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PREFACE

A hazard which results from accidental release of
graphite fibers from composite materials has been
identified. The risk resulting from this hazard is being
evaluated. In the meantime, NASA has initiated a program
to explore alternate materials which eliminate the hazard
or reduce the risk. On March 23 and 24, 1978, NASA
Langley Research Center sponsored a Modified Composite
Materials Workshop. This workshop was intended to display
the NASA program on alternate materials and to solicit new
ideas for other alternate materials.

Working groups were organized to consider six topics:
epoxy modifications, epoxy replacement, fiber
modifications, fiber coatings and new fibers, hybrids, and
fiber release testing. Because of the time required to
develop a new material and acquire a design data base,
most of the workers concluded that a modified composite
material would require about four to five years of
development and testing before it could be applied to
aircraft structures. However, the Hybrid Working Group
considered that some hybrid composites which reduce the
risk of accidental fiber release might be put into service
over the near term. The Fiber Release Testing Working
Group recommended a coordinated effort to define a
suitable laboratory test. That group did not have
sufficient time to give careful consideration to the
problems of large scale outdoor testing to prove the
performance at full scale of proposed alternate materials.
Most groups expressed a desire for further interaction
with NASA in their technology areas in the future to
monitor progress.

Hampton, Virginia
July 11, 1978
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INTRODUCTION

Graphite fibers in an epoxy matrix provide a composite
material having high strength and stiffness relative to its
weight. Because low weight is such an important consideration
in aircraft structures, NASA has undertaken a variety of
activities intended to resolve problems involved in applying
these composite materials to aircraft structures. NASA
activities include laboratory studies, as well as major
projects to get flight experience with composites in secondary
and primary structures on commercial aircraft. However,
because of their low density, small diameter, and high
electrical conductivity, graphite fibers raise issues beyond
those normally considered in structural design.

Since graphite fibers are electrical conductors, they can
cause short circuits, equipment malfunctions, or possibly
fires if they get into electrical equipment. Furthermore,
because of their low density and small diameter, graphite
fibers can remain airborne for considerable time, and hence
can be transported from the scene of ,an accident to the site
of electrical or electronic equipment~’“, NASA has underway a
project to study, and if possible, to quantify the risk
associated with this electrical hazard. While no definitive
results ‘from this risk assessment study will be available for
some time, NASA has initiated exploratory investigations of
alternate materials which can reduce electrical hazards and
yet retain or enhance currently available graphite fiber
composites properties.

On March 22 and 23, 1978, NASA Langley Research Center
held a workshop to display the current program on alternate
materials, to solicit approaches other than those being
investigated, and to stimulate further thinking about possible
materials solutions to eliminate a possible electrical hazard.
At the workshop, a brief overview of the risk assessment
activity was provided. This overview was not intended to be
complete or definitive, nor was the workshop intended to
address risk issues except from the point of view of alternate
materials which would tend to reduce risk. After the risk
overview, Langley, Lewis, and Ames Research Centers presented
summaries of programs and plans to explore alternate
materials. Following these summaries, test methods currently
used to study accidental graphite fiber release were outlined.
After the discussion of test methods, attendees divided into
six working groups.

The workshop had working groups on epoxy modifications,
€poxy replacement, fiber modifications, fiber coatings and new
fibers, hybrids, and fiber release testing. These working




groups began with prepared presentations in their topic areas.
Then they considered a set of issues that had been defined in
advance. After further deliberations, the working groups
prepared reports, guided by a recommended format, which were
presented to all attendees. For each working group, two NASA
employees were assigned as reporters, and they provided
summaries of the activities of the groups.

The purpose of this document is to provide to attendees
and other interested persons as much information as is likely
to be useful and can be readily compiled. No text is
available for any of the presentations. The information
contained in this document includes copies of vugraphs used in
presenting NASA programs, vugraphs summarizing working group
findings, and NASA reporters' accounts of working group
activities. Also included are an attendance list, and issues
directed to each group. While care has been exercised in
compiling this information, editing has been minimal and the
source of the information should be consulted before taking
further action. Furthermore, the reporter's accounts of the
working group proceedings reflect the reporter's view of a
dynamic process, and the opinions expressed may not reflect
the considered judgement of the individuals involved or of
their sponsoring institutions.

1. A Report of Observed Effects on Electrical
Systems of Airborne Carbon/Graphite Fibers.
NASA TM 78652, 1978.

2. Intergovernmental Committee, Compilers: Carbon
Fiber Study. NASA TM 78718, 1978.




AGENDA

March 23-24, 1978
NASA-Langley Research Center
Hampton, Virginia

Thursday, March 23

8:00 a.m. Registration
8:30 Welcome

Workshop Expectations

Potential Graphite Fiber Problems

Overview

Improved High Modulus Fibers

Graphite Fibers with High Elec—
trical Resistivity

Silicon Carbide, Boron, and
Glass Coated Graphite Fibers

Boron Carbide and Silicon Car-
bide Coated Graphite Fibers

Boron Nitride, Silicon Carbide
and Silicone Coated Graphite
Fibers

10:35-10:50 BREAK

An Approach to the Development
of Fire Resistant Composites

Preliminary Test Results of the
Fiber Release Characteristics of
Baseline Graphite Epoxy Compos-
ites Compared with New Char
Forming Analogs

R2view of NASA-Lewis Materlals Modifi-
cation Program
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MODIFIED COMPOSITE MATERIALS WORKSHOP

Richard R. Heldenfels
NASA-Langley

William A. Brooks, Jr.
NASA-Langley

Vernon L. Bell
NASA-Langley

Review of NASA-Langley Materials Modification Program

Robert T. Swann
MASA-Langley

R. J. Diefendorf
Rensselaer Polytechnic
Institute

F. Lincoln Vogel
Un. of Pennsylvania

Francis Galasso
United Technologies
Research Center

Raymond Suplinskas
AVCO Corporation

Herbert F. Volk
Union Carbide
Corporation

10:50 Review of NASA-Ames Materials Modification Program

John A. Parker
NASA-Ames

Joseph Mansfield
NASA-Ames

Tite T, Serafini
NASA-Lewis

12:1n--+.0 ..w. —- LUNCH - NASA Cafeteria (B-1213) Private Dining w1




1:10 p.m.’

1:40
1:50

2:00-3:00
5:00

 6:00
6:15
7:00

8:00 a.m.
9:45
10:00
12:30 p.m
12:45

Fiber Release Testing Facilities Vernon L. Bell

‘and Results . NASA-Langley

Charge to Working Groups
Working Groups Convene (6 concurrent meetings)

I. Graphite Fiber Modification
R. J. Diefendorf, Chairman STAGE
Rensselaer Polytechnic Institute
I1. Graphite Fiber Coating .and Alternative Fibers
. James Economy, Chairman HAMPTON ROOM

IBM Research Laboratory

III. Epoxy Resin Modifications
James Noland, Chairman : ‘SUN LOUNGE
American Cyanamid Company

IV.  Epoxy Resin Replacements
B. F. Landrum, Chairman : MAIN LOUNGE
Ciba-Geigy Corporation

V.  Hybrid Composites
Karl Prewo, Chairman WYTHE ROOM
United Technologies. Research Center

VI. Fiber Release Simulation Testing
E. Bruce Belason, Chairman . LANGLEY ROOM

AVCO Corporation
Coffee or Soft Drinks will be available in Main Lounge

Working Groups Recess
Buses depart for Holiday Inn

Buses départ Holiday Inn for Sam's Seafood Restaurant
Cash Bar Social

Dinner

Friday, March 24

Working Groups Reconvene

BREAK

Reassemble for Working Group Reports
Closing Remarks

Buses depart for Patrick Henry International Airport and
Holiday Inn
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HUMBERS REPRESENT AXIAL WMODULI VALUES
(IN MS1) ovep THE CROSS SECTION OF THE FIBER.
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RESISTIVITY

LOW TEMPERATURE - DEFECTS

NITROGEN TRAPS - PAN
BORON/NITROGEN/CARBON SOLID SOLUTION
INSULATING COATING -BN - SIC
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PROPERTY

MeLTING POINT

THEOR, DENSITY

ELec., Resist.  25°C (omm-cMm)
THerM. Exp. Coer. 25°C -a
- Tuerm. Exp. Coer, 25°C -o

B
2400°C (suBL.)

2,25

1013 - 1010

1.8 x 10-6
45 x 10-5
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ABSTRACT

Graphite Fibers with High Electrical Resistivity

BY: F.L. Vogel+; Russell Eaton*, and W. David Lee*

Problems of arc over and circuit perturbation in electrical
equipment have been traced to the presence of graphite fibers. A
potential solution to this problem lies in increasing the elec-
irical resistivity of the grapﬁite fibers by several orders of
magnitude. It is proposed herein that this may be accomplished
by treating the‘fibers to form graphitic oxide, This treatment
has the effect of inserting oxygen into the graphite iattice‘
and increasing the resistivity considerably, The graphite layer
plaﬁes remain largely unaffected and so the elastic modulus and

tensile strength are pfedictéd.to be unchanged.

Supporting work in the literature will be reviewed,

Department of Electrical Engineering & Science

& Laboratory for Research on the Structure Matter
University of Pennsylvania

Philadelphia Pa,, 19104

*# Electrical Equipment Division
MERADCOM Fort Belvoir, Va. 22060




INTERSTITIAL COMPOUND APPROACH

CAN CONVERSION OF GRAPHITE FIBER TO GRAPHITE
OXIDE (FLUORIDE) REDUCE ELECTRICAL CONDUCTIVITY

SIGNIFICANTLY WITHOUT DEGRADING MECHANICAL PROPERTIES?

SYNTHESIS
COMPOSITIONS
STRUCTURES
COVALENT BONDING =" HIGH RESISTIVITY
~ AROMATIC RINGS = HIGH STRENGTH

| AND MODULUS
ELECTRICAL RESISTIVITY

48




GRAPHITE OXIDE SYNTHESIS

HNO3 KCLO< GRAPHITE
GRAPHITE + AND/OR + KMNOq = OXIDE
H2804 K2CR207

BRODIE, HOFFMAN, STAUDENMAIER

TIME CONSUMING, HAZARDOUS

NaNO3 GRAPHITE

GRAPHITE +  HyS0, KHNO], ©  OXIDE

HUMMERS AND OFFEMAN

RAPID REACTION - NO HAZARD
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MIXTURES

GRAPH

ITE OXIDE COMPOSITIONS

CARBON

~ OXYGEN

HYDROG

CARBON

0 X>1,
OH - -
EN '

— RATIO COLOR
16 BLACK
3 GREEN

2 YELLOW )
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GRAPHITE OXIDE STRUCTURE

O OXYGEN ATOM
@ CARBON ATOM

From HOFFMAN, FRENZL, CSALAN
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GRAPHITE OXIDE STRUCTURE

O  OXYGEN ATOM
o (CARBON ATOM

From CLAUSS. PLASS, BOEHM, HOFFMAN
. 52




GRAPHITE OXIDE ELECTRICAL RESISTIVITY

CARBON 0710 RESISTIVITY (DRY)
OXYGEN OH-CH
3.0 10/
3,5 4,000
4,3 250
71 0.4
2 0.2
21 0.05

GRAPHITE . 0.023




SILICON CARBIDE, BORON, AND GLASS

COATED GRAPHITE FIBERS

FRANCIS GALASSO

UNITED TECHNOLOGIES RESEARCH CENTER

MARCH 23, 1978
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BORON CARBIDE AND SILICON CARBIDE

COATED GRAPHITE FIBERS

RAYMOND J. SUPLINSKAS

AVCO SPECIALTY MATERIALS DIVISION

MARCH 23, 1978

69



NO¥DIK 1°0

SSANMIOIHL ONILVOD ¢
00€ TANYOHL
AIvarsgns ©

JAIdaVD NOdod

JAIIIVO NODITIS

:STVINILVW ONIIVOD *

70



(NIWIOEAS /1)
SITOA O0IT = IOVITOA NMOMIVIYS

YOLONANODIWAS *dWAL-IH SI DTS ©

WO ¢-0T ZLTHAVID
W0 T -, FAITIVO NO¥OL
W -myo Q0T -4/  FATTYYD NOOITIS

ALIAIISISTY ©

SHILYAJOEd TVOINIOETA YInd

7}



T1g1snd - 0%

WOLVIASNI - 0TS

SONILVOD (dZIdIXO

ONILIIM QIONVHNAI
JEATIIVE NOISN44Id
A0LOVIdTd

SHILYIJ0dd ¥HHIO

72



I0HE + OIS

10HZI + 074

"1oHZI + o7&

&<

1s€10  (fuD)

CH9 + D + €1og¥

e v+ Mo + S1oan

SSHO0Yd ann @

73




HWIL dFONHAISHY
A4LINOHTD MOT4
NOILISOdWOD SVD DNILVId

HALVIEdWAL

SYELINVIVA QAD @

TOYINOD NOISAJJIA °SA TOYINQD dIvd @

74



agtydeayn uo sSUTQBO) SPIQIL) 2oNPOIJ 01 J020B3Y JAD JO U249MS °*T oJIn8Td

ATddng
JIDMOJ
‘o°a
|
|
_ , : I9TUL s8p
Wa3SAS BATIQ : SuT9BTd PAIDSH
pur .
dn=-oyB], o—s . ATddng .
SutsasaBI] . : 838118qng ~

A

_ QX < —-J--->
3pTNY 8POI}ODTH
~ pu® T®eg apTINY
§BY) ALINDISH

. sI9TTOY
Jeg JopwaIdg Sutuotsus




SISAL TIISNAL
AJ0DSOYLOAdS ¥AINV

WES

NOILVZIYALOVIVHD ODNILVOD

76



8/6T "¢C HOUWW

NOILY404Y0I FAIGYVI NOINM
AT0A *4 1Y3ITYIH

S43414 ILTHAWVYO d31¥0D 3INOJITIS ANy
JATEYYI NOJITIS “3AIYLIN Noyod

77



TECHNICAL TASKS

HIGH RESIDUE SILICON COATINGS.

-~ BORON NITRIDE COATINGS.
SILICATE COATINGS.

SILICONE CARBIDE COA TINGS.

BURN TEST CHAMBER.
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NASA LANGLEY RESEARCH CENTER
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REVIEW OF NASA-AMES MATERIALS

MODIFICATION PROGRAM

"AN APPROACH TO THE DEVELOPMENT OF FIRE
RESISTANT COMPOSITES"

JOHN A. PARKER
NASA AMES RESEARCH CENTER

MARCH 23, 1978
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EXHAUST WITH ==—n

FILTER

PRELIMINARY RURNING RIG

I
Nwm_g,»y,..—f*"//-<$:::::: CHaMBER Cap

SAMPLE AND ==

HOLDER

RESIDUE Cup —=—==—

IMPACTOR ====

| THERMOCOUPLES
\L - @ , /7
AT E

!

== PYREX CHAMBER
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1.

2l

3.

ISSUES FOR

GRAPHITE FIBER MODIFICATION

WORKING GROUP

Upon what ptrinciples might the electrical conduct1v1ty of graphite fibers
be reduced? -

What treatments should be investigated as appications of these principles?

‘For each treatment:

(a) What are the likely effects on fiber mechanical properties?

(b) What are the prospects for reducing the conduct1v1ty by a factor 10
100, or 10007

(c) What are the prospects for retention of effectiveness after exposure
to the high temperature encountered in a burning composite?

.(d) What is the likely impact on productibn costs?

(e) What will be the effect on fiber matrix bonding?

Considering. the aspects raised in issue 3 above, which treatments do you

recommend for detailed investigation?

Can larger diameter fibers be produced without significant reductions in
mechanical’ properties and handleability?

Can the cross-sectional shape of the fibers be altered so that their aero-
dynamic characteristics would be changed?

Could selected surface imperfections be introduced so that fibers would be
less resistant to fire? ' '

Can additives be used in the precursor that would make the fibers less

- resistant to fire?

What is your assessment of the current NASA research program in this area,
and what changes do you recommend?

Rank the different genéric (fiber modifications, fiber coatings, alternative

fibers, epoxy resin modifications, epoxy resin replacements, hybrid composites)
solutions as to their probability of success.
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NASA REPORTERS' SUMMARY FOR
GRAPHITE FIBER MODIFICATION WORKING GROUP

Two presentations were given prior to the working
group general discussions. Roger Prescott of Great Lakes
Carbon gave a summary of his company's experience with
graphite fibers. Donald Esterling of George Washington
University discussed his plans for hydrogenation of
graphite fibers for increased electrical resistivity.

The focus of the fiber modification working
group was on ways to alter the electrical, oxidative, and
disseminative properties of graphite fibers. In
particular, emphasis was placed on ways to increase the
electrical resistivity of the fibers to eliminate the
electrical hazards even though the fibers may be released
to the environment, and on decreasing the stability of the
fibers so that they would likely burn up in a fire and not
be released. Changing the size and shape of the fibers to
minimize the area over which they are disseminated was
discussed briefly.

At the outset, the group recognized the importance of
understanding the fundamentals of electrical conductivity
and oxidative properties of graphite fibers. It was also
noted that better definitions are required of what levels
of resistivity are acceptable and of what the exposure
conditions are in an actual fire. .

INCREASED RESISTIVITY

Four potential solutions to the graphite fiber problem by
way of fiber modification to increase electrical
resistivity were identified:

1. Low temperature heat treamtent

2. Hydrogenation

3. 'Conversion to graphitic oxide

4, Doping
Low Temperature Heat Treatment.- It was suggested that by
heat treating at low temperatures, the defect substructure

of carbon fibers could be retained while maintaining the
preferred orientation necessary for good mechanical
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properties. Increasing the defect concentration should
significantly increase the electrical resistivity. The
group consensus was that this technique could readily
produce changes in resistivity by a factor of 10 or 20 and
possibly 100. However, changes of three orders-of-magni-
tude or more were considered very unlikely. In addition,
it was thought that the resulting fibers could be of
significantly lower-strength than those treated at higher
temperatures. It was also suggested that the low
temperature heat treatment results in a less stable fiber
which should be consumed more readily in a fire. It was
noted that the environment in a large pool fire is reducing
(oxygen depleted) and it is doubtful that even an
oxidation-susceptible fiber would be consumed. An
oxidation=-susceptible fiber may be consumed upon
inceneration of composite scrap. The question was raised
as to whether or not changes in the wavelength and
amplitude of the "undulating ribbons" in the fibers could
affect the resistivity (crystallite scattering). For a
number of reasons, the group thought that it was unlikely
that ribbon changes would have any significant effect. The
primary reason is that the mean free path of a carrier
electron is probably shorter than the shortest wavelength
one could produce in a ribbon and electron interactions
with other defects predominate.,

The low temperature heat treatment technique was considered
to be the most advantageous as far as manufacturing is
concerned. In fact, the carbon producers indicated that
such a process would be welcomed and would have little
impact on the cost of the fibers.

Hydrogenation of Fibers.,- Electrical conduction is thought
to be associated, 1n part, with the migration of electron
holes created by surface defects such as unsatisfied
chemical bonds, improperly coordinated atoms, etc. Those
defects tend to trap electrons, creating holes by which
electricity can be conducted. It was suggested that if
these traps can be eliminated, the resistivity can be
significantly increased. The procedure would be to
introduce hydrogen into the fibers, to lock onto those
dangling bonds, thus removing acceptor sites and
eliminating the holes. The details of the hydrogenation
procedure were not defined; however, it is likely that the
fibegs would be exposed to a hydrogen atmosphere at about
1000°C and 1 or 2 atmospheres pressure for about 1/2 hour.
It could not be said whether or not there would be any
effect, but the effect, if present could potentially be
large.

The working group was not aware of any successful
attempt to hydrogenate graphite. The question was also




raised as to whether the hydrogenation process would be
reversed in a fire. No one had anything firm to say about
this question, but it was thought that if the hydrogen
could be put in, it would probably stay.

The carbon manufacturers noted that whatever process was
used, it would not be cost effective because of the hazards
of working with hydrogen at high temperatures. They felt
that, at present, hydrogenation would not be a viable
approach from the manufacturing standpoint. The feeling of
the group was that this approach had a small probability of
success, but encouraged continuation of the work.

Conversion of Fibers to Graphitic Oxide.- The general
procedure 1is to expose fibers to strong oxidizing solutions
for a few minutes. The oxygen apparently enters between
the graphite layers, locks onto loose double bonds, and
eliminates current carriers. There are two positive
features about this approach. First, available literature
indicates that increases in resistivity of several orders
of magnitude are possible.

Second, the graphitic oxide may be inherently less stable

and burn up in a fire., Even if the exposure conditions were

reducing, the fiber itself may be a sufficient source of

oxygen to cause it to burn. The question was raised as to

whether this instability would allow the fiber to survive fabrication.
No one could say with any confidence what would happen in

fabrication or in a fire. The major concerns about this

approach were the instability and possible degradation of

mechanical properties. At present, these are unknown

factors.

The graphitic oxide approach would be expensive, again
because of working with potentially explosive mixtures.
However, the problems could probably be overcome in a
production process.

In general, the group considered the graphitic oxide
approach to have some promise. There were some suggestions
to investigate perhaps fluorine, nitrogen or sulfur in
addition to oxygen.

Doping.- This approach attempts to remove positive or
negative carriers by introducing electron donor or acceptor
atoms into the graphite structure. Doping was suggested,
but was discussed very little by the group. It was
suggested that there were some dopants such as nitrogen or
boron and nitrogen together which could be beneficial.
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DECREASED STABILITY AND CHANGES IN SHAPE AND SIZE

The group felt that introducing additives into precursors
or introducing surface imperfections in fibers are probably
not viable approaches for making fibers less resistant to
fires. Surface imperfections would no doubt degrade fiber
strength significantly and precursor additives may not

be effective in a reducing (oxygen depleted) atmosphere.

The working group briefly considered changing the shape
and size of fibers to alter the aerodynamic
characteristics. It was decided that a circular
cross-section fiber would have the greatest fall rate, and
there is no incentive to produce fibers with different
shapes. Fiber diameter could be increased by a factor of 2
while maintaining reasonable mechanical properties,
probably without greatly affecting cost. However,
producing fibers with changes in diameter greater than a
factor of two would be prohibitively time consuming and
costly.

In general, the potential solutions proposed by the Fiber
Modification Working Group were not considered to be short
term fixes. The expected time frame and cost for
conducting feasibility studies, process development, and
materials qualification program for just one approach was
considered to be 2~5 years and $2M.

CONCLUSIONS

l. Fiber modification does not hdld much promise for
complete solutions to the graphite'fiber'problems.

2. Of the potential solutions discussed, the graphitic
oxide appears to have the best chance of success in meeting
electrical requirements. :

3. Changes in fiber resistivity by a factor of 10 are
achievable. Changes of more than two orders of magnitude
are unlikely.

4, Intfoducing additives to reduce fiber stability is
probably not a viable approach.

5. Changing size and shape of fibers is not likely to
significantly improve the fall rate characteristics.

6. The proposed potential solutions are not short term
fixes even if they work. The expected time frame and cost
for just one approach to be fully developed is considered
to be 2-5 years and $2M.
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RECOMMENDATIONS

1. Continue concentrated research efforts in all the areas
discussed.

2. Research should be conducted by university, government
or other research labs (as opposed to fiber manufacturers).

3. Fiber manufacturers should be consulted and become
actively involved when the feasibility of an approach has
been demonstrated.
4. Rapid and effective information transfer between
persons and organizations working on graphite fiber
modification should be maintained through:

(a) informal bimonthly newsletters

(b) group meetings of actual researchers
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REPORT OF
GRAPHITE FIBER MODIFICATION

WORKING GROUP

R. J. DIEFENDORF, CHAIRMAN
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HYDROGENATION OF CARBON FIBERS

by

D. M. Esterling
The George Washington University

} + $ + HTT
800 1200 1800 2500 °C
Organic Graphite Band
Hopping Overlap (Hole
Carriers)

What are charge carriers?
What is conduction mechanism?
How are the carriers introduced?

(Band overlap vs. defects vs. impurities (N))
Different answers for different HTT.

Sensible way to decrease o for HTT 2,500 °C (e.g. introduce
impurities) may be exactly wrong at HTT of 1400 °C.
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High HTT - High mobility, few carriers (Little hope, only
small changes in o at best).

Low HTT (£ 1800 °C) - lower mobility, many carriers.
. , Electron states
- Gap?
'Localized(Mott/Anderson)
- Continuous
Delocalized

Conduction - Holes in disordered system

Origin of holes - acceptor sites of unknown origin (electron traps)

- Surface?
- Dangiing Bonds?

Improperly coordinated atoms?

Remove electron traps by eliminating defects.

Hydrogen Bonds - Saturate dangling bonds (fill electron trap
with electron that is not coming from carbon chain)

- Why not dope with donor atoms (alkalais)
- Really looking for chemical effect (Local change in
structure). Dopants give global change in electron

density. .

How?? 900° - 1000 °C @ 1 ATM H2 (No Catalyst)

'400° - 500 °C @ 1 ATM H, (Catalyst)




GRAPHITE FIBER COATING & ALTERNATIVE FIBERS
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10.

11.

"ISSUES FOR
GRAPHITE FIBER COATING ALTERNATIVE FIBERS

WORKING GROUP

‘What high electrical resistance Coatings can be applied to graphite fibers?
‘How thick would they need to be?

What coating method would be employed?

Which of these coatings is likely to remain intact after fire and explosion?

Which of these coatlngs can be readlly applied during the fiber manufacturing
process?

What precursor coatings can be applied that would convert to a high electrical
resistance coating in-situ during fire and explosiorn?

What coatings can be applied that might result in fiber "clumping" as a
result of exposure to fire and explosion?

For all types of coatings considered;Awhat is the likely effect on fiber-
matrix bonding? '

What other fibers (e.g., BN, Kevlar, SiC) should be considered as alterna-
tives to graphite? Wnat are their advantages and disadvantages?

Rank the potential replacement flbers as to the propability that they could
be incorporated into the ACEE program.

Would hollow glass or graphlte fibers be worth developing as a potent1a1
solution?

What is your assessment of the current NASA research program in this area,
and what changes do you recommend?

: _ , :
Rank the different generic solutions (fiber modifications, fiber coatings,
alternative fibers, epoxy resin modifications, epoxy resin replacements,
hybrid composites) as to their probability of success.
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NASA REPQRTERS'! SUMMARY FOR FIBER COATINGS
AND ALTERNATIVE FIBERS WORKING GROUP

Four presentations preceded the working group open
discussions. Kumar Ramokalli discussed work at JPL on
coating graphite fibers to increase electrical resistivity
as well as to promote clumping of fibers to reduce their
dissemination. R. V. Subramanian of Washington State
University discussed an electrolytic technique for coating
fibers with a polymer, Robert Hamilton of Carborundum
discussed his company's development of a BN fiber, Ashok
Dhingra gave a report on DuPont's development of Kevlar
and FP (A1203) fibers as possible replacement for
graphite.

COATINGS

The working group discussions of coatings were
directed toward four areas:

l. Inorganic coatings - Sic, B, B,C, BN, Si,N,, 8102
2. Organic and metallorganic coatings to provide a high
density char layer on the fiber surface.

3. Metallic coatings = Al, Cr, Ni

4. Catalytic coatings to increase the fiber oxidation
rate,

Items 1 and 2 received the most attention. ' The rationale
for using metallic coatings, item 3, was the possiblity of
forming a metal oxide on the fiber surface during a fire.
However, considerable doubt was expressed as to whether
sufficient oxygen would be available to form the oxide.
Catalytic coatings, item 4, were thought to be more in the
province of the fiber modification working group and were
only briefly discussed.

Inorganic Coatings.~ The consensus of the working group
was that the 1norganic coating work, underway or being
initiated, includes the most promising coating materials.
These coating materials include: :

l. sicC
2. B

4, BN

5. SJ.3N4
6. 8102

7. Metallic silicates
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The working group felt that the coating efforts
should critically examine:

l. The effect of the coating on composite mechanical
properties.

2. The effect of the coating on fiber release, fall
rate, and electrical properties.

3. The effect of the coating on cost.
4. The chemical stability of nitride coatings.

Organic Coatings Which Char.- The objective of this work
1s to find an organic coating which, when charred, would
facilitate fiber clumping and/or act as an insulative
coating. The coating must have a high char yield and also
provide an effective fiber-matrix bond. The group
encouraged continued work on silicones, high temperature
polymers such as polybenzimidazole (PBI) and
polyphenylquinoxoline (PPQ) and evaluation of new
techniques of electrolytic polymer coating deposition.

Alternate Fibers
The altefnaté fibers which were discussed included:
l. BN fibers
2. High modulus organic fibers

3. aA1203 (FP fibers from DuPont)

4, §SiC - both large and small diameter fibers
5. B fibers with a carbon core
6. Glass fibers

7. B4C fibers

8. 33 um carbon fibers

9. AlB2 flakes

These alternate fibers are listed more or less in the
order in which the working group felt that the fibers
showed the most promise. Boron and glass fibers were not
discussed extensively. The general consensus was that
these fibers are available and should be considered for
some applications. The large diameter carbon fibers, item
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8, were mentioned because of their potential for
increasing the fiber fall rate, however, their mechanical
properties would require substantial improvement. The

A1B. flakes were mentioned in connection with a hybrid
comfosite of AlB, flakes and carbon fibers. This approach
could reduce the“amount of carbon fibers and, therefore,
reduce the risk.

BN Fibers.- Carborundum has prepared small experimental
samples of BN fibers with the following properties.

E = 30-50 Msi
o = 300 ksi
p= 1.8 g/cc

The primary advantage of BN fibers is that they are
very similar to carbon fibers and therefore, would
probably perturb the present composite technology less
than any other alternate fiber. The main disadvantage of
BN fibers is that at least 4=-5 years of work would be
required to develop a commercial fiber at the present
research pace.

High Modulus Organic Fibers.- DuPont has five new
experimental fibers with the following properties:

E = 20-30 Msi
o = 300-600 ksi ‘
p=1.22-1.48 g/cc

One or more of these fibers could replace carbon in
some applications. However, these fibers have poor
compression properties, and composite fabrication
technology would require development. The working group
recommended that these fibers be evaluated in hybrid
configurations because of the low fiber modulus.

o Al,0, (FP) Fibers. ~DuPont has developed Al,0, yarn

which is cost competitive with carbon fiber and has the
following properties:

E = 55 Msi
o = 200 ksi (300 ksi expected with smaller diameter)
P = 3.9 g/cc

diameter = 20 um
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This fiber could be commercially available in the
very near future. The disadvantages of FP fibers are
their high density and brittleness. The recommendation of
the working group was to evaluate FP fibers in hybrids in
an attempt to improve composite fracture strain.

SiC Fibers,~ AVCO has developed a 130 ym SiC (carbon
core) fiber with the following properties:

E = 50-60 Msi
o = 500 ksi
p= 3.2 g/cc

The advantages of this fiber are its excellent
mechanical properties. The disadvantages are the large
fiber diameter and high density. The working group
recommended that these fibers be evaluated in hybrid
composites and that a small diameter SiC fiber be
developed. (Japan has reportedly developed a small
diameter SiC fiber.)

B4C Fibers .- A continuous filament B4C yarn, with the
following properties has been reported:

E = 40-55 Msi
¢ = 300-400 ksi
p = 2.28 g/cc

yarn - 720 ends, 9 um diameter

The advantages of this yarn are that the properties
are similar to carbon fibers. The disadvantages are that
only a laboratory process has been defined and 2-3 years
are required for scale-up. Also the fibers will be more
expensive than carbon. The working group recommended that
a cost analysis, including production scale-up, be made to
determine B4C fiber feasibility.

CONCLUSIONS

l. No particular coating is presently favored over any
other,

2, No coating should be eliminated without more
. information and tests.

3. BN fibers should be considered a long term substitute

for carbon. Other alternate fibers should only be
- considered for hybrid composites.
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4. Any change in fiber or coating is necessarily a long
term solution (3-5 years).

5. A critical lack of quantitative information on the
properties required to alleviate the electrical hazard is
apparent. For example:

a. How much must the overall fiber resistance be
increased?

b. How much fiber clumping is required and how many
fibers make a clump?

c. How much must the settling rate be increased?

Answers to these and similar questions should be
obtained as soon as possible so that the research effort
can proceed toward known objectives.

RECOMMENDATIONS
The working group made the following recommendations.

Continue work on:

1. 1Inorganic coatings

2. Organic coatings

3. Organometallic coatings
4. BN fibers

Initiate programs on:

1. Hybrid composites of high modulus organic fibers
with B (carbon core) fibers, SiC (carbon core) fibers and

A1203 (FP) fibers.

2. Producing small diameter SiC fibers.

}Pf B4C‘yarn cost analysis and production scale-up.
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REPORT OF
GRAPHITE FIBER COATING & ALTERNATIVE FIBERS

WORKING GROUP

Dr. JAMES ECONOMY, CHAIRMAN
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EXPERIMENTAL HIGH MODULUS ORGANIC FIBERS

Properties of certain experimental organic fibers
exhibiting very high strengths and high moduli will be discussec.
These have tensile strengths ranging from 400 Kpsi to 600 Kpsi
and tensile moduli ranging from 25 to 30 x 106 psi. Fiber densities
are low and range from 1.22 to 1.46 g/cc. These fibers should be
of interest in composites provided an effective transfer of their

properties into laminates can be achieved.

FP/KEVLAR® AND GRAPHITE/KEVLAR® HYBRID COMPOSITES

An experimental inorganic aluminum oxide fiber designated
Fiber FP is currently under development in the Du Pont Company.
This fiber is characterized by high modulus, outstanding compressive
strength, hydrolytic and chemical stability and nonconductivity.
Combining Fiber FP or graphite with Kevlar® aramid fiber produces
hybrid composite structures.having significantly improved com-’
bination of properties not attainable with single fibers. The
properties of FP/epoxy, FP/polyimide, FP/Kevlar®/epoxy hybrid and

Graphite/Kevlar¢/epoxy hybrid will be discussed.
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POSSIBLE SOLUTIONS

NEW FIBERS

1. HIGHER MODULUS ORGANIC FIBERS (BEYOND KEVLARe)

2. HIGHER TENSILE STRENGTH FP FIBER

3. LOWER DENSITY INORGANIC FIBER (MODIFIED FP)

e MODULUS L4OMM ps1
o STRENGTH 300 Kps1
e FELONGATION 0,87

APPROACH

HYBRID COMPOSITES
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SPECIFIC TENSILE STRENGTH (10 IN)

coP.

OE

SPECIFIC TENSILE STRENGTH
AND
SPECIFIC TENSILE MODULUS
OF REINFORCING FIBERS

e "WEVLAR" 49
10 - | .o .
9 - RESIN IMPREGNATED com
STRANDS O%b P.
L |
. ' .OCOMP,
"S"-GLASS HT GRAPHITE
6 -
5 |- o
OTHER QRGANICS BORON o
4 - / o HM GRAPHITE
O "E"-GLASS
N .
3»§
2% ® STEEL
» © ALUMINUM
\\\\ | ] 1 | . 1 1 |
i 2 3 4 5 6 7

SPECIFIC TENSILE MODULUS (108 1)
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TrNSILE STRESS, 103 1b/in?

¢

500

400

W
o
(@)

200

100

§§ﬁ§Ww?.
STRESS —STRAIN BEHAVIOR OF
REINFORCING FIBERS +/

N

TYPE HM
GRAPHITE
YARN

b

/ |
i
A Y

RESIN IMPREGNATED
// STRANDS
(ASTM D-2343)

ROVING OF
KEVLAR® 49
ARAMID

1

BORON | | N
FIBER \

DRY YARN
(TW!3Y ADDED)

"§'-GLASS
ROVING

o

"E"-GLASS
ROVING

1

|

- NOMEX®
ARAMID

1 - 1 1 : e -} o

1.0 2.0 3.0

TENSILE STRAIN (%)
ASTM D2343-67 RESIN IMPREGNATED
STRAND TEST
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MECHANICAL PROPERTY COMPARISON
FP/KEVLAR® 49/EPOXY -VS- KEVLAR® 49/EPOXY

| o/ Y P/KEVLAR®/EPOXY
PROPERTY vakgS/QBgox f__iinkﬁﬂzﬂﬁif__

COMPRESSIVE _
MODULUS, MPSI 11.5 21

COMPRESSIVE - ,
STRENGTH, KPSI 40 .

TENSILE '
MODULUS, MPSI ' 14 20

TENSILE
STRENGTH, KPSI 193 | 148

® COMBINING FP WITH KEVLAR® GREATLY
IMPROVES STIFFNESS AND COMPRESS!VE
STRENGTH
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3.75X

1.4X

-23%
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BORON NITRIDE FIBERS
ROBERT S, HAMILTON

THE CARBORUNDUM COMPANY

MARCH 23, 1978
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I
Dielectric Properties - The dielectric properties of boron -
nitride composites using boron nitride fiber are displayed
in Table 3.

CHEMICAL PROPERTIES

Acid-Base Stability - Boron nitride is very stable to
acidic and basic medium. Table 4 compares the weight loss
upon refluxing for boron nitride fiber, carbon fiber and
Pyrex fibers. Also, included in Table 4 is the action of
room temperature hydrofluoric acid on these fibers. Boron
nitride fibers shows 0.1% weight loss after 75 hours ex-
posure to 100°C water. A loss of 0.8% after 1 hour of
7000C steam. Boron nitride fibers are also stable in
melts of silicon, copper, cryolite, sodium chloride,
lithium chloride, potassium chloride mixtures and molten
cast iron and aluminum.

PREPARATION OF BORON NITRIDE FIBER

Boron nitride fiber is currently prepared by the method of
Ilconomy and Anderson as patented in 1972 (U.S. #3,668,059).

The three step process:

1. Fiberization of a boric oxide melt.

2. Nitriding of the boric oxide fiber.

3. Orientation/stabilization of the nitrided boric
oxide fiber

where Step 1 uses commercially similar fiber glass drawing
techniques. Step 2 is a unique gas phase - solid phase chem-
ical conversion step and Step 3 is similar to processing used
to produce high performance graphite fiber.

Process Chemistry - The chemistry of Step 2 and 3 can be ex-
pressed as:

NH :
, 3

nB203(f1ber) W (B203)n.NH3 Eqg. 1

NH
(3203)n.1\nl3 JEGOC 7 (BN)X(B203)Y.(NH3)Z + H2O Ea. 2

: 2200°cC . -
(BN)X(BZO3)y'(NH3)z 2~ -5 BN (fiber) Eqg. 3
+ B203 + Hzo + NH3

with Equation 1 and 2 describing the gas phase - solid phase
chemical nitriding of boric oxide fiber of Step 2 and Equa-
tion 3 describing the Purification/Stabilization process of
Step 3. The reactions of Equation 1, diffusion of ammonia
into the solid boric oxide fiber and the diffusion of H20
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BN

Test Speed .02 in/min.
Gage Length 1.00 in.

| " Diameter Stress Modulus
| (Microns) (psi) (psi)
| 4.03 106736 31158036
| 4.48 145736 30398249
4.10 170063 22093583
3.75 162268 46708458
5.37 65131 26168747
3.30 337774 50896127
3.36 , 76766 24459884
3.94 103412 32176816
3.54 135765 26929805
3.98 109705 27147841
4.87 . , 62571 26453153
3.56 175463 43466871
| 3.63 99009 26484057
i 3.30 . 116473 32446280
‘ 3.46 176578 41304888
|
3.96 106305 33588282
3.30 91515 53704189
3.52 99444 30968947
4.25 64992 23753659
3.72 75579 25623728
4.22 34529 11852551
3.92 . 86949 28640527
Mean 118307 31655667
Std. Dev. 62810 9981718

Table 5. Boron Nitride Fiber Tensile Test
(Fiber Stretched 30%)




ELECTRODIC COATINGS

R, V. SUBRAMANIAN

WASHINGTON STATE UNIVERSITY

MARCH 23, 1978
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INTERLAMINAR SHEAR STRENGTH (MPa)

Vi

FIGURE 2

(%)

| Interlaminar Shear of Composites Prepared from Fibers Coated

| with (a) Acrylic Acid (b) PFAZ 300 (c) DAA 2.5 seconds (d) Styrene

| (e) MMA (f) Styrene/Acrylonitrile (g) e-Caprolactam (h) EPON

| 828/Phthalic Anhydride (i) VTBN (j) and Untreated Hercules AU
Carbon Fiber
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IMPACT STRENGTH

200

150

100

50

45 55 65 75
Vi (%)
FIGURE 3

Impact Strength of Composites Prepared from Fibers Coated
with (a) PFAZ 300 (b) DAA 10 Seconds (c) DAA 2.5 Seconds
(d) Hercules Au and (e) Hercules AS Carbon Fiber
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} f g
j f

P
v

40 50 60 70
Carbon fiber content, %

209

..&\/'- 1‘\ Lot

W Fhod LN




6

ol me ‘Douy

I

|4

©

v

Olvd 3"
6SL NV zodwng O

OO0l vws O

ovd Jino O

(0 0]

N
-~

0

ZO[XN ‘923404 Ino-yny
210



Sp1jos 9, “uoljpIjus du0d Yiog

G'¢

00l 0’

IAV’
——

sioa0l ©
sijoa0z O
SHOAQE @

SIIOA OV O]

1
0
v

N
Q
)

9% lyBram y1sodaq

211



o€

"ulw ‘awl} YSopp

0¢

Ol
_

9 Vd JInO°

6€l NV Zeijupng ©

Q

% ‘14Blam fisodag

0¢

212



845 SMA 3000

& SMA 2000

@ SMA 1000

(o

o) Untreated
fibers
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Interlaminar shear strength, MPax10
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Carbon fiber content %
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Interlaminar shear strength, MPa x 10~

- o Comm. treated fibers

A Gantrez AN 169
& Gantrez AN 139

m Gantrez AN 119

o Untreated
fibers

I l | I |

30 40 50 60 70

Carbon fiber content %
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EPOXY RESIN MODIFICATIONS

Dr. James Noland, Chairman

NAME

Norman B. Sunshine
David Crabtree

C. V. Wittenwyler
Sidney W. Street
Richard J. Moulton
M. J. Katsumoto
Robert A. Frigstad
C. E. Browning
James D. Allena
James Noland
Clayton May

Mal Katsumoto

R. J. Tomerlin
William A. Mueller
R. C. Curley

R. E. Hoffman
Marvin Rhodes

John Parker

Walter S. Cremens

ORGANIZATION

Narmco Materials Inc.

Northrop Aircraft Co.

Shell Development Co.

U.S. Polymeric (Div. of HITCO)
HEXCEL

Boeing Commercial Airplane, Co.
3-M Co.

AFMIL/MBC

Fiberite Corp.

American Cyanamid Co.
Lockheed M&S

Boeing C/AC

Bell Helicopter

JPL

McDonnell Douglas

Hercules Inc.

NASA LaRC

NASA Ames

Lockheed-Georgia

NASA Reporters: Paul Hergenrother, Norman Johnston, LaRC

225




1.

2.

ISSUES FOR
EPOXY RESIN MODIFICATIONS

WORKING GROUP

What is the most important new fgsin property that must be designed into any
modified epoxy?

Can char formers be mixed into an epoxy matrix and still be effective?

For each epoxy modification considered:

Iy

(a) What is the minimum modification that will retard fiber release?

(b) Are current snythetic and fabrication processes applicable to the
modified epoxy?

(¢) Will this modification be cost effective?

(d) How soon can the modifipafion be made and produced in large quantity
for the aerospace industry?

(e) Will this modification possess the environmental durability of
current epoxy?

(f) Will the data base already in hand with current graphite-epoxy

composites have to be regenerated using this modified material?
If so, how much would have to be regenerated?

(g) What is the main principle that the modification uses to retard
graphite fiber release?

What is your assessment of the current NASA research program in this area,
and what changes do vou recommend?

Rank the different generic solutions (fiber modifications, fiber coatings,

alternative fibers, epoxy resin modifications, epoxy resin replacements,
hybrid composites) as to their probability of success.
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NASA REPORTERS' SUMMARY FOR
EPOXY RESIN MODIFICATIONS WORKING GROUP

Proposed solutions involving epoxy resin modification
were divided into two categories: short-term approaches
and long-term approaches. The prepreggers and fabricators
adamantly opposed any change to the resin or reinforcement
since such modifications would require complete resin
and composite requallflcatlon. The group also felt that
any fix must impose a minimum welght penalty on the
composite structure., Since the primary dr1v1ng
force for the use of graphite comp051te in place of the
more conventional material (Al) is a 20 percent weight
savings, they felt that this advantage should not be
compromised.

Short-term Solutions.- Proposed short-term solutions
were restricted to changes that did not involve alteration
of the chemical structure or chemical content of the matrix.
The group proposed the use of an outer coat of an intumescent
point and/or a ply (plies) of flame retardant intumescent
resin. However, the group felt that an outer intumescent
surface would be unlikely to restrict the release of
fibers since the char foam formed by intumescent
materials is weak and friable.

Long-term Solutions.- Proposed long-term solutions
included the use of flame retardant additives such as
red phosphorus, phosphate compounds, aluminum hydroxide,
subliming salts and trimethoxy boroxine. Unfortunately,
each additive introduces its own peculiar problem such
as the difficulty of obtaining and handling red phosphorus
of small particle size (e.g., 1 um), the weight penalty
associated with the use of aluminum hydroxide, and the
moisture problem anticipated with the use of trimethoxy
boroxine. Brominated epoxy resins were also proposed,
but their poor char-forming characteristics and increased
welght make them unattractive. Also, blends of epoxy
resins with high char-forming non-epoxy resins such as
bis-maleiimides and phenolics were proposed. No changes
in epoxy resin chemistry were suggested.

CONCLUSIONS

1. The present momentum in the development of graphite
reinforced composites must be maintained. Any delay
would severely impact the development and near-future
use of these materials.




2. There is no "quick=fix" or short-term solution to

the problem through modification of the epoxy matrix.

The prepreggers, especially, indicated that the chemistry
of epoxy resins does not permit a modification that would
resolve the problem while maintaining all of the required
features of a graphite-epoxy prepreg (e.g., low cgst,
tack and drape, shelf-~life, autoclave cure at 350 F,
etc.). In addition, the group complained that a lack of
information existed to indicate what epoxy alterations, if
any, (e.g., increased char formation) would alleviate

the problem.

RECOMMENDATIONS

l. Insufficient manpower was proposed to conduct the
resin modification work as proposed. Therefore, the group
recommended that NASA increase its manpower loadings in
this activity.

2, Inorganic coatings on graphite fiber were considered to
be long-term high risk solutions. Insurmountable problems
due to coefficient of thermal expansion mismatch

resulting in a weak interface area and problems due to

poor adhesion to epoxy resins, brittleness of the coating,
and moisture sensitivity were anticipated from the use of
inorganic coatings.

3. The most promising short-term solutions need more
emphasis.

4. The risk analysis work should be completed as soon
as possible and faster than the current proposed schedule
(1.5 years).

5. A published schedule of NASA decision points such
as dates for completiaon of the risk analysis and development
of standardized tests is urgently needed.
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REPORT OF
EPOXY RESIN MODIFICATIONS

WORKING GROUP

DR. JAMES NOLAND, CHAIRMAN
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EPOXY RESIN REPLACEMENTS

Dr. B. F. Landrum, Chairman

NAME ORGANIZATION
Ira Petker Composites Horizons
Lynn Jarvis Naval Research Lab
Chad Delano Acurex/Aerotherm
Dan Scola United Technologies Res. Ctr.
W. F. Baumgartner Lockheed-California
Norm Bilow Hughes Aircraft Co.
Henry M. Toellner McDonnell Douglas
Walter S. Creﬁens Lockheed~-Georgia
Rick Moulton Hexcel
Don Houston Rockwell - Space
Jim Gauchel DeSoto Inc.
William J. Bailey ‘U. of Maryland
John Parker NASA Ames
Ronald Stocks CIA OSI/LSD
'Rex Gosnell ' Riggs Engineering
Ed Harrison General Dynamics/Convair
Vance Chase General Dynamics/Conair '
William Verzino Aerospace Corp. | -
Mike O'Rell ' TRW Systems
John T. Hoggatt Boeing Aerospace‘
Hugh H. Gibbs DuPont
Bill Landrum Ciba-Geigy Corporétioh
George Sykes NASA LaRC

NASA Reporter - Dr. Terry St. Clair,vLaRC

235




ISSUES FOR
-EPOXY RESIN REPLACEMENTS

WORKING GROUP

What principles would be employed by replacement resins to retard fiber

release?

What combination of properties must a.resin possess in order to replace
epoxy and at the same time retard fiber release?

Are aromatic polyimides a good candidate resin system to replace epoxy
for the purpose of retarding fiber release?

For each epoxy replacgment resin proposed:

(a) - Are current synthetic and fabrication processes applicable to tne
new resin? Could improved processes be developed?

(b) Will this new resin be cost effective?

(c)

Will this new resin possess the environmental durability of current
epoxy”?

(d) What is the main principle that this new resin would employ to
retard fiber release’

(e) How soon can this new resin be produced in large quantity for the
aerospace industry?

What is your assessment of the current NASA research program in your area,
and what changes do you recommend?

Rank the generic solutions (fiber modifications, fiber coatings, alternative

fibers, epoxy resin modifications, epoxy resin replacements hybrid composites)
as to their probability of success.
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NASA REPORTERS' SUMMARY FOR
EPOXY RESIN REPLACEMENTS WORKING GROUP

The meeting was prefaced with four presentations which are
summarized below.

l. Lynn Jarvis (NRL) - This was a summary of NRL work on
polyphthalocyanine (PPCy). The polymer is a high char
former, is made from a single monomer, has a high degree of
toughness, and may be available for as little as $10/1b
within 2 years. NRL is still modifying the chem&stry of
the system. The current versions have a 410-490"F cure and
afford a dry, boardy prepreg. Very little data base exists
for the PPCy. The group consensus was that this material
needs further development before commercial applications
could be realized.

2. Bill Bailey (U. of Maryland) - This was a presentation
on the need for epoxy replacements to have low shrinkage.
He feels that low shrinkage will minimize microcracking
which promotes resin burnout. He also feels that lower
shrinkage will cause better resin-to-fiber adhesion which
would help hold the fibers together in a fire/explosion
scenario. He presented the chemistry of a material he has
developed which has applications as a dental adhesive
because of its low shrinkage. The resin did not have the
high temperature capability of 350°F cure epoxies.,

3. Mel Katsumoto (Boeing) - This was a summary of the

problems a commercial airplane builder faces in qualifying
a resin for use on aircraft. He charged the group to look
for a "quick fix," such as a composite protective coating,
to solve the current fiber release problem, then formulate
a long-term program to develop an epoxy replacement resin.

4. Raymond Kray (Ciba=-Geigy) =~ This was a summary of some
of the NCNS resin work performed on contract to
NASA-Langley. Data were shown on NCNS's excellent
resistance to burning, '‘and the slight intumescent behavior
of NCNS/graphite laminates was described. NCNS is not.
commercially available, at present, but may be in
approximately one year. The resin is projected to cost
about $5-$8/1b. a :

In response to the strawman issues posed by NASA to the

group, a list was compiled of the properties that an
effective epoxy replacement resin should possess.

l. It should have a high char yield and produce a tough char.
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2. It should be intumescent.

3. It should have mechanical properties equal £o‘those of
the current epoxies.

4. It should have a high limiting oxygen index (LOI).

5. Its properties should match ignition and burn properties
of the fiber.

6. It should be UV resistant.
7. It should meet processing requirements of current epoxies.

8. It should present no unacceptable toxic on environmental
hazard.

9. It should be moisture stable.
10. It should sell for $10/1b or less.

11. It should have a maximum cure temperature of 350°F and
preferably lower.

In response to the chairman's request for potential epoxy
replacement resins from currently available materials,
the following list of possible candidates was compiled:

l. Polyimides and Cyanates

LaRC 160

PMR-15 (First and Second Generation)
NR=-150 A2

Thermid 600

Hexcel F-178

N-Cyanosulfonamide (NCNS)

Triazine A

2. Phenolics and Miscellaneous

Xylok

Weyerhauser benzyl resin

Phenolic prepregs from Ciba-Geigy, Fiberite,
Hitco, and Narmco

Polyphthalocyanines (PPCy)

Polyphenylene sulfides

Aryl sulfones

Thermally cross-linked thermoplastics
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CONCLUSIONS

l. For a short term solution, only existing resin systems
should be considered as replacements for €poxy.

2. Toughness is an important property to be considered in
evaluating potential replacement resins.

3. Hybrid composites and/or fiber coating concepts offer
the best hope for a "quick fix" to the graphite fiber

hazard. Fiber modification is the least promising
approach.,

RECOMMENDATIONS

l. NASA should conduct a screening test program on
existing replacement resins to characterize their burn
properties and identify promising candidates. Selection
of systems for further research should be based on fabri~
cation parameters. such as prepreggability, handleability,

and processability into laminates and on mechanical properties

of composites.

2. NASA should appoint an Epoxy Replacement Panel that
should meet every 'six months to review and discuss
progress.
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REPORT OF
EPOXY RESIN REPLACEMENTS

WORKING GROUP

DR. B. F. LANDRUM, CHAIRMAN
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POLYMERIZATION REACTION

NC R CN
NC CN

+ Cu
‘ HEAT

Lzyiimu

Wy
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POSSIBLE RESEA_RCH DIRECTIONS
© MAY INCREASE CHAR YIELD BY:
ADDITION OF AROMATIC GrOUPS TO R

ADDITION OF SUITABLE METAL ATOMS (Swy--)

® MODIFY SYNTHESIS TO REDUCE COST

¢ MAINTAIN PROPERTIES AS MATRIX HATER!AL
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ADVANTAGES OF POLYPHTHALOCYANINES
o OME PHASE SYSTEM

o INFINITE SHELF LIFE

PoTENTIAL Low cosT (~ $10/Ls)

EASILY PROCESSED

* No VOLATILES oN CURING (MO VOIDS)

* HIGM CHAR YIELD POSSIBLE
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COMPOSITION AND CURING MECHANISM

OF N-CYANOSULFONAMIDE LAMINATING RESIN

@ /

' H ﬂ
}*l Hy A Hz Laminating
---——---d-—-N (4 N—C _1;1 c Ne—o] Varnish.
| | - !
c
S0 S0 C
2 : : 2 N N
’ —n
cure 130°c.
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NCNS=13P RESIN PILOT PLANT BATCH NO. 7/7/1002

LAMINATING VARNISH
[-25R-99

REINFORCEMENT

B-STAGING CONDITIONS
FOR PREPREG .

NO. OF PLIES

PRESS LAMINATION
CONDITIONS - :

POST CURE CONDITIONS
RESIN SOLIDS CONWTENT
FIBER VOLUME
VOID CONTENT

400°F SHORT BEAM
SHEAR STRENGTH, PSI

400°F FLEXURAL
STRENGTH, PSI

4OO°F FLEXURAL =~
MODULUS, KSI

259

30% NCNS-13P IN 60/40
METHANOL/ETHYL ACETATE

UNIDIRECTIONAL AS GRAPHITE FIBER
70°C/75 MIN. - 85°C/15 MIN.

15
350°F/300 PSI/1 HR.

425°F/7 HRS. - 460°F/8 HRS.
30.3% |
64.8%
NONE
11,400

237,000

17,200



TMA Z-AXTIS THERMAL EXPANSION

; OF 110 MIL THICK NCNS-13P LAMINATE
6 ..
5 —
4 —
MILS
3 .

0 50 100 150 200 250 300

TEMPERATURE
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NON-BURNING CHARACTERISTICS OF
NCNS/181E GLASS CLOTH LAMINATES

NO. 95
RESIN ' NCNS-12M

RESIN CONTENT 22.8%

FAA VERTICAL
BURN TEST 25.853A%

FLAME TIME

IN SECONDS 6.2

BURN LENGTH

IN INCHES 1.1
LIMITING - NON-BURNING
OXYGEN IN
INDEX (LOI) 100% 0,

*ALL SAMPLES WERE SELF EXTINGUISHING AND DID NOT DRIP.
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TOXIC GASES FROM NCNS-13P/181E GLASS
FABRIC LAMINATE I-24A-119A IN NBS
SMOKE DENSITY CHAMBER

D ) 12

M
TIME IN MINUTES 5. 10 15 20
co, PM - . 10 30 70 110
HCN, PPM 1% 2 3.5 5
50,, PPM 2.5 5 5 5
NO,, PP ) 0.5 1 2 2

*COMPARATIVE VALUE FOR POLYIMIDE 3002 (DUPONT) WAS
15 PPM FOR HCN (P. ARNOLD & G. JOHNSON, BOEING,
SAMPE SYMPOSIUM APRIL 1977). -
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MATERIALS DEVELOPMENT REQUIREMENTS

AIRBORNE CARBON/GRAPHITE FIBERS

M, T. KATSUMOTO

BOEING COMMERCIAL AIRPLANE CO.

MARCH 23, 1978
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HYBRID COMPOSITES
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United Technologies Research Ctr.
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Lockheed Calif. Co.
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Transportation Systems Center - DOT
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. ISSUES FOR

HYBPID COMPOSITES

Pl

WORKING GROUP

What principles would be employed by hybrid composites to
retard fiber release?

Would metallic coatings applied to the surface of fabricated
parts be effective in retarding fiber release?

Would intumescent coatings applied to the surface of fabri-
cated parts be effective in retarding fiber release?
For each potential solution via hybridization:

(a) What principle would thi

$ approach employ to retard
fiber release? - :

(b) What is the likely effect on the weight of fabricated
parts?

(c) Would this approach be cost effe;tive?

(d) How difficult would it be to fabricate this hybrid?

(e) What effect would this ap

proach have on mechanical
- :
properties?’

(f) What is the likely environmental durability of this
. hybrid as compared to graphite-epoxy?

(g) Are any large scale production problems likley with
this hybrid? . :

What is your assessment of the current NAS

A research program
in this area, and what changes do you reco

mmend?

Rank the generic solutions (fiber modifications,

alternative fibers, epoxy resin modifications,
replacements,

success.

fiber coatings,

epoxy resin
hybrid composites) as to their probability of
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NASA REPORTERS' SUMMARY FOR HYBRID
COMPOSITES WORKING GROUP

Prior to the general working group discussions, Ashok
Dhingra presented a prepared review of DuPont's Kevlar and
FP (AlZO ) fiber development (see Coatings Section for copy
of visfial aids). These fibers are being advanced as
possible replacements for graphite or for use in hybrid
laminates.

The working group focused mainly on ways to contain
the graphite fibers and prevent their dispersion to the
environment following damage, fire or explosion. The
particular hybrid systems discussed included metallic
surface layers, third material additives, intumescent
coatings, outer composite envelope, multiple fiber hybrids,
and resin hybridization.

Metallic Surface Layers.- Metal foils or wire mesh
may be applied to composite surfaces to prevent graphite
fiber dispersion by maintaining surface integrity. Such
surfaces are presently incorporated in some composites for
lightning damage protection, and they do not involve
critical modifications to the basic composite.
Disadvantages include the possiblity that the metal
surfaces would not be effective in case of extreme damage,
and may cause distortion during laminate fabrication.

Third Material Additive.- Structurally passive
particulate or fiberous additives may prevent dispersion of
graphite fibers in case of fire by melting and fusing over
the fibers. Such additives include a glass fiber screen or
weave, glass microballoons or solid particles, and a fiber
"serving" or coating. This approach would require minimum
changes in the matrix and in processing, and may require
only minimum requalification of the composite. However,
laminate density would be increased and specific properties
would be decreased. The additives may contribute to fiber
damage in normal service.

Intumescent Coatings.— An organic coating (~ .03")
may be applied to the composite surface to minimize
dispersion of graphite fibers in the event of damage and
fire. Such coatings may be an immediate quick-fix for
existing composite components and, although not a complete
solution, these coatings may enable the continuation of
existing composite flight programs. Apparent disadvantages
of intumescent coatings include additional weight and short

service life. It was also agreed that it would be
difficult to keep the coating on,

290




Outer Composite Envelope,- Structurally active outer
composite plies may be used to contain inner graphite fiber
plies in the event of fire and damage. The outer plies
would consist of fire resistant fibers in a high char
forming resin matrix. This approach has the advantage of
adding a structurally active part to the composite rather
than passive weight. Possible disadvantages may include
compatibility with graphite plies, weight, and cost.

Multiple Fiber Hybrids.- Non-conducting fibers may be
used 1in combination with graphite to reduce the amount of
conducting fibers released by a fire to some acceptable
level. This approach would have the advantage of retaining
many of the superior properties of graphite fibers, while
pPossibly gaining some unique properties from a new fiber.
For example, high modulus - low strength fibers would be
combined with low modulus - high strength fibers,

Laminates could be designed for ply combinations using
various fibers.

Resin Hybridization.- This approach would involve
distributing layers of different resin systems throughout
the laminate. Most of the discussion centered on high char
yield resins. Discrete layers of high char forming resin
would be distributed between conventional plies throughout
the laminate. 1In the event of fire, the resulting char may
adhere to graphite fibers retarding their disperion. After
some consideration, this approach did not seem too _
attractive; inclusion of such layers would probably lower

fiber content, degrade mechanical properties, and require a

new data base. Using a high char forming resin matrix
throughout the composite appeared to be a better approach
but would not be classified as a hybrid composite,

CONCLUSIONS

l. Hybridization is the only reasonable approach for a
near term solution to the graphite fiber problem.

2. Significant changes in the graphite/epoxy system would
destroy the utility of the data base and would require new

‘material qualificdtion programs.

3. Replacement of graphite fibers would result in inferior
mechanical properties and replacement of the epoxy would
reduce the efficiency of the composite. The advantages of
composites would be destroyed.
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4., Metallic coatings for containing fibers are probably
not satisfactory.

5. Glass cloth or fiber outer layers may offer the most
promise for preventing release of graphite fibers.

RECOMMENDATIONS
1. Promising solutions should be implemented in the short
term to maintain impetus of existing programs avoiding
dissumptions which could jeopardize program support.
2. Standardized tests must be developed to define the
graphite fiber hazard potential as well as to evaluate
potential fixes.

3. The hazard potential must be evaluated with respect to
various aircraft zones (structure, systems, engines, etc.).

4. Continue research on long term optimum solutions while
implementing short term solutions.

5. Long term solutions should consider epoxy resin
replacement, alternate or modified fibers, new hybrids.
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REPORT OF
HYBRID COMPOSITES

WORKING GROUP

DR. KARL PREWO, CHAIRMAN
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ISSUES FOR
FIBER RELEASE SIMULATION TESTING

WORKING GROUP :

Can fiber release testing be realistically simulated?

What procedure do you recommend for laboratory scale testing? Are there

alternative procedures? What are the.advantages and disadvantages of *
each?

(a) How should we conduct laboratory tests to reproduce the effects of
fire and explosion on coated or treated fibers?

(b) How should we screen the fiber release characteristics of hybrids
or new resins in the laboratory?

What quick, relatively inexpensive, large scale tests can be used to

screen resin modifications and hybrids for effectiveness in reducing
fiber release?

What procedure do you recommend for large or full scale qualification
testing? Are there alternative procedures?

What are advantages and
disadvantages of each? &

What test temperatures, oxidation rates, burning times, smoke generation

rates, flame oxygen content, and fiber dissemination procedures should
be used in a simulation facility?

What are reasonable and appropriate specimen sizes, shapes, resin contents
for each scale of testing?

What inputs are needed from risk ahalysis to evaluate the effectiveness
of materials modifications? :
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NASA REPORTERS' SUMMARY FOR FIBER RELEASE
SIMULATION TESTING WORKING GROUP

The meeting was prefaced with 5 presentations
given by Jim Peterson (Boeing), Bruce Belason (AVCO),
Joe Reardon (NRL), Guilio Varsi (JPL) and Joe Mansfield
(NASA-Ames) . The working group's deliberations are
summarized in three parts according to the particular test
parameter: burn conditions, fiber release mechanisms, and
measurements on released fibers.,

Burn conditions.~ A concensus was reached on (a) the
urgent need to establish a set of laboratory test
procedures, and (b) the urgent need for risk analysis
studies. The risks associated with release of graphite
fibers in an aircraft accident are ill-defined. Bounds
establishing the nature of a reasonable threat are needed
as initial guidelines for selecting testing parameters.

For the composite materials in present use, the effects of
variations in test temperature, flame oxygen content, heat
flux, and other parameters should be determined and documented.
It was agreed that NASA should take the lead in developing
simulated test methods. Detailed issues, such as

appropriate specimen geometry, types of large-scale tests,

and methods for testing specific materials, e.g., hybrid
laminates or composites composed of coated or treated

fiber, were not discussed.

Fiber release mechanisms.- In the combustion of the
composite material, the matrix resin is burned, with no
fiber release occurring. Fiber dispersal requires some
form of agitation during or after combustion.

Fiber release by detonation of an explosive charge is a
violent method, tending to distort test results.
Dissemination of fibers by mechanical vibration, by air
currents or air blasts, by falling or swinging weights,
and by other projectiles are some alternative methods.,
The working group did not select a preference,

Laboratory test methods are needed to simulate the effects
of a large scale fire phenomena. Then, test methods to
adequately simulate fiber release could be developed. A
description of the thermal/physical environment
(scenarios) considered most relevant to the problem is
critically needed in order to select test parameters,

Measurements on released fibers.- Laboratory simulation
of the burn and fiber release 1s not the main problem.
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Methods and/or instruments for collection of meaningful
data on fiber release represent a true bottleneck. Those
now testing yearn for a "fiber dosimeter." Measurements
of fiber release phenomena at present are rudimentary and
crudely qualitative. Meaningful testing must discern
fiber geometries and their distribution, fiber quantities,
and fiber electrical properties. Applicable test methods
and instrumentation are needed.

CONCLUSIONS

l. A set of laboratory test procedures is urgently needed.
However, selection of suitable test conditions requires
1nputs from risk analysis as well as parametrlc data for
various burning and impact conditions.

2. Further definition of the risk resulting from the
carbon fiber hazard is necessary before companies will
take strong independent roles in testlng. In the
meantime, NASA must play a major role in guiding and
.financing development in this area.

RECOMMENDATIONS

1. A working group of reasonable and effective size
should be established to develop test methods and
procedures., NASA should be charged with this duty.

2, The participants strongly suggested that the
aircraft industry will not address problems associated
with the accidental release of graphite fiber unless the
problem area is more competently defined. The
participants indicated that definition of the threat
should be an NASA activity.
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REPORT OF
FIBER RELEASE SIMULATION TESTING

WORKING GROUP

E. BRUCE BELASON, CHAIRMAN
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WITH INCONEL SCREEN FACE

FLAT SURFACE BURNER

SAMPLE
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PIPE BURNERS

FUEL 7 AIR
LINES

BURNER CONEIGURATION FOR SIMULATION TEST




FIBER RELEASE SIMULATION TESTING

JAMES M, PETERSEN

BOEING COMMERCIAL AIRPLANE CO,

MARCH 23, 1978
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"ABSTRACT
Fiber Release Simulation Testing
James M. Peterson, Boeing

The level of risk involving current technology: graphite/epoxy hardware
on commercial aircraft, due to the "floating fiber" phenomenon, has not
been established.' :Resolving this question must be done by a systematic
study ‘that addresses the probability:that the hardware is involved in a
fire resulting in the release ofi fibers, that the fire is near a‘'site
housing vulnerable:electrical components, and that:loss or damage occurs
due to any resulting electrical failure,

* The type of thermal/physical environment that can result in substantial
fiber releass must be understood before a risk assessment can be made ,
Available files containing accident data should be utilized to determine
the historical frequency of accidents in which composite hardware, had

it been present, might have been involved.. The pre-, during; 'and post-
fire parameters 'that affect fiber release must be defined and evaluated.
Appropriate laboratory test fiethodology is needed:for research and
development .that can simulate the effects of large :scale fire phenomena on
fiber release, and on:the suhsequent transport of the fibers away from

the fire site. ' ‘
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- *FIRE TESTING OF GRAPHITE-EPOXY
CMPOSITES IN AVCO'S MODEL 25

FIRE TEST FACILITY

By
E. Bruce Belason

Avco Specialty Materials Div.
March 23, 1978

NASA Langley Composites Workshop
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Model 25 Facility Modified for Fiber Containment

K
Qfed view of Avco Model 23 fire simutation facility.
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FIRE TEST RESULTS OF GRAPHITE-EPOXY COMPOSITES

IN AVCO'S MODEL 25 FIRE TEST FACILITY

PARAMETER

MATERIAL
DESCRIPTION:

FIBER
RESIN
MANUFACTURER

LAMINATION

SPECIMEN THICKNESS
RESIN CONTENT

THERMAL
ENVIRONMENT:

FIRE TEMP,
RADIATIVE HEAT FLUX (1)
CONVECTIVE HEAT Frux (1)

REMARKS

TEST TIME

TEST
DATA :

WEIGHT LOSS

MAXIMUM BACKFACE TEMP

NOTES:

SPECIMEN NUMBER

#153

T-300 GRAPHITE
AS 3501-6 EPOXY
HERCULES

(+45,0,90,%45,0,90)
X2

~ 0.1 INCH

~ 30%

1850°F
9.5 BTU/FT? SEC

1.5 BTU/FT2 SEC

*4

T-300 GRAPHITE
AS 3501-6 EPOXY

HERCULES

UNIDIRECTIONAL
0.125 INCH

26%

1850°F
9.5 BTU/FT? SEC

1.5 BTU/FT2 SEC

CONVECTIVE HEAT FLUX OBTAINED FRQM A
FORCED AIR DRAFT--i.e,, THERE WAS NO
OIL OR GAS BURNER USED FOR THIS SET

OF TESTS

10 MINUTES

63%

~ 1650°F

10 MINUTES

469

1660°F

(1)AS MEASURED BY RADICGMETER AND CALORIMETER, RESPECTIVELY
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1.)

2.)

3.)

4.)

5.)

CONCLUSIONS FROM FIRE TEST EVALUATION OF

GRAPHITE EPOXY LAMINATES

RESIN BURNED OFF IN LESS THAN 3 MINUTES,

AFTER RESIN IS BURNED OFF, FIBERS ARE READILY REMOVED«-

ESPECIALLY IF MECHANICAL PERTURBATION OCCURS.

FIBER RELEASE MORE PRONOUNCED ON CROSS-PLY LAMMATES VS.

UNIDIRECTIONAL LAMINATES,

UNIDIRECTIONAL IAMINATES WARPED DURING TEST

ALL LIMINATES SWELLED TO AT LEAST 2X ORIGINAL THICKNESS

WITHIN THE FIRST 1-3 MINUTES OF FIRE EXPOSURE,

342




1.)

2.)

3.)

4.)

5.)

6.)

FIRE TEST FACILITY DEVELOPMENT

IMPROVE FIBER COLLECTION TECHNIQUE AND/OR QUANTITATIVE

M'MENT OF FIBER RELEASE,

ADD SELAS BURNER FOR HIGH § ¢
ADD MECHANICAL LOAD CAPABILITY
SEAL AIR INGRESS LEAKS

INCREASE SPECIMEN OR HOOD SIZE?

CUT HOLD FOR -BETTER MOVIE ACCESS? VIDEQO TAPE?
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APPENDIX A

CONVERSION OF MISCELLANEOUS UNITS TO
SI UNITS

The International System of Units (SI) was adopted by

the Eleventh General Conference on Weights and Measures in .

Paris, October l960a. Factors for the conversion gf the '
miscellaneous units used in this document to SI units are given
in the following table:

Physical Miscellaneous Conversion SI
Quantity Unit Factor Unit
(b)
. _ 3 3 . 3
Density g/cc=g/cm 103 kg/m3
g/m} 3 10 p kg/m3
1b/in 2.768x10 kg/m
Energy ‘ in-1b 0.113 ; J
Flow rate, volume | CFM=ft3/min 4.719x10~4 m3/s
Heat flux Btu/ft2s 1.135x10% W/m?
Length A 10710 m
ft 0.3048 m
" = in, O.ggS4 m
M = migron 10 -5 m
mil=10 in. 2.54x10 m
Mass- 1b : 0.4536 kg
Pressure mm Hg o 133.3 Pa
Stress psi=lbf/in23 5 6895 6 Pa
kpsi=ksi=10"1bf/in 6.895x10 Pa
Mpsi=Msi=lO6lbf/in2 6.895x109 Pa
. : ... 1/2 6 3/2
Stress intensity ksi=in 1.099x10 N/m
Temperature °¢c X oC+273.15 K
Op (°F+459.67) /1.8 K
Thermal efficiency Btu/1b 2324 J/kg
Velocity ft/s 0.3048 m/s
knot 0.5144 m/s

a Anon.: Standard for Metric Practice., ASTM Designation: E 380-76.
Amer. Soc, Testing Mater., c. 1977.

b Multiply value given in miscellaneous unit by conversion factor to
obtain equivalent value in SI unit (with the exception of temperature).
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LIST OF ATTENDEES

AKER, Sam C.
Bell Helicopter Textron

ACHHAMMER, Bernard G,
NASA Headquarters

ALEXANDER, William T.
U.S. Army R&T Laboratories

ALLEN, James D. Dr.
Fiberite Corporation

BAILEY, William J.
University of Maryland

BAUMGARTINER, W, F. Dr,
Lockheed - California Co.

BELASON, Bruce F,
AVCO Speciality Materials

BERSCH, Charles F.
Naval Air Systems Cormand

BILOW, Norman Dr.
Hughes Aircraft Company

BROWNING, C. E. Dr,
Wright-Patterson AFB

CHARD, William C.
Battelle's Columbus Laboratories

CHASE, Vance A,
General Dynamics/Company

CRABTREE, David
Northrop Alrcraft Company

CREMENS, Walter S. Dr.
Lockheed « Georgila Co,

CURLEY, Robert
" McDonnell Douglas

DELANO, Chadwick
Aerospace Systems, Acruex Corp.

DIEFENDORF, R. J., Dr.
Renssalaer Polytechnic Inst.
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DHINGRA, Ashok K., Dr.
Du Pont de Nemours & Co,

ECONOMY, James, Dr.
IBM Research Laboratory

EDELSTEIN, Marold P,
David Taylor Naval Ship R&D

ESTERLING, D. M.
JIAFS George Washington Univ.

FANCONI, Bruno,Dr.
Nativnal Bureau of Standards

FISCHBAGH, David B.
University of Washington

FOYE, Raymond ¢
U.S. Army R&T Laboratory

FREEMAN, W, T.
Vought

FRECHE, John C,
NASA-Lewls Research Center

FRIGSTAD, Robert A,
3M Co, 3M Center -

GALASSO, Frank

- Unlted Technologles

GAUCHEL, James V., Dr.
DeSoto, Inc.
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RIGGS Engineering Corp.
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McDonnell Aircraft Company

HAMILTON, Robert S,
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HANAGUD, S., Dr,
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HANSEN, Frederick C.
NASA=-Ames Research.Center

HARRISON, Ed
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HENGHAW, J.
AVCO Speciality Materials
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HITCO
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Hercules Inc,
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