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Fiber Study Group was convened to consider whether or not the electrical
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magnitude of resistance changes required to minimize electr ical  equipment
malfunction, (2 )  whethe r or not carbon fibers can be modified to meet these
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posal of carbon fibers and composites af ter  use. Conclus ions, recommen-
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I INT RODUCTION

Individual carbon fiber filaments can be released from carbon-fiber

re inforced composites when the latter are subjected to severe environmental

conditions such as fire , explosion , impact , and wear. The highly elec-

tr ically conductive f ibers,  so released, can interact with electrical equip-

ment and cause their malfunction by such phenomena as short circuits ,

a rcs ,  and coronas.

Because of the potential for increased use of carbon f ibers  for aero-

space and automotive applications and for a variety of consumer products ,

the changes of contamination by airborne fiber are also increasing. Further-

more , because the fibers are stiff , strong, and have low density, they are used

in composite s to reduce weight, which is an important factor in conserving

energy . Industrie s have already committed large capital expenditures for

material development and are planning furthe r expansions for production pro-

vided that the potential threat of airborne f ibers can be controlled.

A Carbon Fiber Study Group was convened by the Office of Naval

Research (ONR) to consider whethe r or not the fiber resistance of carbon

fiber could be increased sufficiently to minimize the hazards to electrical

equipment. The group considered whethe r or not the modifications to the

fiber resistance could be accomplished without undue sacrifice to the

modulus and s t re n g t h .

The object ive  of the stud y was to define research approaches t hat

might alleviate the pot ential problems.  The conclusions and recommenda-

tions are based on discussions with experts in fiber manufacturing,  f iber

utilization, and the influence of fibers on electrical equipment malfunctions.

The effects of variations in the composition and morphology of the f i b e r  on

the electrical resistance and mechanical prope rties were also conside red.

The conclusions were made largel y ott the basis of unpublished i n f o rm a t i on

and on analyses performed by committee members.

-5- 
_  

_

_ _ _



~~~~~~~~~~~~~ ~~~~~~~~~~ —.___.___—- . 
~~~~~~~~~~~~~~~ — -  -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—.~
,...—.— ~~~~~~~~~~~~~~~ 

—-
~~~

--——
~—--—-

~~ ~——-~~~ — —U-

The results of the study are published as two separate reports: The
Executive Summary, 039- 160- 1 (TR-0078(372 1-I I ) -I ) ,  and The Executive
Summary combined wi th back ground info rmation, 039-160-2
(TR-0078(3721_ II ) -2) ,
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II. CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The extent of the problem of carbon fiber release as a hazard to the

operation of electrical equipment and its relationship to major disruptions
has not been full y evaluated and indeed may be overstated. * The severity

of the hazards needs to be ascertained by means of a r isk analysis with
appropriate experimental data.

It is technically feasible and routine in most industrial plants, pa r-

t icular l y those involved in the production and handling of carbon f ibers,  to

protect electrical equi pment against carbon fiber intrusion. The balance
between the cost of protection and the potential hazard must be evaluated
for each situation. A combination of awareness of the problem , good

housekeeping, hardening of equipment, and reduction of the release of hig hly
conducting f ibers  will reduce the hazard to acceptable levels relative to the
benefits to be derived from the use of carbon-fiber-reinforced plai~tics and

resins.

Analysis of the breakdown of electrical circuit s indicates that three
voltage ranges might be considered: low (less than 18 V) medium (18 to

500 V) ,  and high (greater than 500 V). In the high-voltage regime , the high

conductivity of carbon fibers does not present any additional hazards othe r

than those already experienced by othe r high-voltage pollutants such as sea

or road salt , cement dust, and bird droppings.

Hazards in all voltage regimes can be reduced by several methods,

for example , the prevention of accidental dispersion of f ibers by containment,

5llCarbon Fiber Study,~ NASA Technical Memorandum 78-718 (May 1978).
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the use of nonflammable matrices In composites. and the catalysis of

low-temperature oxidation of f ibers .  In the low and medium voltage reg imes,

coating the fiber,  with an insu la t ing  mater ial  or increasing the resistance of

the fibers can also reduce the hazards.  In theory,  it is possible to increase
the settling rate of dispersed f ibers by increasing the diameter; in practice,

only small increases in diameter and hence settling rates can be achieved.

A serious problem mig ht arise in disposing of scrap, broken , or

obsolete parts. This problem may exceed that generated by accidental
release in service. The burning of junked items unde r uncontrolled condi-
tions is a principal cause for concern.

There are no “quick-fix” solutions for reducing or eliminating the
potential hazard occasioned by dispersed carbon f ibers by modifying the
materials used in composites. Any such modifications will require,  at best ,
several years  for development , evaluation , and requalifIcation before the
composite can be certified for use.

In the low voltage regime (~~i8 V) an important parameter is the con-
tact resistance and associated punch- through phenomenon in addition to
f iber  bulk resistance. Punch-through, the penetration of surface barr ie r films
by the fibers , can occur at about 2 V. Surface resistances greater than i0 6

ohm/cm would significant ly reduce the hazard for sing le-fiber bridg ing..

No general conclusions can be made concerning fiber resistance require-
ments independent of circuit impedance to minimize the problem in the medium
voltage regime (18 to 500 V) because of the man y diverse applications involved.
However , prel iminary studies Indicate that bulk resistances greater than io 6
or IO~ ohm/cm si gnificantl y reduce the probability of arc initiation, and re-
sistances greater than tO4 ohm/cm reduce the danger of shock to personnel.

Fiber resistance is considered to play an important part in causing
equipment failure.  Typical commercial fibe r resistances range from 90 to
15, 000 ohm/cm with many near 2000 to 8000 ohm/cm.

-8- )
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Current evidence i ‘,icate s that resistances of about iO ó ohm/cm can

probably be attained. Pol y a c r y lonitr i le  (PAN)-base  carbon f ibers can now

be produced with 4 .07  GPa (30 x 106 psi)  modulus. 2. 07 CPA (300 x t O 3 psi)

tensi le  s t rength , and 2 x t O 5  ohm /cm b y retaining appreciable ni trogen . The

extent of improvement that can be obtained and the effects  of f i re  on the f iber

res i s tance  is not yet cer ta in .  Fur ther  research is required.

The preparation of intercalat ion compounds f rom carbon f ibers  to in-

crease the electrical res i s t iv i ty  while maintaining the high modulus offers

l i t t le  potential for reducing the ai rborne  f iber  hazard.  The use of inter-

calation processes to prepare stable materials  with hig h res is t iv i t ies  may,

howeve r , be possible. Because many materials intercalated or othe rwise

placed into carbon fibers tend to be unstable, composite aging problems and

the degradation of interfacial  bonding may result .

Examination of available resistivity-modulus-strength data for var ious

f iber  types indicates that the PAN-base f ibers  appear to offe r the most prom-

ising compromise for ameliorating the airborne fibe r problem. The available

pitch f ibers  are  much more conducting at equivalent moduli. However.

because research on increasing the resistance of pi tch-type fibers is not

as advanced as that on PAN-base fibers,  these should not be eliminated

f rom consideration as alternative f ibers  for the airborne fibe r problem.

A low-temperature processing approach appears to have mer i t  in

increasing resistance because of the retention of fore ign  atoms and increased

disorder of the crystallites in both PAN- and pitch-base fibers.  However , it

has not been established whethe r or not acceptable fiber mechanical prope r-

ties can also be maintained by this method.

The application of a coating to fibers appears to be a promising

approach for either increasing the surface resistance or preventing dis-

persal of f ree- f ly ing  fibers.  Care must be taken to ensure  that the desirable

properties of the fiber or the adjacent matrix are not degraded.

Insufficient information exists about the electrical and mechanical

properties as well as the surface and bulk morphology of fibers released

from multicomponent composites after exposure to different  types of severe

-9-
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envi ronments  such as impact and f i r e  or exp losion or both. Such information

is neces sa ry for r i sk  anal ysis calculations in order  to evaluate more accu-

ratel y the effect iveness  of any proposed mater ia l  modifications.

B. RECOMMENDATIONS

The recommendations given here  are not ranked by pr ior i ty  within

each category.

G E N E R A L  CONSIDERATIONS

a. Risk anal ysis must be expanded to inc lude all current  and
potential major app lications.  Sources for the utilization
of f ibers  considered should include automotive and
industrial  app lications , sporting goods , and aerospace
applications. Considerat ion should be given to release
mechanisms of f iber  othe r than by burning or explosior .
or both , e. g . ,  wear -e rosion of ca rbon-carbon  brakes.

b. In order to prevent duplication of effo rts , an information
and coordination system should be established among
those organizations concerned with the problem of airborne
carbon fibers.

c. Informat ion  on the potential hazards in the use and disposal
of carbon f ibers  should be communicated to the users  of
carbon fibers by the manufacturer.

d. Method s should be developed and evaluated for the disposal
of 4..arbon f iber  in a manner  that is safe now and in the

.1 future.

2. SPECIFIC RESEARCH APPROACHES

a. Work should be carr ied out on matrix systems to minimize
fiber  dispersal .  The objective would be to limit the dis-
persion of fibers by provid ing better f ibe r /ma t r ix  bonding
and higher char yield to hold f ibers  together. Char on the
fibe r may also enhance its surface resistance. Considera-
tion should also be g iven to the development of special
matr ices  to enhance the oxidation of the fibers when exposed
to fire.

b. The retention of nitrogen in the PAN-base carbon fibers
has been shown to y ield increased resistance. The extent
to which resistance can be increased without sacrifice of
mechanical properties should be examined.

-10-
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c. Becaus e nitrogen retention yields increased resistance , other
foreign atoms should be considered for incorporation into the
carbon s t ructure  in order to obtain desired propert ies.

d. More intensive work should be directed toward the coupling of
mechanical,  electrical, and morphological properties of the
f ibers .  Most studies have concentrated on eithe r the combined
mechanical-  morphological or the electrical- morp hological
proper t ies  but not on the coupled interactions.  The coupled
interactions should also be studied in cases where intercala-
tion processes resul t in stable carbon compounds.

e. Al tera t ion  of various process ing conditions pr ior  to heat
t rea tment , including p recur so r  modif icat ions,  f iber
sp inn ing,  and stabilization cond itions should be undertaken
for  both PAN and pitch p recursors  in orde r to optimize
fiber  prope rties.

f. The app lication of coatings to f ibers  that fo rm eithe r
insulating chars  or h igh- res i s tance  f ibers  on exposure to
f i r e s  should be invest igated . A promising coating system
appea rs to be based on a carborane-s i loxane system.

g. Detailed evaluations should be made of the f ibers  that are
released from composites that have been exposed to
environmental  conditions such as impact and f i re .  These
evaluations should includ e value s of surface  and bulk
electr ical  conductivity, morphology, and in particula r
their  sur face  conditions. This information would be used
in r isk  analysis for  determining the probability for
disabling equipment. Particula r at tent ion should be g iven
to investigation of the condition of the fibers  after the
incident.

C. DISCUSSION OF RECOMMENDATIONS

The paragraphs presented here  are keyed to the corresponding recom-

mendation presented in the preceding section.

( I a )  The r isk  anal yses thate are now available and in pre paration are

mostl y concerned with the app lication of carbon fibe r technology
to a i r c r a f t  and aerospace vehicles.  Carbon f ibers  may well find

wide use in the automotive industry and are being used in other
c ivi l ian-or iented markets such as sporting goods and industrial

equipment.  Consequently, r isk anal yses should be expanded to
include the manufac ture ,  use , and planned or accidental

— 1 1 —
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destruction of such I tem s as automob ile, and tennis rackets.
The use of ca rbon- f iber -conta in ing  products by the mil itary  Is

subject, In pr inc ip le, to tight control of use and disposal. This
control Is not available for the use and disposal of carbon fiber

products by the population at large. Misguided or neg ligent
mani pulation of carbon f ibers  could result in serious problems.
A survey should be made and kept current  to identify othe r poten-
tial and actua l uses of f ibers  and the risks Involved in their
app lication. Continuous use of carbon fiber products will also
result in the d ispersa l  of f ibers  by wear and erosion mechanisms.
An example is carbon fibe r airc ra f t  brakes , which , under use
may emit a fine powder of carbon. Clearly,  this and other
mechanisms for  dispersal  must be examined and included In the
anal ysis.

( ib )  In order to prevent duplication of effor t . ,  an information exchange

and task coordination system should be established. At a recent
meeting held by NASA , 52 companies, ~ univers i ties,  and 22
government installations were present and reported involvement
in various aspects of the carbon fiber problem. This roste r of
interested and Involved organizat ions will  undoubtedLy continue to
expand , and the gene ration of new concepts, anal yses , and
materials  will expand according ly. Coordination of this info rma-
t ion flow is essential for the expeditious development of the
overall program and awareness  by the public use and potential
hazards  of carbon fibers.  A leading organizat ion in the field of
carbon fibe r technology should take responsibility for the dis-
semination of information.

( I c )  The many users of f ibers  with diverse end -item app lication must
be made aware of the r i sks to electrical equipment . Onl y a few ‘

manufacturers includ e a “potential hazard”  label on packages of

-1 2-

— ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .~ 
— c .



- -~~~~~~-_,~~~~~
_ -

~~~ 
-. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ,. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ rl~~~~

_ _ _ _  - - - , - -—---.-- - .-~~~~~~~~~~~
.

carbon f ibers .  More awareness  of the r i sks  should be noted by

including detailed ins t ruc t ion  for  prope r disposal on all f iber

packages shipped to customers .  Some considera t ion  should be

given to the l a rge r  question of whethe r or not all carbon fiber

products should contain warn ing  labels concerning thei r  proper

disposal.

( I d ~ Methods for  the disposal of carbon f ibers  present  a problem
because of t he i r  res is tance to oxidation and the ease with which
they can be dispersed in the a i r .  A common method of dispo8al

is to bury plastic bags of f ibers  in a controlled land fill. No

informat ion  is available about the subsequent degradation or

potential dispersal within such sites. Other methods of disposing

of f ibers  and par ts  containing f ibers  should be investi gated before

the problem becomes acut e or extremely expensive or both

because of the lack of prope r containment.

(Z a )  Carbon fibers are  released from composite matr ices by fai lure

of the fibe r matr ix  bond on impact and explosion or by the pref-
e ren t ia l  combustion of the ma t r ix  in a f i re . Consequently,

desirable matr ices would be those impact- resistant mater ials
that give the required structural  properties of the system coupled

with enhanced or tumescent cha r yields during combustion. The

preferential  combustion of matrices could be mitigated by the

synthesis of polymers that have good fiber coupling and fire-

retardant prop ertie s and produce a tumescent char during com-

bustion. It is well within the present state of pol ymer science

to approach these problems with some assurance of success,

and such efforts of this sort should be emphasized.

(2b) It has been noted that PAN-base fibers pr ecessed at low tempera-

tures to give reasonable strength and mo-r ’ ilus values also give

hig her resistance. Furthe r research and developm ent are

— 1 3-
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necessa ry in order to determine the limits of the method for
optimizing the resistance versus the mechanical properties of

these fibers.

(2c) If the improved resistance of PAN-base fibers is a direct re sult
of n it rogen retention, othe r types of additives should be investi-
gated to determine if they can be incorporated into the carbon

fiber structure in order to increase resistance while retaining
suitable mechanical propertie s and matrix adhesion. Additive s
that are stable at high processing temperatures and can withstand
exposure to fire would be highly desirable.

(2d) In order to obtain optimum fiber properties , a somewhat disordered
microstr ucture may be desired. Highly conducting carbons have
a very highly ordered carbon microstructure. Studies on the elec-
trical characteristics of carbon fibers have usually been car ried
out with the use of commercially produced materials. The re is
very little data available on the Influence of processing conditions
on both mechanical and electrical properties. Such studies should
be under taken.

( Ze) More sophisticated uses of carbon fibers may require physical
properties than can only be attained from one of the precursor
fibers. For example, there are certain applications for the
military where a modulus near 683 CPa (100 x 10 psi) is req uired.
This value indicates consideration of a pitch- rather than a PAN-
base fiber. In contrast, PAN-base fibers can be produced with
a higher electrical resistance and still retain a higher modulus
value as compared to a pitch-base fiber. Consequently, no class

of fibers should be eliminated and considered unsatisfactory.
Rathe r , tradeoff s may have to be made and more knowledge
obtained about the interactions between properties. In consider-
ing these precursors, practically no effort has been made to
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modif y the composition or s t ruc tu re  or both of the p recursor
materials used in PAN- or pitch-base fibers to enhanceS resis-
tance yet retain good mechanical propert ies of the resul t ing
carbon f ibers .  Furthermore, if low-temperature  processing
is the correct  method of increas ing f iber  res is tance, modifi-
cation s in the as-spun fibe r s t ruc ture  should have marked
effects on the ultimate carbon fibe r prope rties. Many carbon
fibers have a highl y ordered , conductive skin with a less-ordered,
less-conductive core. Adjustments in the f iber  format ion and
fiber  s tabi l iza t ion processes may alte r the f iber ia l  s t ruc tu re  and
sk in -core  gradients and y ield improved ove rall propert ies .
There is little published evidence available on how the f iber
formation and the stabilization processes influence subsequent
processing and properties of carbon f ibers . Little effort  has
been directed toward determining the influence of processing
conditions , morpholog ical changes , and Intercalation on the
combined mechanical and electrical properties of carbon fibers .
Such studies should be encouraged .

(2f) Coating the f ibers  with a hi ghl y in sulative laye r is one way to
reduce the electrical hazard.  The insulation can be obtained by
using coating materials such as oxides and carbides or with chars

that have high resistance or become low-densi ty foams that
spatially Insulate the fiber .  Other type s of coatings might be

beneficial , such as pol ymeric materials  that thermally decompose

to produce a cha r or residue capable of holding f ibers  togethe r and

provide electrical insulation. Polymetr ic  coatings may also be

effective for landfill di sposal. Any coating selected should be
tested to determine its effect  on composite rope rtie s and whether

or not it remains effective af ter  dispersion.
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The effectiveness of carbon fibers In causing the disruption of
electrical equi pment depends on their bulk and surface resistance. 

•

Furthermore , the properties of fibers expelled from the composite
may diffe r signifi cantly fro m the morphological, electrical and
mechanical characteristics of the original fibers.  Studies should
therefore be undertaken to determine these characteristics.
Such information WILL be particularly useful in the risk analysis.
Methods f or charac terization must be caref ully selected in orde r

to preserve the post-environmental test character of the fibers.

ii

S
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