters per second (10 and 30 knots) for 600 seconds at
the edge of the test specimens either during or immediately after
the routine 1200 sccond burn period. Those levels of disturbance
were thought to be typical of the influx of air into a jet fuel
pool fire, but could also be typical of winds affecting the re-
sidual fibrous residues after the composite parts had reen burned.

Reference 6 reports the specific details and individual test
results for both the air blast and air flow test series. A sum-
mary of the results of both types of tests is presented in figure
4. The amounts of single fiber released by a 600-second low ve-
locity flow (5 m/sec) of air, both during and after the combustion
of the composite, were relatively low. The extremely low amount
of fiber given off when the 15 m/sec air flow was applied to the
burning composite, in contrast to the nearly 1% given off after
the burn was complete, was due to the fact that the composite was
kept cooled down by the air flow, thus preventing the burn-off of
the resin. However, both situations seem to be likely occurrences
in a crash-fire. The release of 2% to nearly 4% single fiber as
the result of the impact of high pressure air also seems to be
valid for events that could occur in the most severe types of
commercial aircraft crash fires, Although explosions such as
those from ruptured fuel tanks, according to accident records,
are the exception rather than the rule, they do happen in about
15% of the crashes and must be accounted for in the risk analysis.
Obviously, they can approach ordnance-type explosions in severity
from the standpcoint of promoting release of single fibers (c.f.,
fig. 3).

External (pendulum) impact.- The simulation of the effect
of mechanical impacts, as could result when heavy metal parts
were either dropped or propelled against burned composite parts,
was accomplished uring a pendulum impact tester. A complete de-
scription of the test apparatus and procedure, as well as complete
test results, has been reported in reference 6. Five different
pendulum heads were used for the tests, with the burned composites
being impacted by the pendulum heads at four different angles.
A summary of the results, presented in fiqure 5, shows that all
combinations gave off less than one-quarter percent single carbon
fiber, based upon the amount of fiber initially present in the
composite specimen. These results, together with others tc be
given later in this report (droo impact tests), suggest that
disturbances such as those caused by the collapse of portions
of aircraft structures (e.g., a vertical stabilizer falling onto
a burning or burned composite horizontal stabilizer) would have
a minimal effect upon the amount of single fiber released.

Internal disturbapces.- If the types of disturbances to the
burned composites described above are considered to be externally

caused (explosions, or impacts by air or mechanical objects), then
another general form of disruption of the burned remnants could
conceivably be generated by forces internal to the composites.
Such forces as twisting, flexing, vibrating or dropping could be
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caused by the heating or cooling of the burning or burned composites,
or from such actions as the breaking off or twisting off of portions
of composite aircraft structures. A series of tests to determine
the severity of internal forces in bringing about the release of
single carbon fibers was conducted in the Dahlgren chamber and is
reperted in detail in reference 6.

as is apparent from the summary of results in figure 6, all
of the internal forces studied (flexing or twisting the composite
remnants to destruction, vibrating at 30 hertz, or dropping the
burned composite from a height of 2.44 meters - all after the
standard 1200 second burn period) generated amounts of single fi-
bers equally as small as were released by the pendulum impact tests.
Therefore, it was concluded that those actions, which could certain-
ly prevail in raging fires, would contribute an insignificant amount
to the total release of single carbon fibers.

Burn Testing of Honeycomb Core Panels

Among the aircraft parts tested by burning and exploding the
specimens was a l-cm thick panel composed of a Nomex honeycomb core
and two carbon/epoxy skins. The burn plus explode tests showed
(figure 3) that about as much single fiber was released from that
panel as from the average of the 737 spoiler test specimens, and
slightly more than from the averaged DC-10 rudder specimens. It
was later found that the two-ply carbon/epoxy tape skins were
covered on the outside with a thin glass fiber scrim cloth.

When tests less severe than the burn-explode test were conduct-
ed on the honeycomb panel, the results were rather unusual. Simply
burning the panels with a propane-air flame in the Dahlgren chamber
released an extremely small amount of fibers: about 0.01% of the
mass initially present in the specimens. However, the application
of 15 m/sec air flow at the fibrous residue (after a standard 1200
seconds Lurn time) released nearly 2% single fibers, while a 244
m/sec blast of air directed at the post~burned fibrous residue
released 8% single fibers. Perhaps more important than the amounts
of fibers released was the nature of the fibers. Those given off
under burn conditions only had a mean length of 2.8 mm (for all
fibers over 1 mm in length). Those given off as a result of air
flow and air blasts were abnormally long: from the ten-minute flow
of 15 m/sec (20 knots) air, the fibers averaged 8.3 mm, while those
given off as a result of the instantaneous blast of high pressure
air had an average length of 5.7 mm. In both cases, there were
some very long fibers, that is, 20-50 mm long, a phenomenon which
had not been observed in other tests.

The honeycomb panel test results injected a question into the
matter of carbon fiber release from composite aircraft structures.
While the weight percent or mass of released single fibers (8%)
was fairly high, the absolute numbers of fibers were lower, natural-
ly, because of the greater mean lengths. ©On the other hand, the
fibers from the honeycomb panels were considerably longer than had
been found in burn tests of other materials, which generally gave
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off fibers with mean lengths between 2 and 3 mm. The vulnerability
of electrical equipment to carbon fibers has been shown to increase
with increasing fiber length (ref. 21), so if the release of abnor-
mally long fibers from all such carbon fiber-honeycomb panels was
typical, it might be of some concern in terms of the potential
risks.

Accordingly, two other types of honeycomb panels of the same
general configuration were obtained for study. One such panel had
skins consisting of two plies of carbon fiber woven fabric impreg-
nated with epoxy resin, while the other type of panel had skins
composed of one ply of carbon fabric and one ply of Kevlar fabric,
both impregnated with epoxy, with the carbon fiber on the outside
of the panel. Both panels had a 1.27-cm thick Nomex honeycomb core.
These two types of finished panels, as well as the one tested
earlier, are expected to be used extensively in future composite
aircraft structures. Specimens of each, 15 cm x 15 cm, were
examined by means of the burn only, burn plus 15 m/sec. air flow,
and burn plus 244 m/sec. air blast procedures. Individual test
results are given in reference 6. A summary of the test results
for all three types of panels is given in figure 7.

The application of a post-burn, 15 m/sec. flow of air to the
burned composite panel with carbon fiber fabric alone (B) released
more single fibers (4%) than from either panel A (unidirectional
carbon fiber tape with glass fiber scrim cloth) or panel C (single
layers of carbon and Kevlar cloth). However, the fibers which were
released from panel B were much shorter than from panel A. The
post-burn air blast test gave much less single fibers and of short-
er length from panel B than from panel A. The amount of fibers
given off by the carbon/Kevlar hybrid panel (C) was almost as
great as by panel A, but the mean fiber length was considerably
less.

In contrast, the summary of the burn only tests for the three
panels at the right side of figure 7 (note the different scale)
shows that panel A released much less single carbon fiber than d.d
panels B and C.

Observation of the actual burn only tests suggested that the
presence of the glass fiber scrim cloth overlaying the burning
carbon fiber tape skins of panel A seemed to prevent the release of
single fibers in the absence of a strong disturbing force. However,
the scrim cloth also seemed to protect the underlying long, unidi-
rectional carbon fibers from cxidation so that when the strong flow
or blast of air was applied, unusually long fibers were available
for release when the glass scrim cloth was blown away. Obviously,
the use of carbon fabric skins alone and hybrid carbon/Kevlar fabric
skins was effective in reducing the lengths of the released fibers,
although it did not necessarily diminish the mass of carbon fibers
given off. Although a complete correlation of the effects of the
various factors, individually and collectively, upon the potential
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risk of damage to electrical equipment were not completely
correlated, the conclusion was reached that the future use of the
honeycomb panels tests do not present a significantly greater
threat to electrical equipment than the other types of carbon com-
posite materials which were tested earlier.

Burn-Only Testing of Carbon Materials

The extreme event for releasing minimum amounts of carbon
fibers during the burning of composites was considered to be the
simple burning of the composite with no intentional disturbance
during or after the fire. For several of the series of tests
discussed above, simple burn tests alone were run on composite
specimens in the Dahlgren chamber to provide a contrast to the
destructive burn/explode tests.- Some of the "burn only" test
results were previously given in figures 2 and 7. Figure 2 shows
that 4 out of 5 flat composite panels of varying thickness emitted
less than 0.1% single fibers when simply burned alone with the
circular propane-air burner used in the Dahlgren chamber. The
lone exception was a 3.2 mm specimen of doubtful quality (recin-
poor, porous) which released only 0.2% single fibers. Likewise,
figure 7 shows that the amounts of single fibers released from
burn-only tests on three diiferent carbon fiber skin-honeycomb
panels were equally small, about 0.2% or less, in contrast to up to
8% fibers released when the burned composite specimens were
destroyed by high velocity air blasts.

Further evidence of the need for a disturbance to cause a
significant release of fibers was affordec by the simple burning of
three pieces of 737 spoiler, which were identical in size, shape,
and location from the spoiler to three which had previously been
burned and exploded. In this set of tests, the amounts released
from the three burn only tests (figure 8) were less than 0.01%
single fibers based on the weight of carbon fiber initially present
in the specimen. Perhaps the dramatically lower fiber release from
the burn only tests can be attributed to the presence of the metal
portions of the test samples, which might have acted as heat sinks
and moderated the ~hermal environment of the samples during the fire.

Two samples of virgin (raw) carbon fiber, wound as continuous
tow on plastic spools, were burned to determine how much might be
released from a mass of fiber previously uncombined with resin. A
0.45 kilogram spool of T-3C0 fiber released a barely detectable
amount of single fibers, 0.0005%, after the standard 1200 second
burn period; a 0.63 kilogram spool of HMS fiber gave off 0.01% of
singles. Mo:.c interesting than the amounts released was the obser-
vation that the residual mass of T-300 fiber after removal of the
flame continued to glow for 5400 seconds, resulting in a total mass
loss of more than 90% due to oxidation of the amorphous T-300 fiber.
However, when the flame was removed from the HMS fiber mass, burn-
ing ceased immediately, and no mass loss could be detected. HMS
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iiber is considered to be more gzaghit;c' in struéture than 1aaeo.

or at least has 2 more ordered carbon structure, because of the -

higher pIOCEESlng temperatures used during its manufacture. cun*
:ggu;ntly, HMS is expected to be more thernoexzdatively stablé than
-300.

A summary of all the burn-only test results for three specific
737 spoiler specimens and a type A (see fig. 7) carbon iiber-fiber-
glass skin, Nomex honeycomb core panel, together with the amounts
of carbon fibers released when the same type specxnens were .
subjected to burn plus explode tests, is given in figure 8. Also -
given are the results for the burn-only tests of the virgin carbon
fibers on the spools, which had not previously been combined with
a resin to form composites. Those results indicate that a fire
involving raw carbon fibers, such as might occur in a storage
warehouse or during a manufacturing operation, would probably :
release relatively small amounts of electrically hazardous sxngle -
carbon fxbers.

AVCO Fire Test Facility

A fire simulation test facility which had been built previous-
ly by the AVCO Specialty Ma‘*erials Division, Lowell, Massachusetts
was put to good use ia the carbon fiber release program. The
existing facility, which had been used to study the development of
fire protection materials, utilized natural gas as the convective
heat source. Ir addition, it had a radiant heating system which
helped make the system attractive for simulzcing the Irurning of
composites in jet fuel fires, since realistic combinations of
radiant and convective heat fluxes could be obtained.

The existing chamber was modified in several ways which made
it more suitable for studying composite burning and carbon fiber
release. First, the chamber was modified to supply a forced air
draft up to 8 meters/second through the test section. Air fuel
mixtures ranging from 6:1 to 20:1 were then possible. A method
of agitating the fibrous residue during and after the combustion of
the composite specimens (nominally S cm x 12.5 cm in size) was
orovided for with a pulsating flow (5 pulses/second) at about 5
m/second of argon gas directed at the sample. And lastly, a fiber
trapping chamber was assembled at the end of the fire test se:tion.
This chamber utilized a falling water curtain which efficiently
trapped the fibers which were released from the burning composite.
The water containing the entrapped fibers was filtered to catch
the fibers and other particulate matter, mostly soot. When a fine
spray of detergent solution was applied to the wet filter, the
finely divided soot became wetted and passed through the somewhat
porous filter material, leaving the fibrous material behind, to be
measured gravimetrically. Complete details of the construction and
operation of the improved test facility are reported in reference 7.
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The AVCO fire test facility was used for a fundamental study
of some variables which are important in the potential release of
carbon fibers from burning composites. Three of the variables
studied gave the results shown in figure 9. Variation of the fuel-
to-air ratios from lean to rich, holding other variables constant,
did not have a marked effect .n the amounts of fibers that were
given off, although it did make a considerable difference in the
amount of fibers which were consumed, or cxidized away by the fire.
However, the effect of edge restraint in reducing the amounts of
fibers released was clearly demonstrated, since nearly ten times
as much fiber was given off from a specimen with three raw edges
exposed to the flame as evolved from a specimen which was mounted
in a rectangular metal frame. That could be a significant factor
in the release of fibers from shattered composite parts of a crashed
aircraft. Although the AVCO facility employed additional air flows
of up to 8 m/sec. (15 knots) past the burning test specimen,
pulses of argon Jirected at the burning composite plates were used
to simulate turbul-~nt forces in a raging fire. The results in
figure 9 show that the argon pulses did, indeed, increase the
amount of released fibers.

A study of the effects of fire variables on the extent of
oxidation, or burning up, of carbon fibers was also performed by
AVCO and those results have been presented in a later section of
this report on the characteristics of fire-released carbon fibers.
Full details of the AVCO study are reported in reference 7.

Scientific Services, Inc. Test Facility

One of the earliest fiber release test operations was the
drop impact chamber deve.oped by Scientific Services, Inc. at
Redwood City, CA under contract NAS2-9945 from NASA's Ames Research
Center. Tests in that facility provided some very early rundamental
composite burn results which were of value to the carbon fiber risk
analysis program.

The test procedure involved the burning of 0.1lm? composite
panels with an array of highly radiant, natural gas burners.
Following the combustion of the composites, projectiles of various
weights were dropped from selected heights onto the fibrous resi-
dues of the specimens. In order to allow for subsequent analysis,
a cover immediately encased the impacted specimen and the fibrous
remnants which had been given off. Ful. details and results of
that test program were reported in reference 8. Figure 10 shows
some typical results, both of the amounts of single carbon fibers
released and of total fragments ejected from the burned composite
by the impact. No significant difference in the amounts of single
fibers emitted were noted, either for different drop weicghts and
heights or for woven carbon fabric used in the panel construction
versus crossplied fiber tape. Howcver, uwp +c a ten-fold reduction
in the amounts of fragments resulted from impacting the burned
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composites made from carbon cloth. compared to those fabricaled
from crossplied carbon fiber tape. Visual observation disclosed
that a relatively “"clean" hole had been punched through the voven
sample in contrast to a gross shattering cf crossplied specimens.
This suggests that woven construction composite parts on aircraft
would be more resistant to damage by impacts from projectiles or
other articles than would those fabricated from unidirectional
tape.

TRW Qutdoor Tests - China Lake

~ The first large-scale outdoor tests desxgned to ralease e¢arbon
fibers from burning composites were conducted in 1978 by the TRW
Defense and Space Systems Group at the Naval Weapons Center (MNC),
China Lake, CA. The tests were run under a contract from the Air-
Force's Rome Air Davelopment Center, Griffiss Air Force Base, NY,
while the test data was reduced, analyzed, and reported through a -
contract from NASA (ref. 10). The general abjectives of the test
series were: (1) to verify the results of the closed chamber com-
posite burn-explode tests which had been conducted by the Navy at
Dahlgren, VA, and (2) to simulate aircraft accidents in which
carbon fibers might be released.

Test Procedures

A summary of the tests in the program has been given in Table
III. The first three tests, which were preliminary to the NWC-
China Lake tests, were actually carried out at TRW's Capistrano
Test Site (CTS) at San Clemente, CA. Three 0.1 square meter x 6.4
mm thick carbon fiber composite (T-300/5208) plates were each burned
with a propane flame after which the remaining fibrous material
was destroyed with an explosive blast. The entire test was conduct-
ed in a 4.57 m x 4.57 m tent-like enclosure with 1 mm mesh screen
sides and top. Instrumentation devices, both passive and active,
were placed throughout the enclosure to monitor the fibers released.
The three CTS burn-explode tests served well as preparation for the
subsequent outdoor burn-explode tests at China Lake.

NWC tests 4, 5, and 6 were outdoor near-duplicates Jf CTS 1,
2, and 3, although test conditions were not repeated exactly.
Test 7, not listed in Table III, was only a "dry run" which involved
no fire. Tests 8, 9, and 10 utilized portions of composite barrels
as test specimens, with test 8 using a "hot" propane flame as the
fire sourcs, and tests 9 and 10 using a JP-5 jet fuel pool fire.
Tests 11 and 13 provided ocven more realism in simulating aircraft
crash fires since the test sjecimens were prototype carbon composite
aircraft parts (737 spoilers ani an F-16 fuselage section, respect-
ively). Test 12 deviated from realism, at least from the stand-
point of civilian aircraft crash fires, by using an explosion to
destroy and disperse the burned fiter residue from test 1ll.
However, the failure to execute the explosive phase of the test
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as planned (the explosive force was misdirected) minimized the
credibility of the results of that test.

Fibexr Detection and Collection Methods

The NWC - China Lake test series utilized a number of proven
and unproven techniques for detecting and collecting fire-released
carbon fibers. The techniques were separated roughly into passive
and active categories. Passive instrumentation was of several
general types. "“Sticky" r was a material, either paper or
clear plastic film, which had a tacky adhesive coating on one
side. This material, .ich was utilized as 0.2 m x .25 m sheets,
0.15 m by 2.45 m strips, and 0.15 m x 61 m rolls, collected and
retained falling carbon fibers when they fell onto the “sticky”
paper laid out on the ground or floor. Bridal veil was a fine
nylon netting with one-millimetecr mesh size. It was mounted vert-
ically, normal to the horizontal flow of air, to catch and retain
fibers in the flow of air. The mesh was coated lightly with an
adhesive after being mounted on a frame. Among the frames used
were “tuna cans" (short, wide cylindrical cans with both ends
removed), 0.20 x .24 m vugraph frames, and 2.75 m x 3.0 m wooden
frames. Millipore vacuum filters to sample the air were used for
early tests, but they generally proved to be unsatisfactory.
Relatively large fragments of fibrous carbon residues were
collected by simple manual pick-up, not only in the immediate
vicinity of the fire tests, but also at distances of up to nearly
two kilometers for tests 10, 11, and 13.

Several active “ypes of fiber detection and counting devices
were used in the NWC - China Lake test program. The LED device
was a light emitting diode source/detector instrument which meas-
ured the number rate of fibers passing through its beam for low-
level carbon fiber clouds, at ranges of 23 and 91 meters. Micro-
wave sensors were developcd specifically to measure the mass £lux
of clusters and clumps of fibers, as well as dense clouds of sindale
fibers. Ball gauge devices, 3.8 cm diameter brass spheres
charged with high voltage electricity which wers discharged by
the close approach of single carbon fibers, not only counted the
fibers, but also indicated their lengths. A LADAR (laser detection
and ranging) system measured the relative distribution in space of
particulate cloud densities at successive times. Infrared imaging
systems were used to track the trajectories of hot particulate
matter within the fire plume and carbon fiber cloud envelopes.
While passive instrumentation supplied most of the fiber count,
the active instrumentation contributed a vailuable time history of
fiber release.

Test Results

A summary of the NWC - China Lake test results relating to the
quantities of fibers released is given in Table 1V, while complete
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test results can be obtained from reference 10. Not all of the
tests were analyzed for carbon fiber release, due to the lengthy
times and great expense for counting fibers. However, the thorough
analysis of tests 3, 5, 8, 11, and 13 was an adequate representa-
tion of the different types of test specimens and conditions.

The amounts of single carbon fibers by mass from burn/explode
tests 3 (CTS) and 5 (NWC) were in close agreement (0.010% and 0.008%
respectively), indicating the testing and counting technigques were
reproducible. However, those amounts of single fibers over 1 mm
long were much, much lower than the amounts obtained from the
burn/explode tests of propane-burned flat composite plates in the
confined chamber at Dahlgren. For example, one typical test in
the Dahlgren burn-explode series released 1.78% of the initial
carbon fiber present in the composite plate as single fibers, or
more than 200 times the quantities from the CTS-3 and NWC-5 tests.
NWC-8, involving the propane burn plus explosion of a large barrel
specimen, resulted in an equally small detectable release of single
carbon fibers. However, when large composite samples ( the three
spoilers of test 11 and the cockpit fuselage section of test 13)
were burned only (no explosive step) in large jet-fuel pool fires,
the masses of single carbon fibers released were not too much less
(0.0003% and 0.0002%, respectively) than were obtained from two of
the propane burn-only tests (0.0008% and 0.0005%) conducted on
small samples of the same kinds of spoilers in the confined Dahlgren
chamber (see Table II, this report, or ref. 6).

It was conceded generally that the low amounts of single
fibers in the NWC - China Lake outdoor tests probably resulted
from inadequate sampling procedures. Certainly, in the case of
the burn plus explode tests, the carbon fibers could have been
propelled to such heights that the resulting clouds of carbon
fibers would have drifted well past the limit of instrumentation
before the fibers settled, and the amounts released based on the
amounts sampled should have been inordinately low. In the case of
test 11, the massive smoke plume from the fire was estimated to
have exceeded 1000 meters in height, so it is most likely that a
great proportion of the single fibers drifted well past the instru-
mentation limit (2000 meters), since even single ply strips of
fibrous matter were transported to 2000 meters.

In spite of the uncertainties in the masses of fibers released
in the NWC - China Lake tests, that test series was invaluable to
the TRW test personnel, as well as to the NASA investigators, for
planning the large-scale, outdoor dissemination and source fire
tests conducted by TRW for NASA at the U.S. Army's Dugway Proving
Ground, Utah (ref. 12-16). Much of the experience gained in the
conduct of the pocl fires and in the sampling of the carbon fiber
fall~out was beneficial in setting up the Dugway tests. The rela-
tively small (27.5-meter square) Jacob's ladder used at China Lake
for mounting bridal veil vugraph fiber collectors was expanded to
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a 305-meter square Jacob's ladder used so successfully in the

Dugway tests to sample the entire fire plume. The experience gained
in the lay-out and collection of passive instrumentation devices
(sticky paper and bridal veil) resulted in the smooth, rapid
execution of the same tasks during the Dugway tests.

The NWC - China Lake series was successful in everal more
direct ways. The length spectra of the carbon fibers generated
from the burning carbon composites in large, jet-tfuel fires con-
firmed the surprisingly short lengths of fibers released from
small-scale, gas-fired laboratory composite burn tests. Furthermore,
the observation that many of the fibers released from the burning
of actual composite aircraft parts (test 1l spoilers and test 13
cockpit section) had been reduced significantly in diameter (see
a later section of this paper on fiber diameters) led to a more
intensive study of the generation of small diameter fibers ( ref-
erence 22). Also, the ability to conduct large-scale fire tests in
an unconfined environment with large, thin-skinned composite air-
craft parts demonstrated that substantial quantities of fibrous
forms other than single fibers (figure 1) were generated from large,
realistic fuel fires. Although such forms represent less severe
and shorter range electrical threats, investigators were not
aware, prior to the China Lake tests, that those species could be
lofted to such considerable distances (2000 meters or more). And
finally, the mass balances for the large-scale fire tests, while
inadequate to define accurately the extent of single fiber release,
did confirm a growing suspicion that a substantial amount of carbon
fiber mass can be completely consumed by oxidation (see Table 1IV),
thus diminishing the risk of electrical damages.

Dahlgren Shock Tube Demonstration Tests

Virtually all of the equipment vulnerability tests for the
carbon fiber risk program were performed in relatively small,
confined test chambers. The test method (see reference 23, for
example) generally involved exposing electrical equipment to
guantities of virgin (unused) carbon fibers, all cut to near ident-
ical lengths. A persistent question throughout the program was
just how representative those clean carbon fibers were of the
fibers which would be released from carbon composites burning in a
fire of jet fuel, as would cccur in civilian aircraft crashes. Not
only would the fire-released fibers vary in length, but also the
soot, oil fumes, and water vapor and other combustion products could
conceivably contaminate the fibers. As a result, the electrical
characteristics of fire-released carbon fibers could be envisioned
to differ markedly from those of virgin carbon fibers.

To study that possibility, a test was developed which involved
the burning of composites in a moderate-sized Jet A (JP-1) fuel
fire in a large steel tube at the Naval Surface Weapons Center,
Dahlgren, VA. At a point in a long, horizontal steel tube where
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the diameter was 4.6 meters, a quantity of small pieces of carbon
fiber-epoxy composites was burned in a rotating wire basket over a
1.5 square meter pool fire, until all of the composite had been
burned away. During the 2-1/4 hours of the fire, the smoke plume
carrying released carbon fibers was pulled through a 275-meter long
section of the tube by up to six large fans at the exit end of the
shock tube. The fibers in the smoke plume were carried past six
identical fan-cooled, operating, stereo amplifiers with known wvul-
nerability levels (to virgin fibers). The smoke plume then passed
through a water fog to scrub out the carbon fibers prior to exiting
the tube. Complete details of the conduct of all the Dahlgren
shock tube tests and the test results are reported in reference 1l1.
However, in summary, the stereo amplifiers failed very close to the
expected fiber exposure levels which had been predicted on the
basis of tests with virgin carbon fibers with a uniform length
spectrunm.

In addition to demonstrating the suitability of clean carbon
fibers for simulating the vulnerability of electrical equipment to
fire-released fibers, the shock tube test also provided a quantita-
tive check on fiber release values from burning composites in an
authentic jet fuel fire. A total release, as single fibers, of
C.75% of the mass of carbon fiber initially present in the burned
composites was measured. This number was a close check on the 1%
single fiber release value used in the risk computations for fire-
only crash events. Even the 0.75% release was probably very con-
servative (over-estimated the hazard), since not only was the
burning composite agitated severely in a rotating basket over the
fire, but also the composites were divided into very small pieces
(which would promote fiber release from the edges) and the fire
duration of 2-1/4 hours was excessive for most aircraft crash fires.

Dugway Proving Ground Source and Dissemination Tests

A series of large-scale aviation jet fuel fire tests were
conducted at the U.S. Army's Dugway Proving Ground, UT. Two of the
tests, called "source" tests, were designed specifically to deter-
mine the amounts of carbon fibers given off during the burning of
relatively large amounts of carbon composite material in outdoor
aviation jet fuel fires of such size as to be representative of
commercial aircraft crash fires over the past ten years. Three
other tests were designed to provide experimental data regarding
the predicted dispersion of fibers into the environment, although
these "dissemination” tests also supplied information about the
quantities of fibers released from the fires.

These large-scale outdoor tests, which are reported in detail
in references 12-16, capitalized upon the earlier experience
acquired from the TRW outdoor tests conducted at China Lake. As
has been pointed out in this report, the favorable performance of
27.5-meter square Jacob's ladder used for the mounting of vertical
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sampling devices justified the development of a much larger Jacob's
ladder (305-meter square) for use in the Dugway dissemination tests.
That larger Jacob's ladder, together with improved active and
passive sampling devices and more extensive and distant depciition
fiber collectors, resulted in a much more confident assessment of
the extent of fiber dissemination.

The two source tests were 10.7-meter diameter fires with 3000

gallons of JP-4 jet fuel. Each fire burned for 1200 seconds, be-
neath a steel mesh table on which were placed 45-kilogram quantities
of carbon-epoxy composite materials. Because the source tests were
conducted in essentially zero speed wind conditions, the smoke
plume containing released carbon fibers rose directly overhead.
Four 60-meter towers supported an ovarhead array of numerous stain-
less steel canisters with stainless steel mesh to filter out carbon
fibers, as the smoke plume passed through the array of samplers at
an altitude of 40 meters.

The three dissemination tests utilized the same types of fires
and composite sample arrangements as the source tests, but the wind
conditions were required to be approximately 5 meters per second
(10 nautical miles per hour) and from a wind direction of 320° +35°.
These conditions were appropriate to direct the smoke plume from a
fire through the Jacob's ladder, which contained a variety of
sampling devices. Of the three dissemination tests, the smoke
plumes for two of them (D-1 and D-2) were only partially intercept-
ed by the Jacob's ladder samplers, while the D-3 plume was centered
on the net. The results of the five tests are presented in Table V.
The quantities of fibers released, in terms of percentage of total
mass of carbon fiber initially present in the burned composites,
are quite consistent, considering the differences in wind conditions
between the source and dissemination tests. A possible reason for
the lower release from test D-3 compared to D-1 and D-2 may be due
to the types of composite specimens burned. The pieces in test D-3
were fewer and much heavier than those used for D-1 and D-2.
Although the release of up to 0.23% single fibers in the Dugway
tests was somewhat higher than the corresponding releases for
burn only laboratory tests, the amounts were not surprisingly higher
when the differences in fire and sample sizes, fuel types, and wind
conditions are considered.

CHARACTERISTICS OF FIRE-RELEASED FIBERS

During the early years of the carbon fiber study, vulnerability
tests were performed on electrical and electronic equipment using
virgin carbon fibers cut into lengths ranging from 5 to 10 milli-
reters. Those lengths were selected for reasons having no bearing
to the true lengths of fibers actually released from burning carbon
composites. As NASA's program to determine the gquantities of carbon
fibers released from burning composites got under way, information
about the characteristics of those fibers became available. That
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information was to have a considerable impact on the magnitude of
the electrical hazards of carbon fibers.

Fiber Oxidation

Early opinions were that carbon fibers would be virtually non-
destructible in fires with peak temperatures in the range of 1800-
2200° F. Craphitic materials are known to be extremely resistant
to oxidation at much higher temperatures, and carhon fibers have
been loosely equated with graphite fibers. However, the assumptions
that carbon fibers are the same as graphite fibers and thus cannot
be burned up were errxroneous. Not only are the high modulus (50-75
million psi) types of carbon fibers (often referred to as "graphite"
fibers) far from being true graphite, but also the medium modulus
(30-35 million psi) carbon fibers generally used in composites at
the present time undoubtedly have less ordered structures than do
the high modulus varieties. Consequently, they are much less-
resistant to oxidation in fires than are the high modulus fibers,
to say nothing of true graphite fibers. It soon becare apparent
that some unknown but substantial portion of carbon fibers exposed
to fires could be consumed by oxidation, providing the fire temper-
atures were sufficiently high, enough air was present, and/or the
composite was burned for an adequate period of time. Early compo-
site burn/explode tests in the Dahlgren test chamber must have been
too mild in terms of the above requirements for significant fiber
oxidation to have occurred, but later laboratory tests (ref. 7)
demonstrated clearly that large proportions of carbon fibers could
be burned away, if the above fire conditions were met. Massive
oxidation of carbon fibers was also believed to have been respon-
sible for a large amount of carbon fiber loss during the burning
of an experimental composite aircraft cockpit section in a large
outdoor jet fuel fire (ref. 10). However, absolute proof was lack-
ing since fiber collection methods during the China Lake tests were
probably considered inadequate. The existence of flame temperatures
(to 1500 K or 2250° F) and oxygen concentrations sufficiently high
to bring about substantial carbon fiber oxidation, were determined
in the NASA-White Sands experimental jet fuel fire tests (ref. 17),
discussed later.

The fact that there are marked differences in the inherent
thermal stabilities of dif{ferent types of carbon fibers was demon-
strated (ref. 6) in a striking fashion when a 0.45 kilogram spool
of 30+ million psi modulus carbon fiber, after being burned for 20
minutes with a propane flame, continued to smolder after removal of
the flame until more than 90% of the mass of fiber had been con-
sumed. Similar treatment of = 50+ million psi modulus fiber led
to self-extinguishment of the firec when the flame source was
removed, with the resultant Lotal consumption of a negligible amount
of fiber mass by oxidation.
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Since almost all of the carbon fiber used now, and expected to
be used in the future, in civilian aircraft composite structures is
of the medium (30-35 million psi) modulus type, most of the fiber
release testing was done with composite built from the two most
common fibers presently in use (T300 and AS). Therefore, the con-
clusions in this report about the physical characteristics of fire-
released fibers may be valid only for medium modulus fiber composites.
The amount of oxidation, the fiber lengths and diameters, and perhaps
even the weight percentages and numbers of released fibers from
burned composites from high mndulus carbon fibers may be at variance
with the results of this report.

There may well be differences in the thermal behavior of
different makes of fibers of the same general class (such as the
medium modulus class) and even between new and old versions of the
same fiber from the same manufacturer, depending upon the amounts
of impurities present. It has been known that the thermal durabili-
ty of carbon fibers at 588 K (3159C) was highly dependent upon the
sodium impurity: the greater the sodium content, the greater the
weight loss (ref. 24). Indeed, independent proposals to eliminate
the electrical risks from carbon fibers released from burning
composites have been based on the concept of adding certain metallic
ion impurities to the fibers to catalyze, or promote, their complete
oxidative consumption in fires (ref. 25, 26). This impurity-cataly-
sis effect was used to explain some earlier anomalous test data, and
the report also emphasized the importance of the state of carbon
fiber purity on the ultimate physical dimensions of fire-released
fibers (ref. 22).

Fiber Lengths

The early realization that carbon fibers released from burning
composites were much shorter than had been expected was welcomed.
That finding inferred a lessening of the possibility that the fibers
would cause electrical problems, since it was generally agreed that
short fibers could bridge far fewer electrical gaps than could
long fibers. 1Initially, released carbon fibers were counted only
when they were over one millimeter in length, since that length was
agreed upon as the lowest fiber length which might cause electrical
problems, and there had to be some limitation on the amount of
testing of the vulnerability of electrical equipment. A summary of
the length categories (over 1 mm) resulting from a large number of
fiber release tests are given in Figure 11l and it is apparent that
the greatest number, from one-half to three-quarters of those
released, fell in the 1-2 mm length range. With very few exceptions,
the mean lengths for fibers released in tests were less than 3
millimeters.

It was not until well into the risk analysis program that it

was found that the large majority of fire-released carbon fibers
were shorter than one millimeter, a fact that diminished even
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further the numbers of electrical gaps or circuits that could be
affected (Table VI). The proportions of those fibers under one
millimeter ranged as high as 87-98% of the mass of fiber released
for composites which were not only burned but also destroyed by

an explosion (Tests CTS-1, -2, and -3, ref 12), but were more
realistically from 67-74% of the fiber mass for composites which
were burned (Test BT-244 and DL-39) with no subsequent destructive
force being applied to the fibrous residue (ref. 6). Disturbing
the fibrous residue with a moderate flow of air (tests AF-4 and AF-
6) released somewhat longer fibers, but the majority were still
less than 1 millimeter in lenqgth. Even more dramatic was the fact
that in all cases, more than 90% of the numbers of fibers were
shorter than 1 mm., and therefore, virtually harmless in an
electrical sense.

The inherent tendency of state-of-the-art carbon fibers to be
emitted in such short lengths may be due to the preferential, rapid
oxidation of numerous sites along the length of the fiber. One
study (ref. 22) showed, via scanning electron microscopy, that
large numbers of developing pits and flaws are present in partially
oxidized carbon fibers (figure 12); such flaws could be generated
at sites with relatively high concentrations of metallic ion
impurities (e.g., sodium) which could have been entrapped within
the acrylic precursor to the carbon fibers.

Fiber Diameters

The process of oxidation of carbon fibers not only led to a
majority of short fibers and complete consumption of much of the
fibrous material in the fire, but was also expected to lead to a
certain amount of incompletely oxidized fibers which would be
apparent by their reduced diameters. The burning of actual compo-
site structural parts in large jet fuel fires in the China Lake
test series confirmed that expectation (ref. 10). Those structural
parts which showed a reduction in diameter, typified by the spoiler
in figure 13, had relatively thin composite skins. In contrast, the
6.4-mm thick composite plate burned with a propane flame in test
CTS-3 resulted in very little fiber diameter reduction compared to
the spoiler fibers. However, flat, 3.2 mm thick composite plates
burned with propane and exposed to a steady 15 m/sec (30 knot) flow
of air released fibers with even smaller diameters, about 2 microns,
versus the original 7.5 to 8 micron diameters ( see figure 14).
Therefore, it must be concluded that given the proper fire conditions,
that is, suitably high temperatures (1800° F or more) and available
air supply to the flame, carbon fibers can be oxidized easily either
completely or to very fine fibers.

Potentially Respirable Fibers

The possibility of formation of carbcn fibers with such small
dimensions as to be respirable by humans, with some as yet non-
existent harmful physiological effects the result, raised a concern
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beyond the potential for electrical damages from the use of carbon
fiber composites in civilian aircraft. Under the Intergovernment
Committee Action Plan, the National Institute for Occupational
Safety and Health (NIOSH), on behalf of the U.S. Public Health
Service, was assigned the responsibility for assessing any future
health implications relating to the carbon fiber study. However,
since NASA had done most of the fire-induced fiber release testing,
it was appropriate for NASA to be av are of the generation of any
fibexz which would be of interest to NIOSH.

Exploratory work at Langley (ref.20) showed that at least a
small amount (+6%) of the total number of single carbon fibers
collected from a jet fuel burn of composites were of such small
dimensions as to be potentially respirable, that is, with diameters
less than 3 micrometers (microns) and lengths less than 80 microns.
Table VI lists 3 separate tests which produced small amounts of
such fibers. A contractual effort was then initiated to better
quantify the amounts of such sized carbon fibers which would be
released from various composite fire events. The results of that
extensive investigation (ref. 22) established the fact that under
certain conditions, for example, with relatively thin composites
and/or a turbulent fire, substantial numbers of potentizily respir-
able fibers (in comparison to the numbers of fibers over one
millimeter in length) could be emitted from burning carbon composite
aircraft parts in jet fuel fires. The average sizes were 1.5
microns in diameter and 30 microns in length. The formation of
fibers with small diameters was attributed not only to the simple
oxidation of fibers from their original 8 micron diameters, but also
to a "fibrillation" phenomenon involving the mechanical shattering
of brittle, burned carbon fibers into smaller, thinner fragments.

Only one investigation of the effects of carbon fibers on test
animals is known to have been reported (ref. 27). That work
involved relatively short term exposure of guinea pigs to carbon
fiber "dust" produced by mechanical abrasion. Although the concen-
trations of carbon fiber particles were suitably high in comparison
to asbestos fiber concentrations, very few of the particles which
resulted from the milling action had the requisite dimensions to
be considered respirable (less than 3 microns diameters, length-to-
diameter ratios from 3:1 to 10:1, and lengths less than 80 microns).
Therefore, the potential short term effects should still be
considered uncertain.

In the absence of any evidence that carbon fibers of any size
could or could not, have adverse health effects on humans (except
for the cutaneous a'lergic reactions so typical of many fibrous
substances), comparisons were made to the guantities of concern in
the case of asbestos fibers. Using the conditions and some of the
results of one of the large-scale, outdoor composite burn tests at
Dugway Proving Ground as the scenario for a simulated, extreme case
aircraft crash-fire, a maximum concentration of respirable-sized
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carbon fibers which was only one-half the OSHA-allowable ceiling
concentration for asbestos fibers was computed. Furthermore, the
total exposure to those carbon fibers from the accidental crash-fire
was predicted to be less than 0.01 the OSHA-allowable 8-hour
exposure to asbestos fibers. Field tests conducted by NIOSH during
NASA's Dugway Proving Ground dissemination tests confirmed the very
low amounts of very small size carbon fibers which were released

by burning carbon composites in large jet fuel pool fires (ref. 14).
Those results showed that the mass of carbon fibers of notentially
respirable size which were sampled was more than 40 times the mass
of fibers which were of electrical concern (over 1 mm long). How-
ever, based on an average exposure to respirable-sized fibers for
the three dissemination field tests of 0.04 x 10° fiber-seconds

per cubic meter, the average concentration of those small fibers
was only 0.4% of the maximum allowable by OSHA in the asbestos
workplace. Furthermore, the total exposure to the small fibers
over the 20-minute duration of each test was less than 0.1% of the
total exposure to asbestos fibers which would be allowed by OSHA
for an 8-hour day.

Other Fibrous Residues

The great majority of the fiber release studies was directed
toward quantifying the extent of single fiber release. Likewise,
virtually all of the vulnerability testing of electrical equipment
was conducted with single fibers. The greatest electrical threat
was considered to be from single fibers, since they would not only
be dispersed to the greatest distances, but also would penetrate
interfaces such as doors, filters, and equipment cases easier than
would other types of fiber residues. In addition, the initial
fiber counting procedure at the Dugway Proving Ground was based on
a statistical technique which was valid only for single fibers.
Nevertheless, a number of other forms of carbon fibers, pictured
infigure 1, were generated by burning composites. Laboratory
tests which used the relatively gentle gas flame led to a prepon-
derance of single fibers. The augmentation of the flame effects by
disturbing the burning or burned composites with explosions, air
flow, impact, or even forces internal to the residual fiber
"biscuit", such as twisting and flexing actions, created varying
amounts of clusters (lint), strips, and fragments. Clusters of
several to hundreds of single fibers agglomerated together probably
resulted from "snow-flaking" in the air from regions of extremely
high fiber concentration. The strips of fibers appeared to origin-
ate from the separation of areas of single plies of carbon fiber
tape in crossplied laminates. And the fraqguments, which were much
thicker than strips, were formed when severe disturbing forces
(e.g., explosions, air blasts, and impacts) were applied to the
burned~-out composites.

Laboratory fire tests supplied only a limited amount of data
relating to the generation of multi-fiber residues. The results of
the burn/explode tests conducted in the Dahlgren chamber (ref. 4, 5)
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included a very crude mass balance separating residues into a hand
pickup of large fragments, a broom sweep of single fibers, lint,
and small fragments, and a vacuum fraction of very small particles
and carbon dust. The AVCO fire test data reported in reference 7
included single fibers, lint, and occasional very small fraaments
which were transported by the moderate air flow through 2-3 meters
of the test chamber. And the drop impact data generated in the
Scientific Services, Inc. test series (ref. 8) included the totail
fragments produced in addition to the single fiber efflux.

The first thorough investigation of n<* dnly the quantities of
multi-fiber particulate matter, but also their distances of dis-
persion, was performed by TRW for the China Lake test series (ref.
10). Clusters of fibers accompanied the single fibers to the extent
of sampling (about 2000 meters), although both fiber forms were
very sparse at that distance. Strips of fibers, which were easy
to locate since they wera up to 5 centimeters wide and as long as
one meter or more, were also lofted to the 2000 meter limit of
collection. An excellent accounting of strip size and location
throughout the test area was included in reference 10. Thick frag-
ments from explosions were limited to less than 100 meters immed-
iately surrounding the fire. The comprehensive accounting for the
total efflux from several of the China Lake tests included, in
addition to the location of the multi-fiber species on the test
range and their physical dimensions, but also the vertical distri-
bution of all particulates on a Jacob's iadder collecting net and
the mass of each type of fiber matter recovered.

An even more accurate accounting of the various types of
fibrous matcrials given off by burning actual composite aircraft
parts under realistic conditions was accomplished by the TRW aroup
during the large scale aviation jet fuel fire tests at Dugwav
Proving Grounds (ref. 12-1¢). The collection scheme at Dugway

vrofited by TRW's earlier experience at China Lake. The much

.rger test site permitted the collection of lofted particles for
Jdistances up to 19 kilometers, 'n contrast to the 2 km. limit a%
China Lake. Furthermore, the much larger Jacob's ladcer (205-r  trar)
square) at Dugway (compared to the 30-meter square size at Chiua
Lake) permitted a much improved sampling of the smoke plume
carrying the fibers.

FIRE PLUME AND CHEMISTRY STUDIES

Surprisingly little useful information about the nature of
aviation jet fuel fires was available at the beginning of the
carbon fiber risk program. Some analytical modeling of methane and
natural gas fires had been done, more recently by NASA-Ames
Research Center, but experimental verification of the codes was
lacking. Furthermore, the methane and natural gas models were
inadequate substitutes for kercsene-based fuel, including aviation
jet fuels, which create exceptionally sooty, oily smoke plumes.
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The only known experimental work with such fuels involved fires too
small to apply to many aircraft crash fires.

A program to provide models for suitably large aircraft crash
fires, together with the recessary fire dynamics and chemistry data
for experimental verification of the models, was conducted under the
direction of the Chemical Projects Office at NASA's Ames Research
Center. Such a confirmed model was felt desirable for understand-
ing the release of carbon fibers from the lower regions of a fire,
the transport of the fibers from the fire to the upper reaches of
the fire plume, and the extent of consumption by oxidation of the
fibers. 1In order to predict the fiber behavior, a number of de-
tailed characteristics of large fuel fires had to be determined.

Science Applicat ons, Irnc. Analysis - Phase 1

The first phase of the analytical modeling of large, liquid
fuel fires by Science Applications, Inc. (SAI) resulted in a
mathematical analysis, based on the best operational data available
at the time (ref. 28). ™he model included the predicted profiles
of flame velocities and temperatur=2s, as well as the expected
spatial variations in fire chemistry, including fuel and oxygen
distributions. Several assumptions involving the physical phenomena
cf the large pool fires had to be made because of the paucity of
experimental data. Consequently, some uncertainties affecting the
oxidative consumption of carbon fibers, a key objective of the
study, were identified. These were, (]) the spatial distribution
of temperature and available oxygen (oxygen not involved in fuel
burrn’ag), and (2) the dependence of the rate of carbon fiber surface
cxidation on temperature and available oxygen. Subsequently, two
experimental programs ware conducted to reduce the uncertainty of
those factors. One was a series of tests carried out at NASA's
thite Sands (NM) Test Facility to measure the fire dynarics and
chemistry of large, liquid pool fires. The other program was an
artensive laboratory thermogravimetric analytical study at NASA's
LanGgley Research Center tn quantify the rates of oxidation of
cavbon fibers.

NASA White Sands Jet Fuel Pool Fire Tests

Three large, well instrumented JP-4 pool fires were conducted
at White Sands (ref. 17). The tests were designed and managed by
MASA-Ames and carried out by White Sands personnel. Pool fires
with 7.62-meter (one fire) and 15.24-meter (two .ires) diameters
wv2re run, at essentially zero wind conditions. Above each ‘fire
was an array of instrumertation at various points along the radii
of the fires, and at heights ranging from 0.72 meters (2.35 feet)
un to 22.8 meters (70 feet). The instrumentation at those points
measured temperatures and major constituent species in the fire,
including oxyqen, nitrogen, hydrogen, wacer, carbon monoxide, carbon
dinxide, argon, methane, hydrocarbons (fuel) and soot. Only limited
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flame velocity measurements were achieved, due to heat-caused
mechanical difficulties. The results of this series of fire tests,
relative to the SAI Phase II modeling effort, are described in the
following section.

Science Applications, Inc. Analysis - Phase II

The White Sands study showed that the actual maximum flame
temperatures were well below those originally predicted by their
Phase I model. The lower than expacted temperatures were found to
be the result of incomplete mixing of fuel and air, and thus, only
partial consumption of fuel. Temperatures no higher than 1500-
1600K (figure 15) were measured, in contrast to predictions up to
2400K. However, oxygen concentrations were in reasonable accord
with projected values. The use at each point in the fiow of the
flame of a fluctuating chemistry model (ref. 29), wiiich assumed a
certain proportinn of the oxygen to be unavailable for fuel com~
bustion, served co reduce some of the error due to "unmixedness"™
of fuel and air. Still, the peak predicted temperatures of 1800-
2000K were considerably higher than were observed experimentally.

With regard to the consumption of carbon fibers by surface
oxidation, the NASA Langley thLermogravimetric study (see following
section) revealed significantly lower rates of oxidation than pre-
dicted with the original SAI model (ref. 38). Analysis by SAI of
the empirically-derived factors (low temperatures and unavailable
oxygen) revealed that a relatively small mass fraction, typically
15 percent, of the mass of a fiber is oxidized when the fiber is
released in the lower region of a large fire and is transported
above the fire by the vertical flow of the fire plume. However,
in addition to the surface oxidation of the fiber when released, it
is likely that the process of oxidation may commence well before a
given fiber is released from a composite which is exposed to the
fire. Fibers temporarily attached at or near the surface of 2
composite may be extensively or even completely oxidized if
retained at that site for tens of seconds.

Thermogravimetric Analysis of Carbon Fibers

The aforementioned thermogravimetric analysis (TGA) <*tu2y of
carbon fibers carried out at NASA Langley provided information or
rates of oxidation of carbon fibers at temperatures prevalent in
fires. Although such data was available for the thermal aging of
carbon fibers at much lower use temperatures (up to 573 K), none
had been reported for the high temperatures representative of
liguid fuel fires. The Langley experiments were conducted up to
1250%X (1787°F), which was not only the maximum attainable with the
equipment on hand, but also was considered to be a representative
jet fuel fire temperature.

The TGA tests were performed by heating carefully weighed
quantities of carbon fibers in a sensitive micro-balance at a rapia
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rate up to 1250K. After that temperature was reached, the fiber

was heated isothermally and the mass loss was monitored until it
was completely consumed by oxidation. Since a fire environment

does not have a unhiform or constant air or oxygen content, the -
tests were run in several different gas environments: air (21%
oxygen), 8.16% oxygen, 4.18% oxygen, and pure nitrogen. Some of

the results of the TGA study are given in figure 16. The AS carbon
fiber, which is typical of the types of carbon fibers used exten-
sively in fabricating aircraft composite parts, was completely con-
sumed in an air environment in less than one minute, but it resisted
significant degradation in the completely inert nitrogen environment.
Between those two extremes, the fiber oxidized away at rates mark-
edly less than in air. In an actual jet fuel fire, the entire range’
of oxygen content would undoubtedly exist for varying periods of
time and in different regions of the fire. The information gener-
ated by this study was used to advantage by Science Applications,
Inc. to determine predicted carbon fiber oxidation rates, which .
were so important for their fire modelling effort.

FIBER DETECTION AND COUNTING STUDY

As was pointed out in the section on outdoor fiber release
tests at Chinz Lake, CA., most of the single fiber detection and
collection was with passive methods. And by far the same was true
for all of the laboratory fiber release testing. However, a
consequence 0of the passive techniques was the necessity to count
the fibers by optical microscopic procaedures which were slow,
expensive, and subject to variations related to the individuals
doing the work. A task to develop a more reliable and rapid count-
ing method was delegated to the Jet Prcpulsion Laboratory (JPL).

Exploratory experiments at JPL showed that a high voltage spark
method to detect carbon fibers was promicing for adaptation to a
fiba2r counting and measuring system. Althcugh the principle behind
the technique was far from being unique, JPL incorporated several
koy changes which tailored the method specifically for carbon fibers
(ref. 9). Because of the high resistance of most carbon fibers
(3000 ohms/cm or more), a carbon fibe: draws only a very small
current between a pair of grid electrodes under a moderately high
voltage bias (500 to 2000 volts), enough perhaps to heat the fiber
red-hot, but not enough to burn it up rapidly. Generally, the
accumulation of fibers on an electrified grid decreases the sensi-
tivity of the grid. JPL overcame that problem by using a pulse
dAischarge technique, involving the storage of energy in a capacitor.
Thus, repeated pulsation was effective in completely consuming the
~carbon fibers.

For all practical purposes, fire-released carbon fibers of
electrical concern were found to be between 1 and 5 mm long (see
fiqure 11). Therefore, the JPL investigators combined five inde-
pendent (not in series) grids with spacings to count fibers in the
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1-2, 2-3, 3-4, 4-5, and 5-10 mm length ranges. Each grid had an
independent pulse integrator electronic package to shape the pulses
for the input spark signals and to inteqrate those pulses to pro-
vide a DC voltage output corresponding to the total number of fiber
counts. The resulting signal was then recorded on a strip chart
recorder. The total assembly utilized a stainless rteel, square
mesh pre-screen to prevent clusters of fibers from short-circuiting
the grid-bias circuitry. A fan and windbox arrangement provided
the air sample. -

Although the design of the system was not optimized, a number
of important parameters of the operation were studied. Among them
were: the voltage of the high voltage discharge, the capacitance
of the discharge unit, airflow rate, depth and shape cf the grid
electrodes; lengths of fiber fragments, and effect of fiber clusters.

While the development of the JPL counting system was not
accomplished in time to be utilized to its full potential in the
carbon fiber risk analysis program, several successful trial appli-
cations of the prototype device demonstrated the practicality of
the corcept. The device was used at the top of a combustion chimney
to detect fibers released from burning composites in JPL alternate
materials experiments {ref. Z5). Egually successful counting of
released fibers in a small NASA Ames laboratory composite burn
chamber was also dermonstrated. In a large-scale test check-out, the
detector successfully monitored the velease of carbon fibers in
a Dahlgren snock tube compositz burn test (ref. 11). The results,
which agreed closely with thouse from an independently-developed
electrified grid detector (ref. 30), helped show that the fiber
capture capability of sticay tape collectors in the smokey jet
fuel fire plume may be low. Later experiments at the Jet Prcpulsion
Laboratory proved that soot generated in kerosene-fueled fires did
not lead to the generation of spurious signals with the JPL high
voltage spark device.

Although active devices can provide dynamic fiber information,
such as fiber flux values, the passive sticky paper collectors can
be used readily and more economically at many separate locations,
and then stored for later counting. A second task performed by the
JPL team was to modify the high voltage spark system for the count-
ing of carbon fibers which had been collected on passive sticky
paper collectors (ref. 31).

A specialized high voltage discharge system was built to "read”

sticky paper samples upon which single fibers had been captured.

A single grid with a 1.19-mm spacing and operating under a bias of
510 volts was the heart of the tape~reading system. When placed
onto the sticky paper holding the captured carbon fibers, a rapid
spark discharge from fcur parallel high voltage capacitors caused
the consecutive burn-up of carbon fibers on the tape. The rate of
discharge could be varied at will from 5 to 100 Hz, depanding on
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the fiber density. Calibration of the device with standardized
tape samples established the avérage of multiple discharges
necessary to burn out each fiber (for fibers of uniform length
deposited in random fashion) at about 2-1/2 per fiber.

Although this system was not completely optimized and tested,
the progress was sufficient for the investigators to achieve a
statistical understanding of spark counts initiated by c¢arbon fibers
on a sticky paper madium, using a high voltage grid system. Suff-
icient data was obtained to establish a calibration factor for
counting the carbon fibers on a specific sticky paper surfacs.
Prototype hardware was developed and demonstrated in laboratory
testing.

Further development of the concept could probably lead to its
adaptation to the counting of carbon fibers collected on the
surfaces of filters, such as the micropore types. Fiber length
distributions could also be obtainable by using several suitably-
spaced grid networks. Also believed possible is the adaptation
of the conczpt to the counting of sub-millimeter sized particles
of importance for environmental considerations.

CONCLUDING REMARKS

An extensive program involving all aspects of the release of
carbon fibers was conducted. The principal objective of this
investigation was to assist in the prediction of amounts and
characteristics of carbon fibers which would be generated from the
crash and burning of civil aircraft having structural parts made
from carbon fiber-reinforced epoxy materials.

Hundreds of composite-burning experiments were conducted on
a laboratory scale. A number of parameters which could affect fiber
rclease were studied, including the types and degree of disturbance
applied to the burning composites, and nature of the composite
itself, and the type and proportions of fuel. The disturbance
applied to the burning composite was shown to be the most critical
factor influencing single fiber release, leading to very low amounts
of fiber based on theamount initially present in the burned compo-
site for Luarning alone, to somewhat greater release when the burned
composites were subjected to explosive destruction (fig. 17).

Large scale aviation jet fuel fires were conducted to demon-
strate the validity of the laboratory fire-release experiments.
The burning of up to 45 kilogram quantities of carbon fiber com-
posite aircraft parts in 15-meter diameter pool fires confirmed
the generally low level of release of carbon fibers in laboratory
tests, with less than a quarter of a percent of single fibers being
given off. Demonstration tests also showed that the electrical
characteristics of fire-released carbon fibers were equivalent to
those of virgin carbon fibers which neither had been combined with
matrix resias nor had been exposed to fires.
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The release of unexpectedly small amounts of carbon fibers
from burning composites was attributed in part to the fact that
carbon fibers generally used in state-of-the-art aircraft composites
can be consumed extensively by oxidation‘in aviation jet fuel fires.
Empirical evidence of oxidative consumption in fires was supported
by a laboratory thermogravimetric analytical study, as well as by
fire plume dynamics and chemistry studies.

For the purpose of risk computations, a figure of 1% of the
mass of carbon fiber originally present in burned aircraft com-
posite parts was recommended for the 85% of those civilian aircraft
crashes expected to invclve fire alone (fig. 18). Three and one-
half percent of the fiberwas anticipated to be released in fires
having an explosion. These single fiber release values reflected
only those fibers of concern in an electrical sense, that is, over
one millimeter long. Furthermore, the fibers predicted to be
released were assumed to be of an exponential length distribution
(for those over 1 mm long), with a mean length of 2 millimeters.
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TABLE I. - CARBON FIBER RELEASE TEST FACILITIES

Laboratory Testing

NASA Langley Research Center

Navy's NSWC Dahlgren (VA) Chamber

AVCO Corporation Fire Test Facility

Scientific Services, Inc. (Redwood City, CA) Facility
Jet Propulsion Laboratory

Demonstrati~n and Large-Scale Testing

Air Force/TRW at NWC China Lake, CA
Navy's NSWC Dahlgren Shock Tube Facility
Army's Dugway Proving Ground, UT

Fire Plume and Chemistry Testing

NASA White Sands Test Facility
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TABLE II. SINGLE CARBON FIBERS (CF) RELEASED FROM TESTS OF
SPECIMENS FROM COMPOSITE AIRCRAFT PARTS

P UNcorrected wmmmmesip fo——Corrected s

Part and Part Wt. CF Length No. of fibers Correction No. of
test no.? no.b in g.c (ave.) ,mm (Dugway count) % CFd factor® fibers % CF

737 Spoiler

BT-119/X-89 1 64 3.0 19.9 x 105 8.1 - - -

BT-120/X-90 2 69 6.5 48.0 x 105 l40.6 x .35 16.8 x 10% | 14.2

BT-122/X-92 4 69 4.2 28.3 x 105 Jis.s x .35 9.9 x 10° | s.5

BT-124/X-94 6 65 2.6 27.7 x 10°  |10.0 x .35 9.7 x 105 3.5

BT-126/X-96 13 46 4.6 33.2 x 105  |30.0 X .35 11.6 x 10° ] 10.4

BT-129/%-99 9 178 3.2 44.1 x 108 7.1 x .35 15.4 x 105 ] 2.5
BT-244 1 64 .8 1.91 x 104 | o0.004s - - -
BT-245 2 69 .9 .34 x 104 ,0008 - - -
BT-24€ 9 178 . .45 x 10% .0005 - - -

DC-10 Rudder

BT-103/X-73 - 79 2.5 26.3 x 10° 7.4 X .35 9.21 x 10%] 3.6

BT-104/X-74 - 372 2.9 98.9 x 10° 7.0 x .35 | 34.6 x 105 2.5

BT-105/X-75 - | 325 3.3 | 161 x10% |14.7 x .42 6.5 x 10°] 6.2

L 1 |

apr - /x- indicates a composite burn followed by explosion; BT- indicates burn only.

bSee reference 4

CEstimated

dy cp = No. fibers counted x ave. length (cm) x wt. in i. of 1 cm of fiber (9 x 10~
wt. of carbon fiber in sample

7):
—-'% 100

e
See reference 19. Correction factor of 0.35 extended down to 25 million count.
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TABLE III. - MATRIX OF TESTS AT NWC® CHINA LAKE

Test Test Type Type Burn Complete
no. location? sample fuelb time (sec) Explode?c analysis?

l CTS T'Flat plate Propane 2400 Yes Yes

2 CTS Flat plate Hot propane 1200 Yes Yes

3 CTS Flat plate Hot propane 1200 Yes Yes

4 NWC Flat plate Propane 1200 Yes No

5 NWC Flat plate Hot propane 1200 Yeé Yes

6 NWC Flat plate Hot propane 1200 Yes No

8 NWC Barrel Hot propane 1200 Yes Yes

9 NWC Half barrel | Jp~59 540 No No

10 NWC Half barrele'JP—S 300 Yes No

11 NWC Spoilers (3)} JP-5 240 No Yes

12 NWC Spoiler JP-5 420 Yes No

Debris

13 NWC Cockpit Jp-5 360 No Yes

14 NWC Flat Plate Propane 1200 Yes No

15 NWC Flat plate Hot propane 1200 Yes No

3NWC - Naval Weapons Cente.; CTS - Capistrano Test Site

b

Propane: 1900-2000°F flame; hot propane: 2300-2400°F flame

cFifty-seven grams (2 ounces) of C-4 explosive, except CTS-3 (114 grams)

d

€pilus burned residue from test no. 9

Plus 1.36 kilograms of aluminum and magnesium
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TABLE 1IV.

- CARBON FIBER MASS BALANCES FOR NWC CHINA LAKE

TESTS

Test Type Initial Fiberrl Total deposition?® Single fiber % Fiber
no. sample g. (est) % initial % initial unaccount&db
mass, dJ. mass mass, g. mass
IS
S Plate 611 105 12.0 .07 .008 -
8B€ Barrel 3,690 - -— - - 84
8E® (Residue) < 575 50 .7 .49 .007 79
11 Spoilers(3) 2,630 3 .08 .01 .0003 29
13 Cockpit 16,200 9 .04 .04 .0002 76

ajingle fiber, clusters, fragments 1 to 20 mm long

b

©Burn only - 8B; exploded residue - £E

Includes fibers dispersed but not collected, fibers shorter than 1 mm, and
oxidation

fibers consumed by



TABLE V. - SINGLE FIBERS WITH LENGTHS GREATER THAN 1 mm

RELEASED IN DUGWAY JET AVIATION FUEL FIRE TESTS

Average length

Test Carbon fiber of Single fibers released

no. mass in fire, kga single fibers, % of initial
mm Akfoumber Mass, g mass

D-1 32.34 3.2 3.1x108 64 0.20

D-2 31.84 3.1 3.5 72 .23

D-3 49.54 3.2 2.4 51 .10

s-1 34.01 3.3 2.9 63 .19

s-2 31.88 3.2 2,2 46 .14

3carbon fiber mass calculated as 0.7 composite mass
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TABLE VI. - SIZES OF CARBON FIBERS FROM COMPOSITE

BURN TESTS
Test? Test hve. Length < 1 mm Respirable sizeP
length <#

Number - Type L, mmg;ert. % No. ¢ [JWt. No. %
CTS-1 Burn/explode 0.05 86 99.9 - -
CTS-2 Burn/explode .05 - 84 99.6 - -
CTS-3 Burn/explode - 98 >99.9 - -
BT-244 Burn .30 67 95 - Cc
DL-39 *Burn .33 74 95 0.25 6.4
AF-4 Burn + 15 m/sed -3 63 94 .17 5.6
AF-6 of air .40 53 92 .28 12.1

8cTs - Capistrano Tast site; BT - Burn Test (Dahlgren Chamber):
DL - Dahlgren Shock Tube; AF - Air Flow (Dahlgren Chanber)

b“Respirable" includes fibers less than 3.5-4.0 micrometers

in diameter and with length: diameter between 3:1 and 10:1

cIncomplete analysis indicated less than 0.6% of the fibers

had diamecers less than 3.5 uym. No L:D available.
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Figure l.- Carbon fiber residues released from burning composites.
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Figure 3.- Single fiber release from prototype composite aircraft
parts exposed to fire plus explosives,
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Figure 6.~ Effects of internal disturbances on single fiber
release.
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Figure 7.- Release of single carbon fibers from carbon fiber/
NOMEX hcneycomb panels under different test con-
ditions. A-Panel skins: 2 plies of carbon tape
(0 + 90°) with fiberglass scrim. B-Panel skins:

2 plies of carbon fabric. C-Panel skins: 1 ply
of carbon fabric and 1 ply of Kevlar fabric. L =
mean fiber length.
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Figure 10.- Single carbon fiders and composite fragments from
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Ficure 12.~ Scanning clectron photomicrograph of irreqularly
burned carbon fiber,
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Figure 13.- A comparison of pre- and post-test diameters of
carbon fibers.
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Figure 14.- Spectrum of reduced fiber diameters for two airflow
assisted burn tests.

47



ISOTHERM COWTCURS, 15-METER FIRE

n 400-800 K
1250-975%) 16 ——

RESULTS FROM FIBER CONSUMPTION MODEL

800-1000 K

16 ($75-1350°F)
1000-1200 X
14 (1350-12700%F) ---- 10.7 METER FIRE
HEIGHT, —— 7.6 METER FIRE
LI V3
— 1500 °K
10 {2250°F)
8
1400-1500 K

1200-1400 K
(1700-2050°F)

6 2 & 6 8 10 20 30 @ 50 60
cIRE RADIUS, m HEIGHT, w

Figure 15.- Results from NASA White Sands fire experiments.
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Figure 16,.- Iso-thermogravimetric analyses of "AS" carbon fibers.
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