— —

AD=A060 953 AEROSPACE CORP EL SEGUNDO CALIF F/6 11/5
CARBON FIBER ELECTRICAL RESISTANCE MODIFICATION = ITS RELATIONS==ETC(U) i
SEP 78 W T BARRYr R J DIEFENDORF FOQ?DI-T?-C-IJII?S '
UNCLASSIFIED TR=0078(3721-11)=-1 ONR=FR039-160-1

DATE
HMF(
i




fl2

2

——:r"rrrF

it e

| P m 25
= =

ol I
:""" 2.0
e

8




OFFICE OF NAVAL RESEARCH
METALLURGY AND CERAMIC PROGRAM
Arlington, Virginia 22217




“ NCLASSIFIED ﬁ g
_$ECUR|TV CLASSIFICATION OF THIS PAGE (When Date tor :

REPORT DOCUMENTATION

READ INSTRUCTIONS
__BEFORE COMPLETING FORM
2. GOVY ACCESSION NO.| l REC :uv $ CATALOG NUMBER

mmw? CARBON FIBER ELECTRICAL v ""°'" ® PERTDD CoveReo | !
RESISTANCE MODIFICATION = ITS g B
RELATIONSHIP TO ELECTRICAL EQUIPMENT, 8 1

'V[ CTIO
- ALFUNCTION. Executive SummZAry 4 TR-0078(3721-11)- 1
T

Office of Naval Research Carbon Fiber

Study Group ¥Fﬂyi'77'cjy%r

9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT TASK
REA & WORK UNIT NUMBER

The Aerospace Corporation
El Segundo, Calif. 90245

11. CONTROLLING OFFICE NAME AND ADDRESS
Office of Naval Research // 1 Septemdo @78

Arlington, Virginia 22217

15

4. MONITORING AGENCY NAME & ADDRESS(/f different from Controlling Otfice) 18. SECURITY CLASS. (of this report)

Unclassified

1Sa. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. OISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

5 oo&rﬂv? it different from Report)

8 PPLEMENTARY NPJTES HDr—\r—’D [
18. Y
UN\. 9. O ve s Se ,\\mufj Drl'w
R.L. [lovray { Nov 07 1978
. Maw thovne, e
s (ConfMvee: vwide~? y-eret block number) E
Carbon Fibers Fire
Electrical Equipment Explosion

Electrical Resistivity
/\ Carbon-Carbon Composites

)ABSTRACT (Continue on reverse side If necessary and Identify by block number)

problem exists in the operation of electrical equipment if carbon fibers
come in contact with critical electrical circuits when accidentally dis-
persed into the air by a variety of means. The extent and severity of the
problem has not been fully evaluated and, indeed, may be overstated. There-
fore, there is an urgent need for a comprehenswe theoretical and experi-
mental risk analysis that includes all major uses, i.e., aerospace, transpor-
tation, and consumer products and manufacturing practices. A Carbon

N

UNCLASSIFIED
¢¢9 d_p/ﬂ S URITY CLASSIFICATION OF THIS PAGE (When Data En|

e e ———

By

(FACSIMILE)

=0




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Bntered)

. KEY WORDS (Continued )

\ |

mhcv (Continued)

Fiber Study Group was convened to consider whether or not the electrical
resistance of carbon fibers could be increased to acceptable levels without
altering other desirable characteristics. The group considered (1) the
magnitude of resistance changes required to minimize electrical equipment
malfunction, (2) whether or not carbon fibers can be modified to meet these
requirements, (3) the ease of hardening confined spaces, and (4) the dis-
posal of carbon fibers and composites after use. Conclusions, recommen-
dations, and background information are presented herein,

ACCESSION for

wTis White Suction
boC Ruft Section 0
URANMO 0 O
WSTICeaen

UNC LASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

s b LAl 2ol




PREFACE

The work described in this report is the result of the contributions of

the following members of The Office of Naval Research Fiber Study Group:

W. T. Barry
The Aerospace Corporation, El Segundo, California

R. J. Diefendorf
Rensselaer Polytechnic Institute, Troy, New York

M. S. Dresselhaus
Massachusetts Institute of Technology, Cambridge, Massachusetts

R. I. Gray
Naval Surface Weapons Center, Dahlgren, Virginia

M. F. Hawthorne
University of California, Los Angeles, California

A. J. Heeger
University of Pennsylvania, Philafglphia, Pennsylvania

R. A. Meyer, Chairman
The Aerospace Corporation, El Segundo, California

I.. H. Peebles, Jr.
Office of Naval Research, Boston, Massachusetts

D. M. Riggs
Army Materials and Mechanics Research Center
Watertown, Massachusetts

W. P. Slichter
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey
The Office of Naval Research Fiber Study Group acknowledges and
expresses appreciation for the very helpful assistance provided us through
the sharing of information by persons from the following organizations:
Army Ballistic Research Laboratory, Aberdeen, Maryland
D. J. Hinz

Dr. K. A. Pullen
Dr. L. J. Vande Kieft




Ford Motor Company, Detroit, Michigan
Dr. J. J. Harwood

Great Lakes Research Corporation, Elizabethton, Tennessee
Dr. L. A. Joo
R. Prescott

McDonnell Douglas Astronautics Company
Huntington Beach, California
A. J. Cwiertny

NASA Langley Research Center, Hampton, Virginia
D. L. Dicus
Washington, D.C., Headquarters
D. P. Williams III

Naval Research Laboratory, Washington, D.C.
Dr. V. R. Deitz
Dr. :.. L. Jarvis
Dr. J. P. Reardon

Naval Surface Weapons Center, Dahlgren, Virginia
Dr. R. A. Amadori
L. C. Copen
C. E. Gallaher
R. L. Hudson
D. L. Marker
Dr. K. A. Musselman
Dr. V. G. Puglielli
Dr. R. E. Richardson

Stackpole Fibers, Lowell, Massachusetts
P. G. Boyd
G. G. Fleming
G. F. Pauline

Union Carbide Corporation, Parma, Ohio
J. H. McFerrin
New York, New York
Dr. W. E. Chambers
J. R. Paus
H. N. Townsend




CONTENTS

FBEFAGE .« vi v testsdeonsnas s s et eni
I. INTRODUGTION oo o vin s iihanmn nis o+ kst h s

II. CONCLUSIONS AND RECOMMENDATIONS . ...

A. Conclaslons:- i ¢ v i s e aa s

b7

B. Recommendations ... ..........., ...

C. Discussion of Recommendations .......

e BT S v W ST P N o

5
i
%

3%




W&hm-m —

e

I. INTRODUCTION

Individual carbon fiber filaments can be released from carbon-fiber
reinforced composites when the latter are subjected to severe environmental
conditions such as fire, explosion, impact, and wear. The highly elec-
trically conductive fibers, so released, can interact with electrical equip-
ment and cause their malfunction by such phenomena as short circuits,

arcs, and coronas.

Because of the potential for increased use of carbon fibers 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 composites to reduce weight, which is an important factor in conserving
energy. Industries have already committed large capital expenditures for
material development and are planning further expansions for production pro-

vided that the potential threat of airborne fibers can be controlled.

A Carboun Fiber Study Group was convened by the Office of Naval
Research (ONR) to consider whether or not the fiber resistance of carbon
fiber could be increased sufficiently to minimize the hazards to electrical
equipment. The group considered whether or not the modifications to the
fiber resistance could be accomplished without undue sacrifice to the

modulus and strength.

The objective of the study was to define research approaches that
might alleviate the potential problems. The conclusions and recommenda-
tions are based on discussions with experts in fiber manufacturing, fiber
utilization, and the influence of fibers on electrical equipment malfunctions.
The effects of variations in the composition and morphology of the fiber on
the electrical resistance and mechanical properties were also considcred.
The conclusions were made largely on the basis of unpublished information

and on analyses performed by committee members.




The results of the study are published as two separate reports: The
Executive Summary, 039-160-1 (TR-0078(3721-11)-1), and The Executive
Summary combined with background information, 039-160-2
(TR-0078(3721-11)-2),




II. CONCLUSIONS AND RECOMMENDATIONS

A. CONC LUSIONS

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 fully evaluated and indeed may be overstated. . The severity
of the hazards needs to be ascertained by means of a risk analysis with

appropriate experimental data.

It is technically feasible and routine in most industrial plants, par-
ticularly those involved in the production and handling of carbon fibers, to
3 protect electrical equipment 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 highly r'
conducting fibers will reduce the hazard to acceptable levels relative to the 1
benefits to be derived from the use of carbon-fiber-reinforced plastics and : 1

resins.

Analysis of the breakdown of electrical circuits 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 other
than those already experienced by other 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 fibers by containment, ;

*'Carbon 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 fibers. In the low and medium voltage regimes,
coating the fibers with an insulating material or increasing the resistance of
the fibers can also reduce the hazards. In theory, it is possible to increase
the settling rate of dispersed fibers by increasing the diameter; in practice,

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

A serious problem might 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 under 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 fibers 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 (<18 V) an important parameter is the con-
tact resistance and associated punch-through phenomenon in addition to
fiber bulk resistance. Punch-through, the penetration of surface barrier films
by the fibers, can occur at about 2 V. Surface resistances greater than 106

ohm/cm would significantly reduce the hazard for single-fiber bridgings.

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 many diverse applications involved.
However, preliminary studies indicate that bulk resistances greater than 106
or 107 ohm/cm significantly reduce the probability of arc initiation, and re-

sistancesg greater than 104 ohm/cm reduce the danger of shock to personnel.

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

G e




Current evidence i“’icates that resistances of about 10 ohm/cm can
probably be attained. Polyacrylonitrile (PAN)-base carbon fibers can now
be produced with 4,07 GPa (30 X 106 psi) modulus, 2.07 GPA (300 X 103 psi)
tensile strength, and 2 X 105 ohm/cm by retaining appreciable nitrogen. The
extent of improvement that can be obtained and the effects of fire on the fiber

resistance is not yet certain. Further research is required.

The preparation of intercalation compounds from carbon fibers to in-
crease the electrical resistivity while maintaining the high modulus offers
little potential for reducing the airborne fiber hazard. The use of inter-
calation processes to prepare stable materials with high resistivities may,
however, be possible. Because many materials intercalated or otherwise
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 various
fiber types indicates that the PAN-base fibers appear to offer the most prom-
ising compromise for ameliorating the airborne fiber problem. The available
pitch fibers are much more conducting at equivalent moduli. However,
because research on increasing the resistance of pitch-type fibers is not
as advanced as that on PAN-base fibers, these should not be eliminated

from consideration as alternative fibers for the airborne fiber problem.

A low-temperature processing approach appears to have merit in
increasing resistance because of the retention of foreign atoms and increased
disorder of the crystallites in both PAN- and pitch-base fibers. However, it
has not been established whether or not acceptable fiber mechanical proper-

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 free-flying 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 tibers released

from multicomponent composites after exposure to different types of severe
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environments such as impact and fire or explosion or both. Such information

is necessary for risk analysis calculations in order to evaluate more accu-

rately the effectiveness of any proposed material modifications.

B RECOMMENDATIONS

The recommendations given here are not ranked by priority within

each category.

GENERAL CONSIDERATIONS

Risk analysis must be expanded to include all current and
potential major applications. Sources for the utilization
of fibers considered should include automotive and
industrial applications, sporting goods, and aerospace
applications. Consideration should be given to release
mechanisms of fiber other than by burning or explosiot
or both, e.g., wear-erosion of carbon-carbon brakes.

In order to prevent duplication of efforts, an information
and coordination system should be established among

those organizations concerned with the problem of airborne
carbon fibers.

Information on the potential hazards in the use and disposal
of carbon fibers should be communicated to the users of
carbon fibers by the manufacturer.

Methods should be developed and evaluated for the disposal
of carbon fiber in a manner that is safe now and in the
future.

&. SPECIFIC RESEARCH APPROACHES

a.

Work should be carried out on matrix systems to minimize
fiber dispersal. The objective would be to limit the dis-
persion of fibers by providing better fiber/matrix bonding
and higher char yield to hold fibers together. Char on the
fiber may also enhance its surface resistance. Considera-
tion should also be given to the development of special
matrices to enhance the oxidation of the fibers when exposed
to fire.

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




C.

(8 Because nitrogen retention yields increased resistance, other
foreign atoms should be considered for incorporation into the
carbon structure in order to obtain desired properties.

d. More intensive work should be directed toward the coupling of
mechanical, electrical, and morphological properties of the
fibers. Most studies have concentrated on either the combined
mechanical-morphological or the electrical-morphological
properties but not on the coupled interactions. The coupled
interactions should also be studied in cases where intercala-
tion processes result in stable carbon compounds.

e. Alteration of various processing conditions prior to heat
treatment, including precursor modifications, fiber
spinning, and stabilization conditions should be undertaken
for both PAN and pitch precursors in order to optimize
fiber properties.

f. The application of coatings to fibers that form either
insulating chars or high-resistance fibers on exposure to
fires should be investigated. A promising coating system
appears to be based on a carborane-siloxane system.

g. Detailed evaluations should be made of the fibers that are
released from composites that have been exposed to
environmental conditions such as impact and fire. These
evaluations should include values of surface and bulk
electrical conductivity, morphology, and in particular
their surface conditions. This information would be used
in risk analysis for determining the probability for
disabling equipment. Particular attention should be given
to investigation of the condition of the fibers after the
incident.

DISCUSSION OF RECOMMENDATIONS

The paragraphs presented here are keyed to the corresponding recom-

mendation presented in the preceding section.

(ta)

The risk analyses thate are now available and in preparation are
mostly concerned with the application of carbon fiber technology
to aircraft and aerospace vehicles. Carbon fibers may well find
wide use in the automotive industry and are being used in other
civilian-oriented markets such as sporting goods and industrial
equipment. Consequently, risk analyses should be expanded to

include the manufacture, use, and planned or accidental

-11-




(1b)

(1c)

destruction of such items as automobiles and tennis rackets.

The use of carbon-fiber-containing products by the military is

subject, in principle, 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 negligent

manipulation of carbon fibers could result in serious problems.

A survey should be made and kept current to identify other poten-

tial and actual uses of fibers and the risks involved in their

application. Continuous use of carbon fiber products will also

result in the dispersal of fibers by wear and erosion mechanisms,

An example is carbon fiber aircraft 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

analysis.

In order to prevent duplication of efforts, an information exchange

and task coordination system should be established.

At a recent

meeting held by NASA, 52 companies, 8 universities, and 22

government installations were present and reported involvement

in various aspects of the carbon fiber problem. This roster of

interested and involved organizations will undoubtedly continue to

expand, and the generation of new concepts, analyses, and

materials will expand accordingly. Coordination of this informa-

tion 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 organization in the field of

carbon fiber technology should take responsibility for the dis-

semination of information,

The many users of fibers with diverse end-item application must

be made aware of the risks to electrical equipment,

Only a few

manufacturers include a '"potential hazard' label on packages of

«i12-
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(1d)

(2a)

(2b)

carbon fibers. More awareness of the risks should be noted by
including detailed instruction for proper disposal on all fiber
packages shipped to customers, Some consideration should be
given to the larger question of whether or not all carbon fiber
products should contain warning labels concerning their proper

disposal.

Methods for the disposal of carbon fibers present a problem
because of their resistance to oxidation and the ease with which
they can be dispersed in the air. A common method of disposal
is to bury plastic bags of fibers in a controlled land fill. No
information is available about the subsequent degradation or
potential dispersal within such sites. Other methods of disposing
of fibers and parts containing fibers should be investigated before
the problem becomes acute or extremely expensive or both

because of the lack of proper containment.

Carbon fibers are released from composite matrices by failure
of the fiber matrix bond on impact and explosion or by the pref-
erential combustion of the matrix in a fire, Consequently,
desirable matrices would be those impact-resistant materials
that give the required structural properties of the system coupled
with enhanced or tumescent char yields during combustion. The
preferential combustion of matrices could be mitigated by the
synthesis of polymers that have good fiber coupling and fire-
retardant properties and produce a tumescent char during com-
bustion. It is well within the present state of polymer science
to approach these problems with some assurance of success,

and such efforts of this sort should be emphasized.

It has been noted that PAN-base fibers prccessed at low tempera-
tures to give reasonable strength and mo:nlus values also give

higher resistance. Further research and development are

-13-
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(2¢)

(2d)

(2e)

necessary in order to determine the limits of the method for

optimizing the resistance versus the mechanical properties of
these fibers.

If the improved resistance of PAN-base fibers is a direct result
of nitrogen retention, other 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 properties and matrix adhesion. Additives
that are stable at high processing temperatures and can withstand
exposure to fire would be highly desirable.

In order to obtain optimum fiber properties, a somewhat disordered
microstructure 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 carried
out with the use of commercially produced materials. There is
very little data available on the influence of processing conditions
on both mechanical and electrical properties. Such studies should

be undertaken.

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 GPa (100 x 10 psi) is required.
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.
Rather, tradeoffs 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

-14-
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(2£)

modify the composition or structure or both of the precursor

materials used in PAN- or pitch-base fibers to enhance resis-
tance yet retain good mechanical properties of the resulting
carbon fibers. Furthermore, if low-temperature processing

is the correct method of increasing fiber resistance, modifi-
cations in the as-spun fiber structure should have marked
effects on the ultimate carbon fiber properties. Many carbon
fibers have a highly ordered, conductive skin with a less-ordered,
less-conductive core. Adjustments in the fiber formation and
fiber stabilization processes may alter the fiberial structure and
skin-core gradieants and yield improved overall properties.
There is little published evidence available on how the fiber
formation and the stabilization processes influence subsequent
processing and properties of carbon fibers, Little effort has
been directed toward determining the influence of processing
conditions, morphological changes, and intercalation on the
combined mechanical and electrical properties of carbon fibers,

Such studies should be encouraged.

Coating the fibers with a highly insulative layer 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-density foams that
spatially insulate the fiber. Other types of coatings might be
beneficial, such as polymeric materials that thermally decompose
to produce a char or residue capable of holding fibers together and
provide electrical insulation. Polymetric coatings may also be
effective for landfill disposal. Any coating selected should be
tested to determine its effect on composite nroperties and whether

or not it remains effective after dispersion.

«15-
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The effectiveness of carbon fibers in causing the disruption of
electrical equipment depends on their bulk and surface resistance.
Furthermore, the properties of fibers expelled from the composite
may differ significantly from 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 for characterization must be carefully selected in order

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

-16-




