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FOREWORD

This repoft presents the results from a study covering the period

June 1978 - May 1980, by the Chemical and Biological Processes

.Sectxon at the Jet Propulsxon Laboratory, Callfornxa Inst1tute of

Technology. Contr1butors included Kumar Ramochalli, Warren ‘Dowler,

Robert Gauldln, Carol Glazer, Jan Harper, Marshall Hunphrey, Glen

_Hull, W1111an Mueller, Dennls o Connor, Fred Tervet, Glullo Varsi,

:-‘Llen Yang and El1zabeth Yen.

-"he fundlng was provided by Code RT at the Nat1onal Aeronautics and
o Space Adm1nlstrat10n, Progran Managenent and Technical Direction

. were provided chronologlcally by MesSrs. Bernard Achhammer, Dell

williams,'George Deutsch, James Gangler and Dr. Leonard Harris.
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ABSTRACT

This report descrlbes attempts to alleviate through fiber

‘gasification carbon-flber-comp051te °1ectr1ca1 hazards during

'alrplane-crash fires. Thermograv1metr1c (TGA) and d1fferent1a1

scanning calorlmetrlc (DSC) experiments found several catalysts

that caused fibers to combust when composites were exposed to

:test flres. An 1mportant synerglstlc effect among catalysts was

‘also demonstrated

‘State—of-the-art and modified comp051tes were tested in the

*Burn-Bang" apparatus developed by Ames Research Center, and in ”

a hlgh-voltage electrical detect:on grld apparatus developed by
JPL. 1In a standard three-mlnute burn test the modified compos-

1tes released no fibers, while the state-of-the-art composites

released several hundred fiber fragments.

Techniques were pursued to decrease the approximately 10%
mechanical-property'deterioration accompanying catalytic treat-
ment. Additionally, studies compared expected eerv1ce 11fe with
and without catalytlc mod1f1catlon, and electron microscopy and
X~-ray microanalysis furnished physical-appearance and chemical-
composition data._ Furthermore, an acrylic acid polymer fiber

coating was developed that wet the carbon fiber (T300) surface

iv




uniformly with the catalyst, providing a marked contrast with
the uneven coats obtained by solution-dipping. Also, studies

at Pennsylvania State University yielded important data.

‘Several promising new concepts resulted from the project,
1nclud1ng catalytxc e11m1natxon of carbon particulates from

D;esel exhaust, catalytxc improvement of coal combustxon, and

electrlcal destructxon of carbon partxculates in combustxon sys-

tems in general.
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1. INTRODUCTION

Carbon fxber composites are env;slone to be used in

-increasing quantities in the future. These applicaticns range

from aerospace structures to consumer goods. It was of interest »:_-y ’

”7:fto alleviate the possible electrical hazards (Ref. 1-3) -

iassociated with such composi es. The potential electrical

‘”:hazard itself is considered beyond the scope of this effort and ‘_j','T i

’thus will not be dlscussed 1n tirs report._ For information on

Vﬁgthe risks 1nv01ved, reference can he made to proceedinqs of

o ;gﬂlimeetzngs expllcitly devoted to that topic (Refs. !j S).‘ However':'i?"”'
, *throughout ‘this work it wae the aim to specifically prevent the‘;»"'h

f”release of electrlcally conductxve carbon £1ber fragments uhen ‘

'“the composite is exposed to an aircra t crash-fire scenario.

| 7_More specif‘cally, it was the objective of this pro;ect to

~ _prevent the release of carbon fxber fragments by gasifyxng e

';frthe fibers, ‘and various other possible solutions were specifi-_ff),gnffia

vf'cally excluded from consxderation durzng the performance of

vthis prOJect. In addition to electrical hazard alleviation

”1dfthrough gaszflcation, the pro;ect enabled involvement in the

fleld of reactxvzty of carbon in air and in air comb1ned thh
matrix pyrolysis and combustxon products. This is an interestxng

and challenglng fxeld that has been studied over many years | |
‘because of the 1nnumerab1e 1mportant applxcatlons in various -

"branches of sc1ence and technology.

| This report is structured to present the data from several
subtasks that comprlsed the effort. A systematlc sezrch was
 conducted for catalysts within the general framework of gasxfyxnd»
”the fibers by means of a small modlflcatlon to the state-of-

the—art carbon fiber comp051tes. A 11terature search was not ‘

1-1




an aim Qf this project. The nature ofvghe projeét was
influenced to a large extent by the nature of the reqdirements.
Chtonoloqically; a one-month effort was initiated in March 1978
ffto suggest possible catalysts which could aid the gasification
of the carbon fibers. At the end of the one-month feasibillty
study, which identxfied many avenues towards a solution (Ref.
6), a four-month effort was initiated in June 1978 to
speqifically explore the gasification scheme. lHere the
explicitiy étated objective was to find catalysts for
vgésificatioﬁ. After this was successfully demonstrated in _
_'August 1978, a one-year project was initiated in October 1978 to
~find nethods of 1nc1ud1ng the catalysts in the composites and to
study the effects of ‘the catalyst on the properties of interest
in composites. These are typxcally epoxy polymer matrix
U'cémpatibility, mechanical properties, aging characteristicé and
of course the electrical hazards due to fiber release in an
éitcraft crash-fire situation. This history of sponsorship has
| a bearing on the work described in, and the structure of, this

report.

. Three representative carbon fibers were acquired: Thornel
=300 (Union Carbide), Magnamite AS-4 (Hercules) and the Pitch
Piber P (Union Carbide). These were tested in the
thermogravimetric analyzer up to 1000°C under the different
atmospheres of air, nitrogen and helium for weight loss rate
measurements. The heatlng rates were varxed. Many iso*hermal
runs were also conducted. Concurréngly, differential scanning

calorimetric tests were run on the same fibers to determine

their reactivity up to 500°C. These tests were repeated with

: 1-2




‘the catalyst treatment on the fibers In addition to these, a

few experiments were conducted to pursue the novel approach of

asification through hydrogenation of the carbon fiber surface.

- Here the aim was to explore the possxbility of combining hydrogen

with carbon in order to pyrolyze and thus gasify the fxbers. ~ The

hydrogen inclusion scheme was only briefly explored and was

, discontxnued in the light of the proven success of the oxidative

catalys*s used in most of this work.

A contract was awarded to Professor Philip wWaiker, Jr. of

Pennsylvanla State Universxty to draw upon the vast store of know-

- ledge at the Un1versxty on the characterlzatlon of the react1V1ty

of carbon. Here the aim was to fxnd fundamental mechanlsms for

the enhancement of»the reactivity of carbon flbers in air. This

report includes as an appendix the contribution from this

fundamental study. The effect of the catalysts found at JPI, was

borne out by these tests also.

The catalysts found to be most effective are the weak acid
salts of Group II metals. Also an important synergistic effect

was found among some of the catalysts. The data from DSC on

" activated carbon particles show that the combination of catalysts

produces larger exotherms than the individual catalysts. This

" aspect needs‘to be studied further with the specific intention of

optimizing the catalyst selection.

The catalyst inclusion in the composite was studied in soine

" detail. One of the importsat wroblems is the nonwettability

1-3




of the carbon fiber surface with most catalyst solutlons.

While a simple solution-dip treatment prcduced gasxflcatlon, the
coat was so non-uniform that obvious questions arose regarding
the possible effects on the integrity and mechanical properties
of the composite. One of the materials wetting the carbon
surface was found to be an acrylic acid polymer. Hence, from a
consideration of the surface free-energies and the catalytic

" ion (or 1ons, which were to be chemlcally included in an acrylic
ac1d polymer), a technlque was 1nvestlgated for incorporating
the catalyst into a surface-sizing materlal. This water soluble
acryllc acid polymer was surface coated on the fiber, dried and
then cross-linked with the catalytic ions when they were applied
from solutlon to the fibers. This treatment resulted in a
uniform dispersion of the catalyst on the fibers. The .
unlformlty is demonstrated through a comparison of the scanning

electron microscope photographs of solution dipped fibers.

~The state-of-the-art and the rodified composites were
tested for possible fiber fragment release in a typical
crash~fire situation. The "Burn=Bang" apparatus developed by
the NASA Ames Research Center and the high voltage grid counter
developed by JPL for Langley Research Center (LaRC) were used.
The former collects the fiber fragments on a net for subsequent
counting while the latter makes an in situ count. The fiber
fragments collected in the Ames apparatus are available for
‘comparative analyses. The lack of fiber counts in the JPL/LaRC
apparatus clearly demonstrated that hardly any flber fragments
are released by the catalytically modified comp051tes;'in ‘
contrast, many fiber fragments are counted in the case of the

state-of-the-art composite.




The mechanical properties are studied following the most

‘widely employed tests. Here the aims are twofoid: first to as-

certain that the composites processed at JPL are indeed satis-

factory 1n comparlson with those at the various- other processing

o centers 1nc1ud1ng xndustry, second, to determ1ne the effect of

the catalyst modifications on the mechan1ca1 propertles. The
ASTM short beam shear test. 1s used extensively as an index of
the mechan1cal propert1es associated w1th the bond between the
flber and the matrix. 1In add1t1on, a few tests are also con-
ducted in the ASTM-fecommended four pointiflexure.’ The.mechani-
cel properties of the JPL processed state-of—the-art composites
are comparable to those processed elsewhere (other NASA centers

and ;ndustry). Wlth the chemical modification for catalytlc

- ‘gasification, the mechanical properties show approximately 10%

deterioration. This aspect needs to be studied further.

The important question of service life is pursued in the

state—of-the-art and the modified composites. Here the aim is

to determine the extent of alteration of the hseful service life

of a composite when modified for the alleviation of the electri-
cal hazards. The composites are "aged" in an accelerated manner -
in a predetermlned program of elevatedvtemperatdre storage under
stress for specified lengths of time. The variations in the
mechanical properties with the accelerated "age" give an
indication of the expected service life. Most important, these

tests indicate the relative aging characteristics of the state-of-

S i e 5
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the-art and modified composites. It is natural to expect that

_the useful service life of the composite would be reduced with

the enhanced reactivity of the ingredients. However, the results

- 'so far do not show any deterxoratxon in the predxcted useful

service lee with the catalytxc modxficatxon.

The rebults are summarxzed in the last sectzon and the

ﬁpertxnent concluqzons are drawn.

In.the course of th1s 1nvestlgatxon, because of the
fundamental nature of these stuﬂxes, several promising areas have
~been identified for further research. These are problems of
national concern. In the general area of composites, the process
modxfxcat1on of prestressxng appears to hold promise for
increased strength to weight ratio, more efficient use of the
lngredxents and a large deformation at £a1lure. Preliminary
results support this view. Also, the concept of hollow fibers
emerged enabling greater use of the load bearing parts of the
fiber - the outer shell rather than the inner core. Here the
estimates show that the stiffness of a composite can be substan-
tlally improved (approx1mately 50%) for a given weight through

the use of hollow fibers,

The enhancement of the reactivity of carbon has wide‘appli-
cations other than in the composites. One of them is the

particulates exhaust problem acknowledged with the Diesel

s
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engine automobile. There are indications that some form of
catalytiC‘cdmbustion of these carbon particulates can alleviate
the pzoblen. with the general trend in the automobile industry

towards more ‘Diesels to achieve hxgh fuel effxcxencxes, the area

of catalysis of carbon particulates appears worthy of pursuit.

Coal combustlon is also becomlng very 1mportant with the

: dwxndlxng 011 supplxes. uere the reactxvxtxes oflcoal 1n aiv

are so low compared to the hydrocarbon oxls that large furnaces
are ncedgd ior a ngen throughput. Agaxn, the catalytic

enhancement-of the coal teactivity'can greatly increcase the

" throughput fbr ngcn size, or reduce the size for a requlrcd

throughput. An 1mpoztant appllcatxon appears to be in the arcas

~of ash and ;lag fouling. Chenmicals were found in this

investigatién'thag significantly alter the nmelting points of
some.intermadiatc produc.s in the combustion of carbon fibers.

. . . .
When ttanefofmed'to coal combustion, the poss 1b111ty arises that
the ash and clag melting poxnt can be significantly altered so

that these can be simply E’NOVLd without shutting down the

plant for abh and slag cleanup. The cost savings can be

consxdcrable
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11, AVAILABLE LITERATURE AND CONTACTS

An exhaustive literature search was not one of the aims of
this study. W1th1n the time constraints the choice was made to
contact some of the leadlng authorities in the f1eld of carbon
and graphite oxldatlon and combustion, in particular, and more
generally the experts in the field of combust1on. The
requzrements of carbon fiber gas1f1catxon were brought up durxng
some meetlngs of The Combustion Institute. Several un1ver51ty
v-professors and researchers in 1ndustry were also contacted. A
-quick 11terature search was also conducted us1ng a JPL computer

search of several data bases.

Many 1nterest1ng, and indeed, useful items emerged as a
result of the above attempts. It was discovered, for example,
that sodium and potassium are good catalysts in the reactions of
carbon (Reference 7). It was found that graphite is very diffi-
cult to oxidize because of its stable structure. Nevertheless.
it has been reported that silver, vanadium and vanadium pent-
oxide are very powerful catalysts (References 8 and 9) hav1ng
the capabll._y even to open up the basal plane of graphite.
Carbon oxidation and combustion have also shown the effect of
many salts. Voluminous data are available on various aspects
of ox1datlon (Reference 11). (Please see the excellent series
"Chemistry and Physics of Carbon," Philip Walker, General

- Editor, Marcel Dekker Publishers, vols. 1-~14.)
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While the above exercise was useful and indeed informative,
no cataiyst appeared to be readily'available to serve our
specific need of gasffying, through combustion, the carbon

' fibersvused in compbsites. Kryiov (Reference.ld) has laid down
soﬁé basic criteria that may be helpful in seiécting catalysts.

s ' S He points out, based on a theory of electron transfer, that

| ‘metals with first work function* less than 4.3 eV ought. to bhe

g Qodd catalysts in the nxidation of carbon. The periodic table“
‘with the elements (as oxides) that meet this criterion is shown
“in Figdre 1. It can be seen that the following elements are
expectedvor implied to be able to catalyze the oxidation of

‘carbon: Ca, Na, K, Cs, Mg and Ba.

.In;ééite of éil of éhis infofhétion it appeared‘fairly
~certain that no éatalysts have been reported to induce the
‘self-shstained combustioﬁ in air of carbon fibers in the absence
of an external heat source. This belief is further reinforced
by the fact that no reports on this specific task surfaced

- during the extensiQe literature search that went into the
application for a patent disclosure (Referarce 12) foliowing the

discovery of powerful catalysts at JPL.

* Energy needed for removing the first orbital electron from
the atom. o ~
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‘selectlon of the catalyst is influenced by the cr1terion used to

pProve its effect1veness upon ignition. Sel- dustained combuottan
’6e£ccttan The res1due after combust1on is requlred to be free :
": of carbon (see Table I). The catalyst apnlicatxon technlque
. was thought to be essentlal. However, some oz the results show

4, on the fibers. The tests were conducted in the TGA and 1n the

IIT1, THE SELECTION OF CATALYSTS : i

Some of the early attempts at the catalyst search and the

test results have already been reported (Aeference 6). The

e T S

of graphitic caabon An ain in the absence 05 an exteAnaz heat

dource was ubed as a pnlmany c&&te&&on Ln catazyat

NN et i ot e

rece1ved some attentlon early in the program. Fine disper51on

surprxslng 1nsen51t1V1ty to the flneness of catalyst dlsper51on

-DSC on the fibers as recelved and after the treatment. The fol-

low1ng four methods were used to deposit the catalyst on the '
flbers- Solution dlp, solutxon boil, vapor deposit and electr1cal

sputtering. A brief descrlptlon of each of these follows:

(i) Solution Dip. Aqueous solutions of the salts

con31st1nq of 1%~ 10% salt were prepared. After solutlon dzp,

7 the fxbers were air drled to constant welght.

(ii) Solution Boil. fThis was essentlallv what the name

implies. The fibers were boiled in a solutlon of the catalyst
salt for ten minutes and the liquid decanted away. The fiberse

were then air dr1ed,to constant weight.
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TABLE I: Determination of Ash Following Burning
' of Carbon Fibers

: ) of Mass of $ of )
. Treatment : Fiber Treatment | Treatment | Ashes | Ash
‘ S hs calcim - 45.8 0.1 0.2 8.7 | 19.
. S - |Acetate Solution 82.5 0.3 0.4 13.8 | 17.*
- e - 1m‘.p S S b 6643 1.0 1.5 4.2 6.2*
SR IRE 99,2 1.5 1.5 6.7 6.6*
3% Calcium 1 63.8 1.2 1.8 1.3 2.0
Acetate Solution - 55.8 1.4 2.4 1.4 2.4
Dip , o o
10% Calcim 152.7 13.5 8.1 7.5 4.5
Acetate Solution _ 44.9 5.0 10.0 1.9 3.8
10% Solution of ] 78.2 8.2 10.0 5.3 6.4
75:25 mix of 1 61.8 4.9 7.3 3.3 4.9
Lithiun and 48.0 3.2 6.2 3.3 6.4
'Calciun Acetate : : .

* Fibers found in residue
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(iii) vapor Deposition. Thin films (0.0l ym to 1 um) of

catalytic material were deposited on thé fibers by evaporation
in a §acuum (<10"4 Pa) usxng the apparatus shown in Flgure 2a.
.The materlal to be deposited was heated to the point of evapora-
tion by belna ,;aced in an electrical re51stance heating
eleiwwnt in the form of exther a wire basket or a metal "boat".
'.The vapor fron the heated material was deposxted on the fibers.
Sane the vapor travels in a nearly straight 11ne, the fibers:
‘were rotated in the vepor so that a unlform coatxng was

acqulred.

' f(iv)'DC Electricai Sputtering. A film of the.catalytic

 _material can be deposited on the fibers by a‘direct current
spuitering technique (Figure 2b). Both the material to be
deposited and the carbon fiber sample to be coated were placed
in a 1 KV dc plasma of argon ions. The material to be sputtered
waé'used as the cathode and the specimen was placed on the
vanode. Material eroded (sputtered) from the cathode by the

ions of the plasma are deposited on the sample of carbon fibers.'
‘Because of the multiple scattering in the plasma, sputtering
produced a fairly uniform coating and the individual fxbers in a
bundle thhout the need to rotate ‘the specxmen during coatxng or

to conpletely separate the individual fibers from each other.

Etching: The nonwettability of the carbon surface of the
fiber was recognized early as an important problem. A teh
minute exposure to an argon plasma (Figure 2c) greatly"impgoved

the wettability. This improveMent is shown in Figqures 2d and

2e where the coating on the fibers is one of the early




Fig. 2a.

The Ladd Vacuum Evaporator
Deposition of the Coatings
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Fig. 2d. The Wettability of As-Received Thornel-300 Fibers
' as Seen with a Coating of EC + TCP from a Solution
in Acetone with 3olution-Dip of the Fibers.

Fig. 2e. The Wettability of Argon Plasma Exposed (etched)
Thornel-300 Fibers as Seen with the Same Coating
of the Same Chemical Solution (EC + TCP) shown in
Fig. 2d above.
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candidates which was not used subsequently. The point shculd be
clear, however, that an argon plasma can vastly improve the

wettability of carbon fibers. A mechanism has since been

: suggested by Professor P. L.>Wa1ker that the afgcn plasma

cfégtes sites for oxygen attachment upon subsequent exposure to

air. The general subject of surface wettability has been

. understood in terms of surface free energies.

The DSC and TGA Tests

Several hundred runs were made in the DSC (Figure 2f) and

:TGA (Figuré Zg) apparatuses to determine the relative behavior

. of the fibers with and without the catalytic treatment. Some of

the raw traces are shown in Figures 3 - 6. Most of the runs were

- conducted in air. Some were conducted in an atmosphere of

nitrogen. For comparisdn with the latter (to determine the

- possible reactions of carbon with nitrogen, in presence of

meoisture) a few runs were conducted in an argon atmosphere. One
of the most interesting runs was the TGA run in air where water
vapor was introduced into the nitrogen purge stream. This

saturation level of moisture showed a remarkable effect in

essentially consuming a good portion of the fibers (Figure 7).

" There are various ways in which the TGA and DSC data can be
in:erpreted. The data were fitted to én Arrhenius plot,
assuming a first-order reaction. The results showed
uﬁacceptabkeﬁinconsistencies-depending upon the heating rates
and the extent of reaction. It was felt that the actual
chemical reaction schemes may be sufficiently complicated to

preclude such a simple interpretation. Such a feeling was

3-8




e g T

e

£, AT B AL K

Célofimeter Used in the

d

ic Reactions of the Treate

The Perkin-Elmer Diffrrential Scanning
he Exo- and Endotherm

2f.
Determinaticn of t
Fibers.

Fiq.

e T SYR PR




The Perkin-Flmer TGS-2, Thermogravimetric
Analyzer Which Has the Provision for Varied
Heating Rates and the Atmosphere of the Test.
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Fig. 7.

SEM Photographs Showing the Effect of Water Vapor in the

Atmosphere in the High Temperature Bchaviour of the
Fibers. As-Received Fibers are at the Top; Fibers after
Exposure to Air Saturated with Water Vapor at 1000°C for
a Brief Duration-are Shown at the Bottom,
g,
( M '..‘.',‘ !
o4t 8 - . .,
: 't'(.’f,‘[.‘ , f“(;!,‘ Tor
" ‘(L.‘JL i
- !T}’
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subsequently borne out at a meeting where several leading
experts in the field of carbon combustion, Professors P. L.
Walker and G. Gavalas, shared thei; vast experiences with us.

The fact emerged that the reactions in air of carbon in the form

of fxbers and coal (1.e., less than 100% carbon content) can be

most complex and have def1ed adequate descriptlon.

'=Unde; -he‘eircumstances, the data are interpreted in the

following manner. The tempefature at which some prominent

react1ons become apparent is ident1f1ed as the "actzon"

“‘temperature. Typxcally, th1s is the temperature at which the
fuslope is a maximum in the weight versus txme curve in the TGA.

" Also the temperature (time) interval over which the weight of

the sample changes from 90% to 10% is an indication of the rate

-of the reaction. This range is also oomputed for many runs.

The res1dual weight at tie f1na1 temperature, or alternatively,
the time for constant weight to be reached is also an indication
of the reactivity. In the DSC runs, the extent of exothermlc
reaction as 1nd1cated by the value at the peak glves some

1nd1cat1on of the react1v1ty.

'While abso. 1te predictiue information may be somewhat
difficult to extract from such interpretations, relative
information is easily extracted. For the catalyst treatment,
since relative information is all that matters, Tables II, III
and IV have meaningful information on effectiveness. The

following discussions result from these tables.

3-16
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Table II: TGA Data of Carbon Fibers#*
Non-Isothermal Runs

Initial Final ; %
Fiber and Weight Weight Purge - Weight T
Treatment {mg) (mg) Gas Loss (C)
‘ Perkin Elmer (Model No. TGS-1)
AS-4 1 0.979 0 ; Air 10 | 480
L R o S 50 565
A ._ 90 625
T-300 0.816 o | air 10 | sos
CaAc 50 . 555
S IR b . : : 920 595
T-300 0.85 0.01 Air 10 530
10% CaAc - - ( 50 560
. ’ s . SR 90 595
T-300 - 0.933 0.04 Air 10 520
10% Li-CaAc . : 50 630
e S : : 90 700
DARCO - G60 0.910 0.5 Air 10 360
+BaAc '
Ca Acrylate 0.791 0.228 Air 10 200
. 50 610
Ca Acrylate 0.858 0.267 Air 10 330
» 50 650
T-300 0.965 0 Air 10 460
S .50 555
| 90 615
T-300 0.695 0 Air 10 480
50 580
90 630
T-300 2.730 2.358 N> 10 910
T-300 2.578 2.22 : Ny 10 . 880
T-300 0.478 0 N, - 10 490
: 50 585
90 655

*The abbreviation Ac stands for Acetate, throughout this report.
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TGA DataAof Carbon Fibers

Table II:
o Non-Isothermal Runs (Continued)
3 Initial Final °

Fiber and Weight Weight Purge Weight T
Treatment (mg) (mg) Gas lioss (C)
Carbon Fiber 2.610 .0.003 Air 10 530
BN . 50 600
; 90 640
Carbon Fiber 2.782 . 1.915 ~Air - 10 705
T-300 0.932 0 Air 10 500
Do 50 555
90 605
T-300 0.940 0.029 Air 10 500
AN B 4 - 50 575
| | 90 615
T-300 0.845 0 Air 10 500
' ’ 50 575
90 620
AS-4 0.611 1 0.456 Ny 10 710
_ 25 1000
AS-4 0.985 0 Air 10 505
50 590
90 650
Hydrogenated 0.696 0.581 N2 10 810
Fibers with 16.5 990

Pd-Ag. All
the samples 0.758 0.:70 N2 10 710
were T-300 24.8 980

with 75% Pd,
25% Ag, 112 at 0.720 0.618 N2 10 870
500 psi for 14.2 1000

30 minut es
Perkin Elmer (TGS-2 Model)
T-300 0.425 Not Air 10 488
Untreated Recorded TR0 523
’ 90 545
T=-300 0.828 Not Air 10 505
2% Cadc Recorded 50 545
90 580
3-18




'.'Tabie

II: TGA Data of'CarboﬁvFibers

~ Non-Isothermal Runs {Continued)

Fibcr‘dnd"
Treatment

“Initial

Weight

{mg)

th‘

- Weight

{mg)

Purge
" Gas

R R
Weight
Loss

(<)

T-300
3000
2% BaAc

Sp-300

T-300

%_CaAc,(wet)

2% BaAc .
T-300

T-300

T-300

. 0.868

oy

0.930

0.932
0.830°

0.697 -

0.675

‘Not
~Recorded

Not
Recorded

Not 

‘Recorded

Not
Recorded

.Not":

Recorded

Not
Recorded_

Not
Recorded .

© Air

~ UAir
CAir
Air

CALr

Air

- Air

A;10,7». ;
50 .

: go:f

i
.90

10

80
290

10

50
90

1o
.50
7 90

50
20

560
590 |
625

- 555
595
630

585
620
645

635
665
- 695
620
655
. 6990
620
. 655
690

640
670

695
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TABLE III: TGA Data of Carbon Fibers

_ Isothermal Runs (Perkin Elmer TGS-2)

AS-4 - BaAc

:‘Fibcr'and . Tiso Avcragc Time L Weight
~Treatment (C) Min. 1Loss
pitch Fiber 700 20 50
~Untrecated . .
pitch - CaAc 700 3.5 50
Pitch - BaAc 700 9 50

T-300 500 53 50
Untreated _ : '

T-300 - CaAc 500 14 50

T-300 - BaAc 500 28 50

AS-4 600 26 50

Untreated :

AS-4 - CaAc 600 12 50
6C0 16.5 50

The purge gas was N,

Tiso’ was reached, then air was substituted.

until the isothermal temperature,
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Table 1V:

-

Carbon Particles

DSC Analysis of Carbon Fibers and

A at T i
Relative Value
Fiber and Purge T (C) at T (C) at from Baseline
Treatment Gas Max Slope Peak Energyy per mg
T-300 - Air 6 minutes | 6.25 minutes +55
10% Scln at. 500°cC at 500°C
. Coated CaAc
T-300 - . Air 420 432 +28
50/50 CaAc 450 457 +35.5
" T-300 - Air No Peak
Untreated _
T-300 : 420 430 +22.7
50/50 CaAc 448 455 +19.4
DARCO - 5% Ar 425 430 -5
LipCo3z '
95% CaAc
DARCO Air 475 485 +43
Ca Acrylate
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From a point oi view of optxmum cata.yst selectlon it is

Aalso of interest to determlne the most effect1ve combination of
'catalysts, and a quick attempt was made to determlne synergism.
Several solutions were made using mlxtures of catalysts. For
the purpose of 51mply 1nvest1gatlng the synerglstlc effect on
carbon reactlvzty, a more eas11y handled form of carbon was
used; thls was DARCO GLO, an actlvated carbon powder. The DSC
plots_are shown'in Figure 8. The mlxture of potas51um and
calcium acetates produces a far larger exotherm than elther salt
'alone:under otherwise identical cond1t10ns. This points to the
'~190551b111ty of employing smaller quant1t1es of catalyst mixtures

than what would be requ1red if used on an 1nd1v1dua1 basis.

»Another form of synergism was also found to be valuable in
these studies; On many occasions the need was felt for a
material that holds the fibers together in a bundle while the
catalytic combustion activity is in progress.. Frequently, in an
air stream, fiber fragments were seen to fly off and be quenched
eveo;while the primary catalyst was in the process of gasifyiog
the fibers. Here the low melting point lithium compouﬁds were
examined as possibilities. A combination of calcium and lithium
acetates was tried. It was found that lithium salts and
products of combustion melt and hold the fibers together while
the calcium salts complete the catalytic gasification. This Qas

an important discovery and had a strong influence on
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the subsequent tests. In fact, combinations of calcium and

lithium acetates were almost routinely used in the tests since.

' In the llght of the earlxer dlscu5510ns on the complex
nature of carbon reactions an attempt was made to £1t Arrhenlus

klnetlcs to the oxxdatlon of carbon fibers u51ng the abundant

'TGA data. A few assumptxons had to be made in order to apply

the Arrhenlus equatlon. (1) the part1a1 pressure of oxygen

above the graphlte flb;r surface remains constant through the

~ reaction, (2) the surface area of the carbon fiber is

proportional to the mass of the fiber, and (3) the
proportionality constant is the same foriall fibers of the same

type.

ASsumption (1) is valid providedvthat the mass of oxygen is
much larger than that of carbon fiber, and the reaction rate is
not so great that prcduct gases create a large oxygen-concentra-
tion gradient near the fiber surface. Assumptlons (2) and (3)
could only be tested by seeing how well the data fit the

Arrhenius equation derived below.

For a gasésolid reaction, the reaction rate can be given by

&g

= [0,15 A exp (-E_/RT) o )

3-24

ot i 0 ke o e i

L o g




"A = Arrhenius pre-exponential factor

‘ [621“- Concgntration of oxygen

‘136._‘§“Acﬁivétion energy
m ik;é Mass of carbén
' R ? Gas constant
) - >H§ Surfaée area of carbon
% : T 1 £“geactionAtéﬁperatgg§
;' t = Time

" From assumption (1) the oxygen concentration is constant.
“From assumption (2) and (3) the surface area of the carbon can

“be expressed as

»aS ﬁbm Aé
 where
A, is constant. Thus eqguation (1) reduces to
Tdn oy, (2)
Cm K exp.(-Eo/RT)

t
where R is a constant. However, data from the TGA experiment is

in the form of mass change with temperature, not with time. The

. relationship
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is used with equation (2) to derive the final rate equation
= K | exp (-E /RT)" : SR -
, (%%) ‘ 0 | L - (3)

3=
sl

where ( )1s the heatlng rate of the TGA apparatus..

In order to use equatxon 3), data from the TGA in the form
n

- of mass function of Ti was fltted to a polynominal (m= T )

= 0

‘_us1ng a 11brary program supplled w1th a Hewlett-Packard 9830A

calculator. Thls program was enlarged to glve the derlvatlve of

m thh T

and to then use this derivative to evaluate constants K and Eg
from equation (3). This was done by taking the logarithm of

both sides of equation (3)

1n [’ i) - In [g5—] - EG/RT
» (gg)
producing a llnear equation of 1ln [; dm] as a function of
T'l. .The me;hod of least squares was used to calculate the
slope, -BO/R, and the y-intercept, 1ln [K/(%%)]. The values of

E

° and K can then be determined.

Results are shown in Table V. The column headed by r is

the correlation coefficient, which indicates the degree of
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 Table V: °IGA bata for Arrhenius Equation Analysis

Heating

o “Rate B :
Run No. . (°C/min) o K r
UNTREATED
c1- 1 67.4 8.39 x 10%7 0.987
c2 1 106.8 3.56 x 102% | o0.584
3 1 641 | 9.79 x 10%% | 0,974
ca 1 51.6 7.26 x 10'2 0.208
cs 20 5.6 9.50 x 1010 |  0.988
c6 -éq.ﬁ’v ' 30.5 1.74 x 107 10.268
c7 20 49.5 8.17 x 1010 0.928
c8 20 47.1 1.94 x 10t} ©0.999
co 5 481 | 5.47 x 101 0.9998
cio 20 44.9 5.69 x 100 0.844
. TREATED WITH 10% Ba ACETATE SOLUTION
Al 20 43.1 7.1q'x 1010 0.987
A2 20 42.9 1.02 x 10'! 0.960
A3 20 50.3 2.40 x 10!3 0.943
TREATED WITH 10% Ca ACETATE SOLUTION
B1 20 50.0 9.69 x 1013 0.331
B2 20 15.4 1.45 x 104 0.511
B3 20.2 | 1.67 x 107 0.224
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egreement of the least squares fit. It should be noted that the
agreement is generally very good (>0.9) or very poor ({0.55).
All of the calcium acetate treated samples show very poor
results, but for the other samples the poor degree of fit is
random, perhaps the result of variatious in surface area from
sample to cample. Also, there is an increase in activation
enerqgy with heat1ng rate. This phenomenon could not be
: explalned. The general conclu51on reached is that the
assumptlons made are faulty. In partxcular, the assumptxon that
the surface area 1s dxrectly proportlonal to the mass of the
vcarbon fxber is too 51mp11st1c. I1f the conbustlon of the .
_cyllndrlcally shaped partxcles is vn1£otm, the area would be.
lproportxonal to the square root of the mass. Attempts to fxt
'the data to an Arrhenius equation with this square root
,relationsh1p resulted in lower act1vat1on energies, but thh no
-improvement in correlation coefficients. A more reasonable
model for the surface area would shew the area increasing
initially due to pitting of the solid, followed by a gtédual
decrease as the carbon is consumed., However, such a complicated

model is beyond the scope of this research.

Ames’ Burn-Bang Box Tests

The Ames Box was developed by Mr. Rxchard Fish of the Ames
Research Center, Mountain View, California for evaluating fiber
release from burning composites. The test procedure consists of
burning a rigidly mounted panel (13 cm x 1.3 cm % thlckness)
for three minutes, then striking the burned composite uxth an

air-actuated "arrow." Ambient air is constantly drawn through

3-28
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the box by a vacuum source. A nylon net treated with a tacky

bglue is placed in the exit line to the vacuum cleaner. This net

will catch clumps of fibers or small pieces of composite, but
indxvzdual fxbers escape detection. Large pieces of composite

remaln in the box.

-Tests of state of~the~art and catalyst-treated composxte

samples revealed no significant differences in the number or

fsize of comp051te pieces produced. This result ‘was expected

_ because the catalyst treatment croates only small changes in the

”’mechanxcal properties of the composzte. The anticipated result‘

of the treatment, that LS, a reductlon in the numbex of

ind1v1dual fibers relcased, could not be measured by the box as

S it was suppl1ed. In an attempt to count 1nd1v1dual fibers, the

. _net was replaced by the electrostatic grid developed by Dr. L.

C. Yang and discussed in Reference 15, a JPL report. During the
initial three minute burn, the grid detected a few fibers, but
following impact the grid was unable to count quickly enough and

was soon shorted by fibers as the vacuum drew the air through

“the grid. Attempts to eliminate the shorting problem by

increasing the grid voltage and by placing netting in front of
the grid failed. As a result of the experience with the Ames
Box, a new test fixture and procedure was developed which is

discussed in the following section.

Open Air Burn Test

The purpose of the burn test of the carbon fiber composites

was to determine the effects of each treatment on the number of
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fibers released. The test results were evaluated in comparison
to the number of fibers released by a state~of-the-art sample.

(See Table VII.)

The number of flber fragments released were counted by
means of a detector, developed by Dr. L. C. Yang (Reference 15)
for NASA LaRc, whlch is in turn connected to an 1ntegrator.

Thls voltage was then sent to a recorder where a graph cf counts

versus tlme was generated.

'The Y-axis scale on these graphs is as follows' zero is at

the upper left hand corner and the count increases down. The

" maximum number on the Y-axis is limlted by the size of the re-

corder. Durlng many tests the recorder was re-set to zero in

order to continue the counting. In these cases the maximum

number of fiber fragments counted was the sum of fragments with

'respect to time. The graphs were calibrated to record twenty~

four counts per inch on the Y-axis. The X-axis shows time in-
creasing from left to right and depends on the sweep time of the
recorder. The sweep time was generally set at fifty seconds per

inch. Examples of these graphs are shown in Fxgures 9 and 10.

The results were fairlyiconsistent even'though many changes
were made during the testing. The flame length was set at 2cm
for the early tests (1—13), but once the propane cylinder was

replaced, the longest length possible was l.5cm. The rest of

the tests were performed by another operator with a flame length“

of 1l.5cm. The flame probably was positioned differently by the
two people, which would cause the samples to burn at different

rates.
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The shaker table used initially was rated for approximately
one pound of force uith a maximum deflection of 3mm, unloaded.
The original accelerometer and housing’had a mass of 0;12 kgr
this.maSs leads to a maximum acceleration of about 4§‘and a
maximum deflection of<0.1 mm. It was desired to run the test

‘at 10ngith‘a deflection of 0.25 mm. Another shaker table Was

‘ acquired which was rated for 127 newtons of force, and another

;accelerometer was necessary for measuring higher g forces. The
‘new accelerometer and its housing had a mass of 0.12 kg. With

the new shaker table and accelerometer, the maximum accelera—

"ftion p0551b1e became 95g. The new accelerometer was cali-

j'brated by measurlng the output voltage of a known calibrated
accelerometer and of the new accelerometer. The output voltage
'of the known accelerometer corresponded to an acceleration-
therefore, the output of the unknown accelerometer at the same
‘input corresponded to that same acceleration. The tests were
performed so that the acceleration on the sample ‘was 10g (0.5V

RMS output from accelerometer).

»[,In order to make a quantitative comparison, the percentage
of fragments released less than that for the untreated samples
-is shown in Table VI. (These values are based on the average

values in Table VII.)

These values would imply that Sample 31 (25% CaAC solution)

would be the best of those treated.
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Table VI: Comparison of Burn Data Showing Improvement
: in Fiber Relcase With Treatment

o : % Less Than

Sample No. Treatment : ‘Sample 40's
3, 108 CaAc solution 99,2
-;31';_:1_:  _,;.25% CaAc éqlhtiqn,; | ees
2 | 25¢ Caac solution | 93'7,
35 ::: 20% Polyacrylic acid 98.9

solution, then a

10%_solution of:
 75% LiAc

~ 25% Cahc

38 | Li/Ca Acetate o 95,1
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fable Vii: PFiber Release Upon Burning for State-of-the-Art - i
. and Treated Composites '

RO - : CPest No. of Couhts
o Samplce No. : No. in 450 Scconds

40 -
(Untreated)

1 - 1815
2 2830
o | | 3 2546 L
~Average Counts = 2040 T 5 2123 R L
RS B s Lo ‘ ”f . N R et  666, . L e
8
9

11250 . P : »
s . . .2307 : . . : KLQ
- 14 1980 o b
15 g 1676 : _- Y
18 1 1832 , RS
P T ERRE R & 22 S 14980 ' N
! B Caw SO .25 .. 4252 :
38 s e : e 4 ] 176 S H
~{Li/Ca Acetate) ) TN B - cp e 84 ' o
- T e e M2 L b 120 : -
Average Counts = 100 ' S 26, . o 22 - . !

35 e S 16 ' o200 b
(20% Polyacrylic Acid Solution .24 .26 : i
-~ 10% soluton of: 75% LiAc : S : o i

' . .25% CalAc)

Average Counts = 23

32 SR . 23 128
(25% CaAc Solution) 1 = : ‘

31 . : - 12 2
(25% CaAc Solution) L 13 -3

e o S 19 26 o
Average Counts = 11 o L Lo T . -

30 B : © oA _ 150
(10% CaAc Solution) . v 10 33

| T 1 10
Averagc Counts = 16 _ 17 ' 8
S 20 . 15
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A eomparison was attempted between thesé results and ﬁhose
of the Naval Research Laboratory (Reference 13).‘ Although NRL
also found calclum acetate to be a catalyst. no heanlngful
1conparlsons can be made due to the differing metnodologles used

in the preparatlon and testlng of the samples.

3-44
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IV. MECHANICAL AND AGING TESTS

The purpose of the mechanical nropertles tests was to determlne
whether the addition of catalysts to the surface of the carbon flbers
- was detrlmental to the phy51cal propertles of the composxte. Early
v_1n the search for proper test procedures, it was determlned that a
b.complete battery of tests, (ten511e, compre851on, flexure, etc.)
'would be too time-consuming for the number of samples ant1c1pated
'Thus, a sxngle test which would lndlcate whether the catalyst 1nc1u-

sion was harmful to the comp051te was sought. A telephone conversa-‘
_tion w1th Dr, George Husman of the Air Force Materlals Laboratory
(Wright—Patterson AFB) resulted in the selection of the short beam
shear strength test, ASTM D2344-76. The test measures the interply
strength of comp051tes which is the area most likely to be affected
by changes in the fiber surface. It is a comparative test, not to be

used for design criteria.

An Instron machlne (Figure 11a) with 4 448 N tension load

- cell and a cage to change the dlrectlon of the force was used for

the tests. A test jig was constructed according to specifications

in the ASTM standards. The recommended span to thickness ratio for |
carbon yarn of four to one was used throughout the tests but the
length to thlckness ratio was increased to fac111tate handllhg.
Typical sample size was 2.5cm X 6émm x thickness, with the thickness
generally measurlng either 3mm or 1,5mm. Temperature and humidity
were controlled by the bu: lding's air conditioning system (21° C,

25% RH) but was not recorded.
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Fig. lla. The Instron Testing Machine Used for
R of the Short Beam Shear Strengths
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"g_;ls shown 1n Flgure 11b. The resxn system was 80% RF-3000 and 20% ':'-'w

'“”layers are suff1c1ent for our purposes. "

e . NG Y By RO SN A Y NN S AN TR T T o i e e e e R RN R T NG Y

The flrst tests conducted compared 1dentlcally prepared :.;v_:,

7[ten—layer and flve-layer woven samples._ A sample Instron trace

L RF—61 cured at 71 C. The results shown below 1nd1cate that flve 3

After the test descrlbed ahove, a change was made 1n reszn sys-'p"”
'tems to Flberlte 934. Inltlal tests wlth the new system exhlblted ab'

'tllarge amour* of data scatter. 7o e11m1nate the catter a dlamond-c'> V

that the superlor cuttlng ab111ty of the dlamond blade would prevent

lspllnterlng of the comp051te edges.' No spllnterlng was notlced w1th |

the new blade, but the data scatter per51sted : A second approach

”;[fwas to determlne wheLher the scatter was caused by the p051tion of .
" the sample in the panel that 1s, were samoles taken from the centerd
t‘of the panel stronger than those from edges? Flgure 11c shows the
_fcuttrng pattern for a panel made from Flberlte 934 prepregged woven

c‘cloth The results 1nd1cated no effect of sample p051t10n on

- ;strength The data scatter was accepted as random.

' p‘4-3'2;_”;f.

. SAMPLE ~  NO. OF  STRENGTH ' . STANDARD e
..+ . NUMBER TESTS (106 N/m2) o DEVIATIO\I (104 Sl
10 LAYERS 1 . 3 f'?iix, 44038 121
S LAYERS 6 3 aale7 3039

bladed bandsaw was purchased for cuttlng samoles. It was thought ;TMT"‘
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-Fig. 11b. Sample Instron Trace for Short-Beam Shear Test
Crosshead speed was 1.27 mm/sec.
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To conflrn that the mode of fa11ure in the short beam shear

tests was inter-laminar shear, scanning electron micrographs of

: falled samples were examined. As can be seen in Flgure 12, there

is separat1on of the carbon flber-natrlx interface.

‘Although the nmajority of panels were pfepared with F
934 resin,

iberite
tests were performed with a number of dlfferent resin

- Systems. As shown in Table VIII there are 51gn1f1cant o
dlfferences between re51n systems wlth the Flberlte 934

. exh1b1t1ng the hlghest value of 1nter-lam1nar shear. There are

' also dlfferences caused by the form of relnforcement, whether

unldlrectlonal or woven carbon flbet is used.

: The majorlty of the tests were concerned with the effects of
. catalysts on the 1nter-lan1nar shear strength. These tests can

“be d1v1ded into three areas. untreated panels, panels prepared

by dlprlng fabrlc into solutions, and panels nade with acrylic

acidg polynmers. Iable IX shows the results of the tests which

indicate that the strength of the panels is decreased by the
acrylate treatment ang by dipping in calcium acetate solutions.
However, the strength of panels Prepared by dlpplng the fabric in

combination of calcium acetate and llthlum acetate was equal to

the uncoated samples (compare results for samples 48 and 40 w1th
samples 38 and 43).

- In addition to the numerous short beam shear tests on all the

candidate panels, four point bend tests: (ASTM D790-71) were

performed on a panel treated with 75% lithium acetate and 25%




calcium acetate mixture on the woven fabric and on a state-of-the-

- art samplé._ The state-of-the-art had a strength”of 8.28 x 108 N/m2,

- shown in Figure 13.

Aging Studies

e e b A it

3
{
i

B

. Fig. 12. SEM Photo of SBS Tested Composite Showing | N
RSP SRR - . - Separation of Fabric Layers. : SRR

while the treated sample achieved only 5.31 x 108 N/m2.

A general view of the composite processing "Clean Room" is

Ca

‘Cdmposite materials may'have their physical and mechanical

properties change du:ing their service life. Tp a large extent,
the‘changes will occur due to changes that the ingredient property SRR
values undergo and to changes in the quality o£»the_interface

between the matrix and the fibers. The matrix degrades in time

'\x‘v-,--

TR .

(. “-'-‘xL e IY ey

Con -.’_'.-‘.}; ,.;,‘: """
AR TN L ’
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due to thermal or chen1ca1 (freqaently both) effects.

~-

R

Extensive

' vinvestlgatlons at the National Bureau of Standards by Madorsky

have zhown that the thermal degradatlon of most pqumers can be

characterized by Atrhenius-type equations.

The thermal

,degradat1on 1s usually due to random scxssxon of the bonds in the

poe ;3':.??i polymer._

-v:degradatlon appears to be 1mportant.

. Table VIII:

Among the chemxcal degradat1on mechanlsms, oxidatlve

Short Beam Shear Strength of
. Various Composite Samples

s e e gt A 0 e s AT e

: Number Shear Standard

Sample of Strength |Deviation :
Number | Tests (107 N/m?2) (106) - Comments

50 5 109.75 3.87 Fiberite 934 0° unidirec-

R R tional prepreg
51 5 52.87 2.90 Fiberite 934 woven fabric
' N (Fiberite
value is
_ 67.60)

78-2 3 99.07 2.08 | Hercules 3501 0° unidirec-
‘{Langley : tional prepreg, made by
value is LaRC.

- 119.30)

- -3 24.11 1.68 Xylock-210 with woven

fabric, made by ARC

-- 3 27.94 - 0.69 90% RF-3000* 10% RF-61*

woven fabric

- -3 38.96 0.41 80% RF-3000 20% RF-61

woven fabric

*These are the resin and curin
. V. Roberts Associates, Culver City, California.

g agent respectively, supplied by

%',
i
1
i




Short Beam Shear Strength of State—of-the-Art

* TABLE IX:
e and Treated Composxtes
Number Shear Standard
Sample of Strength | Deviation ,
Number | Tests | (106 N/m2) (10%) Comments
P - : (48 -5 50.67 9.04
Untreated o I S
o 40 6 ~ 59,10 4.82
30 3 41.34 6.11 | 10% CaAc Sol Dip
31 3 39,76 1.99 | 25% caac sol pip
L 331 2 37,38 0.65) |10% Sol of 50/50
gglutlon ~ v } Mix of CaAc and
p 34 3 38.35 0.79) |Liac
38 6 61.46 4.05 10% Sol of 25:75
. B s * | Mix of CaAc and
43 8 50.95 2.99 LiAc
‘ 42 5 47.56 3.00 Acrylic acid
Acrylic . coated followed
Acid 44 3 25.55 1.67 by dropping in
Treatment 10% Sol. of 25:75
45 3 20.86 1.18) | mix of CaAc LiAc

s sl L b i

*Based on the retention of good mechanical properties (in contrast
to the other treatments shown in this table) and the good elec-
trical hazards alleviation, this 25:75 Ca:Li Ac treatment appears
to be the best of those explored.
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" It is of interest in these studies to determine the service
life of the comp051tes and more especially to determine how the
catalytic treatment (for the electrical hazards alleviation)
interferes with the useful serv1ce life. It is natural to

- suppose the inclusion of the catalyst in the composite would

“, increase the basic degradation rate even at (normal use) standard

temperatures. If this is indeed an important factor, the useful

service life of the modified compOSites could be 31gnif1cant1y

‘{tshorter than the state-of-the-art comp051tes._ Thus the need is
felt for some technlque of determining the service life before

~ the materials are put to use. The problem is essentially one of

'"predicting the change in the fundamental properties w1th time.

Under the ba51c assumption of a first order Arrhenius

degradatlon mechanism for the matrix, the normalized bond den51ty

‘is written

- g% = N B exp (-E/RT).

- The limitations of using such a global equation for
describing the complex heterogeneocus reactions are clearly
‘recognized. 1Its use is thought to be consistent with the general
level of sophistication in conducting these experiments which are
also global. '

The above equatlon considers only the random thermal
degradation and does not have information on the other possible
effects due to chemical degradation or effects due to strain of
the material (mechanical degradation). - In the absence of

thorough data, ‘the basic aging equation may be written,

PN (g, c)8 exp (-E/RT)

4~11
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where ¢ (g, €) is some function of the geometry and strain in the

structures, the long chain entanglement, creep and related
“f,matters, is that there is no & PﬂLO&L justification for assuming
that the results from aging studies at zero stress (stratn) are
Y : i ¥ indeed applicable for structures that are normally stressed in
.. service life. Considerations of molecular'structures and their
. 5:f-f“t'felation to the ultimate mater1a1 properties indicate that the
| tultimate stress of composites is related to the ingredient
"property values and the nature of the interface between tne
V?Vma.rix and the fibers. 1if these'effects are adequately nandled
"by a function fn(g, e), the ba51c aging equation may now be

.'written,

d

t

1de ., - fn(g, €) B exp(-E/RT)

Here ¢ is.the ultimate strength in any mode.: Let'us, for the
moment, concern ourselves with the extensively used ASTM short

_ peam shear tests. Thus © is the short beam shear strength for
the composite material. ‘Given the nature of the function fn and
the constants B and E, the service life can be predicted as the
time needed fot the degradation of the ultimate short beam shear

strength by a predetermined amount (1%-5%).
It is obvious that under normal conditions‘the tests will

have to last years, for any good composite would certainly have

several years of useful life. In order to expedite laboratory

4-12
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~accelerated aging studies have been in use. The basic aging
‘the degradation and aging. Tests conducted at elevated

llifé under normal temperatures in a straightforward manner.

Despite extensive work in the general area of service life

to be available. The best aQailable method appears to be thé one
- given by‘Lewis et al. (Referenée 14) on adhesive polymers. » ‘

© However, this method needs, as input values, the property values

tests and to obtain a large bank of data within reasonable time,

equation indicates that tempenature can have a strong effect on

btemperatu:es éan yield results that may be translated to service

prediction, a“universally acceptable methodology does not appear

as a function of temperature. =~ - o T o T

{l rﬁe bibce&ufelféllowed in thié invéstiéation is to étbre the
compbéites ﬁndef zefé aﬁd 50% ultimate strain at differenﬁ tempera-
tures, éﬁd to extract the samples after different durations of time
fo test théir‘short beam shear strengths. The changes'in the short
beam shear strength as a function of temperature and as a function
of time would enable a determination of the constantsbB, E and also
the nature of the function fn in the basic aging equation. Either
through calculations, or through direct extrapolation to normal

service temperature of the high temperature data, the useful service

‘life could thus be predictéd.

Aging Tests

‘The short beam shear and open air burn tests showed that

‘sample No. 38 had the greatest combined strength and fiber

4-13




'release reduction. Therefore, thls sample was selected along
b'f;’ thh sample No. 40 for accelerated aglng tests. As in the mech- '.b NP
.anxcal propertles tests, the aglng study was to be a comparlson '_ : 1v 3
of state-of-the—art and catalyst treated composites. The srze

_ fsamplerused was the same as for the short beam shear test.

The aglng tests were conducted us1ng several varlables'

temperature, stress and m01sture. Samples were examlned at . .'_‘ iy

| :varlous 1ntervals' 1 week, 4 weeks, 12 w'eks and 16 weeks.' Two _ o ;
"temperatures were used 26°C and 71°C. Testlng for m01sture was>
- achleved by submerglng the sample in a v1a1 of water. The exten-

'.’51ve R&D work sponsored by the Air Force in thls crltlcal area

of water soak and sen51t1v1ty is acknowledged

Stress was applied to simulate the conditions present in the

S Iad e & b e G e AT A

short beam shear test. Stress was applied by a specially selected ?
v»metal jig with a screw loader. Fifty percent of the initial
breaking stress (§28 x 106 N/m?) was desired. This was achieved

by causing the same amount of deflect1on in the beam as in the short

' ,beam shear test.

The results of the temperature and stress tests are given in
Table X. The data, from which there were no observable differences

'detected over the period of the aging tests, are graphed in Figure 14.

The treated samples used in the moisture study showed a sharp '

decrease in their short beam shear streﬁgth as shown in Table XI.

4-14
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Table‘X: Short Beam Shear Strenygths (106 N/m2) of Aged Composites
. (standard deviation of tests is shown in parentheses.)

_ Samplé No. 40 Sample No. 38
Untreated Lithium/Calcium Treated
26°C 71°C 26°C 71°C
’ : 50% 0% 50% 50% 0% 50%
Time Strain Strain Strain Strain Strain Strain
Initial 59.10 - - 61.46 - -
- (4.82) (4.06)
1 Week 62.08 58.50 ' 57.30 63.97 56.91 67.57
. g (7.79) (8.30) {(8.26) (4.16) (8.95) (3.92)
4 Week 60.86 57.91 57.84 | 61.79 64.58 61.37
(5.63) (7.46) (4.75) (6.99) (1.71) (4.14)
12 Week 59.90 54.48 54.13 65.24 57.16 63.59
" {5.81) -{7.48) (8.85) (3.64) (5.98) (12.1)
16 Week - - - 59.59 | 57.87 | 57.22
{1.30) (2.22) (3.00)
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The untreated samples, however, showed no slgnlflcant change. The

,3 most probable cause of thls effect is the solubilzty of the calcium '_ (2

E 'Ait";g;given in Tab’e XI. ) It xs apparent that the formulatlon with the

'rlpropert1es.

S W1th1n the temperature ranqe and stress levels, no

'J}dxscern1ble change 1s apparent e1ther 1n the_state-of-the-art or f‘qL

|

| £ ,

; ;{;vj’f_stcussion
|

|

A"‘ixn the catalyt1cally treated samples.< The stat1st1ca1 spread ;-ii:f*
ﬂ”i(Table X) 1s in favor of thrs conc1u51on. Of partlcular,‘*‘.‘fw”'vw
lflmportance 1s the relatlve chanqe 1n the serv1ce 11fe between theE;Ei
“':.two famllles. None is apparent. Hence, based on *h1s proqran of“s:
o accelerated agxng, the conclusion appears to be that the
catalyst inclusion does not adversely affect the servxce ll’P at d
nornal tenperatures and up to 71°C. In the tests that went up
to 51xteen weeks only the treated (three of the 51x) sets could
be retaxned. Of these three,_based on the averaqes of valucs _
:l_f'tlll the 12 week perlod-. the 50% stralned sample shows 11%' v

reduct1on 1n strenqth, the 0% straxned sanple at 71°C shows 3%

. :,More tests are needed before thls 16 weok data can be o
| . ‘ ffostatlstlcally 1nterureted.n The effect of water-soaklnq hao to be..
| o explored further.v Also more deta11ed tests are des1rahle to'
',‘auqnent the short bean shear strcnqth tests 1n the qeneral area'j;

~. of aqging studies.

“t;ff4fi7 ?fjg.;.,li'»af:.s

:fifand lithlum salts used as +he combustzon catalyst.. (The results are R

R ,dfvcatalyst must be modlfled so that water—soaking does not affect the_ilf“' )

reductxon and the 50% strained sanole at 26°C shows 6% reductron.‘“;yf.ﬁTV ,,jw




. Table XI: Short Beam Shear Strengths (105 N/mz) of Water-
. C : - Soaked Compos ites,

: (Standnrd ng1at10n of tests is shown in par«nthnxos.)

Sample #48 . o umplv 438

Untreated L)thlum/C|l<|nm Troaled
Initial | 50,67 o 6l.46
S (9tosy o (4.06)
1 wWeek | 61.58 o 43,83
- e (4.90) . (0.80)
4 Weok . sg.01 - 41,49
o 4oy L (2.43)
12 Week | 58.74 C T 40.38
o v 0 (4.87) Lo (1.69)
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V.  SURFACE-WETTABILITY AND THE ACRYLIC ACID
: : POLYMER DEVELOPMENT

Application of Catalyst via Ac:ylatesb

Once calc1um had been 1dent1f1ed as one of the most
effectxve catalysts, -an effective nethod of applzcatlon had to be
;developed. The orlglnal method of appllcatlon used was to d1p
the woven fiber cloth into a solution of calcium acetate and let
it dry.. This method had a serious drawbaek, in that it was not
- poss1ble to get a thxn even coatln- of £hé catalyet en,the
fibers, The calcium acetate tended to clump teeethef in some
-‘spote, leaving areas of the fiber that were uncoeted. This
'caused uneven ga51f1cat10n of the flbers, resu1t1ng in large

"chunks of flber flylng off before they were completely gasified.

.A solution to the coating problem was £cund by pre-~treating
the sample with a solution of polyacrylic acid. The acrylates
ere excellent film-forming compounds that are commonly used in
floor waxee. The chain polymers of *“he acrylates ca:* be
cross-linked by any divalent metallic ion, in this case calcium
(seeAFigure 15). This cross-linking result.” in an insoluble

coatiné of the catalyst on the fibers.
The acrylate coating was applied by soaking the woven fiber

sample (10 cm x 10 cm) in polyacrylic acid (Goodrite K-702, 20%

solution in water). The sample was then blotted and dried for

5-1
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approximately two hours at about 120°C. After the acrylate

: ooating had dried, the fiber was immersed in a boiling calcium

acetate solution (10% by weight in water). The divalent

»calc1um ion cross—llnked the chalns of the acrylate polymer,

- forming an 1nsolub1e coatlhg. The fiber sample was then re-dried

at 120°C. The‘sample was washed with distilled water to remove

-any ca1c1um (1n the form of ca1c1un acetate) that had not reacted g

vthh the acrylate. Thus, the only addltlon to the orlglnal flber

sample is calcium acrylate. The averge welght gain due to the

ca101um acrylate was about £1ve to six percent.

The even dlstrlbutlon of calcium throughout the sample was

'observed through the use of the Scannlng Electron Mlcroscope

(SEM),as shown'ln Figure 16 where solution d1p and acrylate

‘treatmeont are compared.

Improvement of Catalyst Through Use of Lithium

The addition of lithium to the calcium catalyst

significantly improves the gasification of the treated carbon

fibers.  1.ere is a definite improvement in both the

solutiou—dipping method and the acrylate method,

When lithium is added (as lithium acetate) to the calcium
acetate catalyst, the coating is improved in many ways. First,
the resultant coating is a thin, even coating on the fibers,

lessening the uneven gasification problem. Second, the

5-3
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. SAMPLEA  2KX

" 'Calcium acetate catalyst treatment on
T-300 with simple solution dip.
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SAMPLE 4A  2KX

Calcium acetate cata]yét treatment
on T-300 with the acrylic acid vehicle

Fig. 16. SEM Photographs Showing the Vast Improvemnent in
Catalyst Dispersion with the Acrylic Acid Vehicle.
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. lithium forns a glassy'substance when it is burned which tends to
~heold the fiber together until it is complcetely gasified. The
" thira benefit due to the addition of lithium is the significantly

‘_lowervweight gain due to the catalyst.

In the case of the acrylate treatment the maih'problem that

- arose was the excessive cross-linking of the polyacrylate chains

 [,'by the ca101un catalyst. hhen llthlum is added to the golutlon,v3i

””flt uses sone of the cross llnL 51tes that ‘had been uoed by

'”;ca1c1um, resultlng in a nore flex1ble materlal. ’The advantdce

"due to the lesser welght of the 11th1um/calc1um catalybt are also

A‘present in thls treatnent. _

The catalytic solutlon 15 naoc by m1x1ng a 10@ by weight
 aqueous solutlon of lithiun acetate and a 105 by welght agueous
‘'solution of calcium acetate. The raclo of lithium acetate to

calcium acetate is 75 to 25. rThe catalyst May be applied to the
‘carbon fibers either by solution-dipping or by the acrylate
1vtreatment. ‘The solution-dipping process consists of dipping the
fiber into the acetate solution and drying it for use in a
composite. The acrylate treatment involves coatihg the fibers
with a poIYacrylic acid, drying the fibers and then.reacting them
..with the boiliné catalytic solution. fThe semple is tﬁen re-dried

and ready for use in a composite.

The composites were tested for burning characteristics and
physical properties. Gasification of the fibers was markedly

improved by the use of lithium in the calcium catalyst.'
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‘VI. SUMMARY AND SPINOFFS

The ba51c objectlve of this work was to pursue tasks almed ] i
"at 1mprov1ng carbon f1ber comp051tes through process o
mod1f1cat1ons- spec1f1cally it was the aim to alleviate the
potential electrlcal hazards problem through catatytic
'gaA&étcatLon of the flbers in an a1rcraft crash fire 51tuatlon.
_The results reported here show that th1s ba51c objectlve was

achleved.

In add1t1on, 1t was necessary to pursue a series of tasPs to
'show that the modlfled comp051tes do meet the varlous
:requlrements of structural comp051te materlals. These.included
proce551ng, mechanlcal and aging character1st1cs. Lhe results
“:obtalned show that the proce551ng of the conpus1tes at JPL is
practlcally at a standard attalned by the 1ndustry and other
national laboratorles. The modifications of the fiber and the
oomposites to catalytically gasify the fibers have been effected
in a manner that result in a small loss (10%) in the mechanical

- properties; the aging or the service life is not effected

- adversely. . For even‘dispersion, the catalets are included

through a film-forming acrylic acid polymer over the fibers.

The catalyst selection itself was guided by a general theory
of catalysis by Krylov. Elements in the periodic table were
identified as possible catalysts. These include Group II metals.

Based on a preliminary model of catalysis, the acetic acid salts

Lot W it

idald e AR i v

N,




were tried. Calcium acetate was found to enhance the reaction
rate of the fibers in air. Approximately 1.8% by weight of the
calc1um acetate (relatxve to the fiber wexght) was found to be
suff1c1ent to completely ga51fy the beers in air. The treated
: flbers, when 1gn1ted, glow and cont1nue to do so, even upon
removal of the heat source. The glowing reactlon zone does not

jpropagate to any area not orlglnally exposed to the heat source,

- No gas phase flame ls vis1b1e and only the mlneral ash remains.

fThese latter three characterlstlcs are des1rab1e from the 901nt

of v1ew of not renderlng the mater1al less fire safe in

attemptlng to solve the electrlcal hazards problem. By contrast,

'the state-of-the-art, "as recelved” flbers do not self—sustaln

combust1on 1n a1r when the source of heat is removed.

Synerglstlc effects have been found among catalysts. fhe
synerglsm has to do both w1th the enhancement of the reaction
rate 1tsell and with the behav1or of the residue {(mostly mineral
matter). A mixture ofbcalcium and potassiun acetate,tested in a
5 Differential Scanning Calorimeter has been found to be far more
‘effective in producing exothermic reactions in carbon particles
compared to either salt alone. The other type of synergism has
"‘been 1dent1£1ed between calcium and lithium salts. The addition
of lithium has shown that the melting point of the complex
iresidue is lowered sufficiently for a melt to form on the fibers.
This meltvlayer holds together the fibers which otherwise have a
tendency, sometlmes, to break loose from the bundle‘and fly off.

Here, the addition of lithium salts has proved invaluable. The
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lithiumn acetate in comb1nat1on w;th the calciun acetate forms a

conmplex w1th the reaction products. This complex melts and flows
around_the fibers to hold thcmrtogether. This type of syneryism
has proved very valuable in preventing fiber release_in catalyzed

. carbon fiber composites.

. The genetal problem of nonwettablllty of carbon/graphlte
1sur£aces has been overcome throubh the development of an acryllc ”
”f.ac1d polymex system thh chemlcally bonded catalyst atoms in the
polymer. Thls actyllc acid polyner sytten is seen to d1sperse

he catalyst unlformly over the surface.

The nechanlc;l property, es deternlned by the ACTM short
beam shear test, shows compatxble value° to the state—of the-art
'comp051tes manufactured elsewhere. .mhe catalytlcally treated
lcomposites snow'approximately ten percent deterioration in the
mechanical'property. Ways to regain this’lost strength can be

pursued.

In an attempt to determine the effect of the catalytic modi-

fication upon the service life of the composites, accelerated V

| aging.studies were conducted. The composite samples are stored
for prerammed lengths of time at elevated (71°C) and normal (26°C)
temperatures under both zero and stressed (50%.u1timate shear)
conditions. The short beam shear strengths of the samples aged
thus show no discernible change in the nechanlcal propertles.
Thus, it is concluded that the catalytic enhancement of fiber
reactivity does not appear to adversely affect the service life

of the composites.

6-3




Thexfiber fragnenfs release characteristics of the

comp051tes wre determxned (i) in the NASA ARC “Burn-Bang" box and

'(11) in the JPL/LaRC hlgh voltage grld destructor. The fiber

v'fragments and the composite debris collected in the Ames box are

avallable for analyses. The real time in situ count in the

» JPL/LaRC apparatus shows that hardly any conduct:ng fibers were
o released in the treated comp051tes while substant1a1 quantltles
'iﬁof flbers were released from the state-of the—art comp051tes."

':Based on the proce551ng, mechanlcal propertxes and the e1ectr1ca1

hazards allevxatlon taken together, a mlxture of calc1um and

?llthlun acetates has been found co be a very effectxve f

-treatment.

Fundamental studles pursued under r‘on ract:No. 955236 at

!Pennsylvanla State Unlverslty 1dent1£1ed bas;c mechanlsms in the
"=react1v1ty of carbon f1bers in air. Surface area measurements by

'gas adsorption techniques reveal that the pore structure of the

fibers may have an important effect upon their reactivity.
Treatment in nitric acid has shown a great improvement in
subsequent susceptibility to catalytic enhancement of reactivity

by Group II metal salts.

The following areas have been identified for further study.

Some of these are in areas of general national concern.
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S 'compos1tes, extrusxon through a ribbon—former (much like in

(1) Composite Materials
The effect of compositional variations in the fibers has to
be studied, particularly sedium, which has been reported to vary : 3%

~over a ratner wide range as an "1mpurity in the fibers.. The

react1v1ty of the fxber in air is d°pendent upon the sodxum "55
’ content. A systematlc study is needed to .answer questlons with

‘7fregard to the effect of sodlum on the long term react1v1ty of

“'flbers.“a
Chopped £1ber composztes have been suggested as 90551ble for
"greatly reduc1ng the processxng time. Instead of random fiber

-orlentatlons that would occur under ordlnary cond1tlons with

‘:propellants) can be followed. The initial data shown in Table

XII indicate that the short beam shear strength of the cast

Sl b et i

composi;es'is close to that of the unidirectional fiber layup
composites. More research is needed to eptimize the ratio of
useful fraction to the total material used in such cast

conposites.

‘éonSidering the‘brevaiiing‘thoughts that'nest of the
nstrength and stiffness ef the fibers come from the highly ‘f»
‘ graphitic‘and orienﬁed outer shell witn a lesser contribution B
from the inner core, hollow fibeis are‘suggested for vastly

improved strength-to-weight and stiffness-£0*weight ratios of
structures.'“Processing of the fibers starting with available

noliow preeursors is suggested as a promising area for further

research.
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Table XII:

LRI | e Aiee e A P e y

Comparlson of State-of-the-Art Unldlrectlonal
and Cast Composztes.

-~ SAMPLE NO.

SHORT BEAM SHEAR

50
o 78-2

ﬂiCF-l

| Nercules 3500 99,075 |

MATRIX . STRENGTH (106 N/m2)

‘Fiberite 934 109,75

Fiberite 934 100.21 Ccast Composite

S;é;e-qf-thé-art

6-6

oF
1

3
R
4
1
t
;
¥




For'effective utilization of the matrix fiber system (where
the matrlx 1s obvxously the weaker component), prestressing the

compos 1tes durxng processlng is suggested. Such prestressing can

'_- result in nore effectlve u;illzation of the matrlx—flber

comblnatlon ug to the ultxmate load. Larger deformatlons at
' faxlure (a hlghly desxrable characterlstxc for commercxal or
'enon-mxlxtary vehxcles) have been seen 1n tbe prellmlndry work at

,fJPL on prestressec 'onpOSLtes on an equal welght ba51s.

(2) General Area of rarbon React1v1ty

_ The partlculates exhaust problen fron the D1esel autonobzle
"7:has been 1dent1f1ed as an 1ssue of natlonal concern. The
:powerful catalysts found in tnls study for carbon/graphlte ox1da-v
.txon and combust1on may hold promlse for catalytlc gaolfxcatxon

of such carbon partxculates from D1esels.

Coal combustion is another area of national concern. The
catalysts found during the course of this study have shown ap-
plxcablllry to coal catalytic combustion also. There are
'1ndlcat1ons that cataly ic enhancement of coal combustlon could
! result in smaller furnaces for a glven throughput rate and 1ower‘

"pollutants also.

" In.conclusion, the present work on the”cétalyric enhancement
of carbon fiber reactivity through process modifications has in-
dicated promisingxareas for further research besides alleviating

the electrical hazards problem of carbon fiber conmposites.
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.. Enhancement of the reactivity to air of polyacrylonitrile-based carbon S
fiber cloth has been achicvad by the addition of metals to the cloth.. Prior to -
~metal addition, the cloth was oxidized in 54 wtZ nitric acid in order, both, to

. Ancrease the surface area of the cloth and to add carboxyl groups to the surface. :
Metal addition

um, sodium, calcium, and barium enhanced fiber cloth .. i

carboxyl groups.. - ”3 3

3 K. Extended studies using potassium addition showed.that':'

oth reactivity to air depends on: extent of cloth
time of exchange in potassium acetate solution, aad the
etal acetate from the fiber pore structure following .
_ ~With increased potassium loading on fiber cloth which has undergone
a fixed extent of prior oxidation, cloth reactivity in air reaches a maximum - -
and in ‘some cases decreases. Optimum loading is ‘associated with potassium
‘added by exchange; additional loading is associated with potassium added by A
- decomposition of acetate not removed from the fiber pore system by washing.: T
“Cloth reactivity increases essentially linearly with increase in potassium
:agq;cion'via,éxchange,. L ' L G e
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SUMMARY

.- The purpose of. this experimental study was to enhance the reactivity to air
of carbon fiber cloth, supplied by Woven Structures using polyacrylonitrile~
based T~300 carbon yarn produced by Union Carbide. The approach used to eniiance

. reactivity was to add metal catalysts to the cloth by ifon exchange. Prior to

exchange by contacting the cloth with metal acetate solutions, the cloth was
oxidized at 388 K in 54X nitric acid solution to increase the surface area of
the cloth ard to add carboxyl groups to the surface.* Metal addition was then
effected by exchanging the metal caticn with thie hydrogen on the carboxyl groups
at 343 K+ Reactivity of the metal-loaded fiber clotii was studied in 0.1MPa of

“air at 573 K. Reactivity was enhanced by the addition of potassium, sodium,

calcium, and barium. Exterded studies using potassium showed that success in
enhancing reactivity depends upon a number of variables. Variables investigated
were: (i) extent of cloth oxidation in nitric acid, (ii) time of exchange in
potassium acetate solution, and (iii) thoroughness of renoving metal acetate
from the fiber pore structure following exchange. It is shown that there is an
optimum potassium loading at each oxidation level, associated with potassium
added by exchange. Further loading by potassium originating from the acetate
not removed from the pore system by washing can in some cases lead to a decrease

- in cloth reactivity in air. For the maxinun reactivity achieved, carbon

burn-off in 8 hr at 573 ¥ was increased from <1% for the as~received fiber cloth
to 75%. Potassium loading on the cloth was 0.79 wtZ%.

It is concluded that carbon fiber cloth reactivity to air can be sharply.
increased by cation exchange once the accessible surface area of the fiber has
been increased and carboxyl groups added to its surface by oxidation in nitric
acid. The limitation of the method is that fiber cloth oxidation will lead to
reduced strength and modulus in the cloth. Therefore, it is expected that there
will be an optimum degree of oxidation where both fiber cloth reactivity and

‘‘mechanical properties of composites fabricated from the cloth are enhanced.

*|

Note: It is well known that treatments such as those with HNO tend to
increase the polar character of the fiber surface, whicg‘may
decrease the environmental stability particularly with respect to
moisture. This aspect needs to be studied further.
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1. INTRODUCTION

e T .

Concern has arisen over the potential for accidental release of carben
fibers from resin matrix composites shovld the composite become involved in
a fire (1). Thus for some applications there is interest in enhancing the i
reactivity of carbon fibers to air. : ' R

It is krown that reactivity of carbon to oxidizing gases can be increased
by increasing the :ccive surface area (ASA) of the carbon and by adding.
inorganic catalysts to the carbon (2,3). There have been a aumber of studies
on increasing the surface area of carbon fibers using oxidative etching in
order to subsequently enhance their bonding to the resin matrir (4). Probably
the use of nitric acid has been the most common (4-7). Until recently,
inorganics have been added to carbon primarily by impregnation of the carbon
with a salt solution, followed by drying, and Jecomposition of the salt (3).
More recently, it has been shown that well dispersed inorganics (cations) can
be effectively added to carbons using ion exchange with the hydrogen on carboxyl
groups (8). This has been the approach used in this study in an sttempt to

' enhlance fiber reactivity to air.

2. EXPERIMENTAL STUDIES

2.1. Materials

. gtudies were made on carbon fiber cloth woven by Woven Structures, Inc.

from T-300 carbon fiber varn grade WYP 30 1/0 manufactured by Union Carbide (9).

The polyacrylonitrile-based (PAN) yarn consisted of 3000 filaments (7um in
diametaer) in a one-ply construction. The surface was treated with about 1.0-1.5
wt® proprietary sizing. Selected properties of the fibers in the cloth are given
in Table 1. The small crystallite size (L) of the fiber cloth and its high
nitrogen content (that is, 6.5 wt?) is congxs:en: with its having been heated to
less than 1800 K (10,11). Preferential basal plane alignment along the fiber
axis results in a low surface area for the fibers, as measured from Kr adsorption
at 77 K (using the BET equation), and a small amount of porosity accessjble

to helium at room temperature. In fact, the Kr surface area of 0.37 m™/g agrees
well with the geometric area of the rilaments (0.33 mllg) based on a diameter

of 7um and density of 1.71 g/cm3. It is significant that the fibers had a
substantial total pore volume as calculated from x-ray and mercury densities,
that is a total porosity of 20%, but that abocut 78% of the total pere volume

was inaccessible to helium. : '

o e Lo et bl o s 19255

A semi~quantitative spectroscopic analysis of inorganic elements present
in the fibers in the cloth is given in Table 2. Consistent with the {indings
of others (12), the concentration of sodium® is found te be considerably
higher than that of any other metal in tha treated PAN fibers.

*1n Jdiscussions with JPL personnel, they report f indine wide variations in
sodium content in PAN fibers. It is to be emphasized that our analysis was -
on just one batch of T-300 £iber c)ath. Variations in sodium content in PAN
may be due to such variables as: type of initiator used in polvmerization,
whether 1 sodium compound was present during the PAN spinning cperation. and
cation content in the wash water. '
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2.2. Oxidative Fiching

Different weights of cloth were refluxed in 54% HNO, solution
(normality of 11.7) at about 388 K for 10 hr to: (i) increase the fiber accessible
total surface area and ASA and (ii) add carboxyl groups to active carbon sites.
Even for the highest cloth to solution ratio used (30 mg cloth/cm3 bolution). the
acid concentration of the solution was still high following oxidation; that is,
it had a normality of 10.2. Oxidized samples were washed with distilled water
- under refluxing conditions for 40 hr and then dried at 383 K.

.”' 2.3.' Ion Exchange

. Replacemenc of hydrogen on che carboxyl groups of the HNO -oxidized

’-fibers by meial cations was accomplished by shaking about 0.25g of fiber ¢loth
in a 50 em3 2.0 molar solution of metal acetate in a N atmosphere at 343 K for
various periods of time. The procedure is described in more detail elsewhere
(13). Following exchange, the samples were washed either in flowing, cold

-~ distilled water or by refluxlng in hot distilled water for varying periods of
'cime. ‘ L

2.4, Reacciv1:y Measurements

* Reactivity of fiter cloth samples to 0.1 MPa of dried air was

measured using a Fisher Model 460 TGA unit. About 5 mg of sample were held
~4in a platinum pan, suspended from a Cahn electrobalance. 1In all :ases, samples
were first heated to 383 K at a rate of 20 K/min in N, and held for 30 min

to remove weakly adsorbed water. TFor reactivity runs at 573 K, heating was
continued in N, at 20 K/min up to temperature and held for 30 min before
switching to air. Rates of burn-off at 573 K were expr2ssed on a dry-ash free
basis, that is following removal of water at 383 K. Gas flow rate through the
reactor and sample weight in the platinum pan were such that an external gas
mass transport effect on reactivity was absent (2).

3. RESULTS AND DISCUSSION

3.1, Nitric Acid Oxidized Fiber Cloth

Oxidation of carbon fiber cloth in nitric acid decreased the level
of inorganic impurities, increased surface area, reduced cloth reactivity to
~air, but produced a negligible change in L, or interlayer spacing withia the
crystallite. For example, oxidation for 18 hr, using a cloth to HNO4 ratio of
6.0 mg/cm3, reduced the sodium concentration {rom 0.2 to 0.03 wt?, calcium
below 0.03%, and barium below 0.003%.

As seen in Table 3, surface area development depends upon the ratic of
welght of fiber cloth oxidized to volume of acid used for a 10 hr oxidation
time. Surface areas were measuraed using Kr adsorption at 77 X and the BET
equation with 30 min allowed fo- equilibration of each adsorption point.
Outgassing temperatures between 383 and 573 K prior to adsorption had a




negligible effect on Ki adsorption. The particularly large increase in surface
area in going from a cloth to acid ratio of 6.6 to 6.0 mg/cm3 was accompanied by
a significant change in the chemical analysis of the fiber cloth. That is, the

_original cloth aud those oxidized using cloth to acid ratios of 6.6 and greater
" had carhon contents between 93.2 and 88.4%, nitrogen contents between 6.3 and

6.8%, negligible hydrogen and sulfur, and the remainder oxygen and water. The
cloth oxidized using a cloth to acid ratio of 6.0 had the following analysis:
c, 70.9%; N, 4.9%; H, 0.73%; and balance, 23.5%. Cbviously there is a large

" increase in oxygen and water content in this sample; bur oxidation added

negligible additic~al nitrogen to the cloth, for example as nitro groups.

. Heating the sample v 383 K in NZ rasulted in a weight loss of 117 which is

attributed primarily to release of water which was hydrogen bonded to oxygen

- functional groups on the fiber cloth surface. Further heating of the sample

to 573 K in N, resulted in an additiounal weight loss of 10% of the dried fiber
cloth, which is attributed primarily to loss of CO, following decomposition of
carboxyl gruups from the fiber surface (15). S '

B Aséuﬁing that 12.52‘of the oxi&ized fiber cloth (Sample D) is oxygen in

'>fthe form of carboxyl groups and that each carboxyl group occupies an area of

0.083_nm2 (associated with an active site in the prismatic surface of a carbon
crystallite), the area occupied by carboxyl groups is estimated to be 195 mz/g.
This area is considerably in excess of that measured by Kr adsorption at 77 K
on this sample and suggests molecular sieving (16). That is, HNO, at 388 K was
able to penetrate significant pore volume which was inaccessible to Kr at 77K.
Or possibly on3 gained access by swelling the fiber. That oxidized fiber

~cloth sample D was a molecular sieve was further confirmed by measuring COp

uptake ag 298 K. From the Dubinin-Polanyi plot (17), a micrcpore surface area
of 139 m-/g is estimated, again a value considerably in excess of the arca

.measured by Kr adsorption at 77K.

Reactivity of the as-received fiber cloth in air at 573 K was very low;
that is less than 1% weight loss in 10 hr and less than 4% weight loss in 70 hr.
Reactivity of the HNO,-oxidized sample D was still lower, that is 0.6% in 10 hr.
Presumabiy this decre3se in reactivity can be attributed to reduction in inorganic
impurity content over that of the as-received cloth.

3.2. lon Exchanged Fiber Cloth

) In exploratory studies, potassium, sodium, calcium, and barium were
exchanged onto the fiber cloth surface. As expected (3,18), they all catalyzed
cloth reactivity to air at 573 K. However, for each cation, reactivity did not
increase monotonically with increased loading; instead it went through a maximum.
This would not be expected if the metal was added only by ion exchange (8). It
was thought that some metal may have been derived from the metal acetate solution
which was not completely removed from the cloth pore structure by washing. A

"more thorough study was performed using potassium, which is described herein,

* S ‘
- "The latter finding is consistent with results of Deno who reports that a
‘significant number of nitro groups are added to aromatic systems only when

reacted with nitric acid at concentrations considerably in excess of the
54 wt useda in this study (14).




in an attempt to understand relations between cloth reactivity and how the
metal was added. .

In the first set of expefiments. the cloth which had been oxidized using

‘a cloth to HN03 ratio of 30 mg/cm3 (Sample A) was exchanged in a potassium acetate

solution (starting pH of 8.4) for 50 hr. The sample was then washed by refluxing

- 4n hot distilled water for varying lengths of time to remove potassium from the

pore system. Figure 1 presents results for the amount of potassium remaining on

.» . the cloth as a function of washing time. It is clear that metal .loading will be
. a function of not only the extents of oxidation in HNO. and subsequent cation
 excharge but also the severity of final washing. The Curve in Figure 1l is
; characteristic of two concurrent processes of significantly different rates. It

is suggested that the rapid process involves removal of the acetate from the
pore system and ‘the slow process involves back-ion exchange of hydrogen from hot

. water replacing potassium on the carboxyl groups. Extrapolation of the lower

" eurve back to the ordinate yields a potassium concentration on the cloth at

. zero time of about 0.07%, which is taken as the maximum value of cation loading
- under the conditions of previous cloth oxidation and fon exchange used. It is

. concluded that following washing by refluxing for about 5 hr essentially all
;':potassium derived from the acetate has been removed from the pore system and the

potassium remaining is associated with carboxyl groups. For refluxing times

" progressively shorter than 5 hr, the contribution of potassium derived from the

acetate to total potassium present increases sharply.

If we reason that the rate of back-ion exchange is more temperature

“dependent (that is, has a higher activation energy for its rate constant) than
" the rate of washing of the acetate from the pore system, then the use of cold

water should separate the effects of these two processes still better than hot
water. Thus washing of the cation exchanged cloth was also conducted in a
continuous flow of fresh cold water (where an acetate fon concentration was not -
allowed to build up in the wash water as with refluxing). Following washing

in cold water for 1 hr, the potassium concentration on the cloth was 0.078%,
suggesting that essentially all acetate was washed out of the pore system but

that little potassium cation associated with carboxyl groups had been removed.

Reactivity plots for the fiber cloth samples containing amounts of
potassium varying from 0.006 to 0.265% are shown in Figure 2 for reaction times
up to 8 hr. In some cases duplicate runs were made; in these cases data points
give the average values and bars give the spread in values. Even though there
is a monotonic increase in reactivity with increasing potassium loading, it is
obvious that the specific activity of the catalyst decreases at higher loadings,
as seen in Figure 3 where burn-off following reaction for 8 hr is plotted
against potassium loading. This could be due to at least three reasons:

- (1) decreasing dispersion of the exchanged potassium with increasing concen-

tration, (ii) poorer dispersion of the potassium derived from potassium acetate
than that derived from the exchanged cation, and (ii11) blockage of some of the
pore system. Krypton surface areas,of samples lceaded co 0.133 and 0.265%
potassium actually increased (1.9 m“/g) over that of the oxidized fiber

(1.0 mzlg). and thus pore blockage at this level of loading was not present.
The possibility that the degree of dispersion of the metal (or its oxide) is
different following decomposition of the metal carboxylate which is bonded to
the surface compared to decomposition of matal acetate particles (agglowerates)

~sitting on the surface is interesting to contemplate. A definitive answer does

not come from this study, but is an important question when considering catalysc
addition to carbon substrates and subsequent catalyst efficiency.
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In additional experiments, cloths oxidized using cloth to HNOj ratios of 6.6
and 6.0 mg/cm3 were exchanged with potassium acetate. For sample C, exchange was’

 conducted for 30 hr, followed by washing for 1 hr using either refluxing in

hot water or flowing cold water. Conrentrations of potassium remaining in the
fiber were 0.71 and 0.30 respectively. It is suggested, as just discussed, that '
the loading of 0.30% essentially represents potassium derived from carboxyl grovps
and that the loading of 0.71% represents potassium derived both from carboxyl

and acetate entities.. Enhanced loading from these two sources onto cloth sample

C over that found on exchanged cloth sample A is consistent with the larger surface
area (and pore volume) in the former sample. ‘ : N

The reactivity plot for the 0.30% potassium loaded sample is shown in
Figure 4. Over the 8 hr period, reactivity continuously decreases with
increasing reaction time despite a build-up in catalyst concentration in the carbon
remaining. This suggests that: (i) increasing agglomeration (sintering) of
catalyst particles is occurring with increasing burn-off, that is catalyst
dispersion is decreasing and/or (ii) the catalyst is losing contact with the carbon
surface. McKee and Chatterji have shown that the mechanism of catalysis of carbon
gasification by potassium involves oxidation-reduction steps (19). That is,
the higher oxide Ky07 is reduced by the carbon to K,0 which, in turn, Is reoxidized
to K70, by air. The rate of agglomeration is depensent upon the mobility of
the catalyst species.on the surface. Even though reaction temperature was below
the melting point of xzoz (663 K), Thomas and Walker (20) have shown that solid
catalyst particles can have hkigh mobility on carbon surfaces, particularly in
an oxygen envirorment. Further, Baker has shown, fiom in-situ electron microscopy
studies, that species on carbon surfaces in an 0, atmosphere cormmence having
significant mobility above their Tammann temperature, that is one half their
melting temperature, expressed in degrees K (21). Thus, at a reaction temperature
of 573 K, K,0, (having a Tammaun temperature of 332 K) would be expected to have
significant mobility on carbon surfaces.

Burn-offs in 8 hr for the samples lcaded to 0.30 and 0.71% potassium are
given in Figure 3. As with cloth sample A, it is suggested that there is an
optimum potassium loading to achieve maximum cloth reactivity for Sample C.
Additional loading increases reactivity only slightly ov may, in some cases, .
even decrease reactivity, as will nowbe seen.

For Sample D, exchange was conducted for 10, 30, and 50 .hr in potassium
acetate followed by washing in running cold water for 1 hr.  Lcadings of potassium

were 0.52, 0.79, and 1.8%, respectively. These results suggest that transport
‘of the acetate solution into and out of the fiber cloth pore system was slow

This is consistent with this oxidized sample having some molecular sieve

~character, as previously discussed. Figure 4 presents reactivity plots for the

samples loaded to 0.52 and 0.79% potassium. Again reactivities decrease
continually with increasing time of reaction. Burn-offs in 8 hr for all samples
are given in Figure 3. For sample D, again an optimum potassium loading is .
suggested; at higher loadings there is a significant decrease in cloth reactivity,
probably due to pore bloskage and/or coverage of the carbon surface with more

than a monolayer of potassium. That is, washing the sample, which was exchanged

- for 50 hr, in running cold water for 1 hrappears to have not removed all potassium

acetate from the pore system. If optimum loading is taken as about 0.79%
potassium and if it is assumed that each potassium atom was previously associated
with a carhoxyl group, it is calculated that the potassium carboxylate occupied
about 10 m-/g of surface. Again this is larger than the Kr area of oxidized

'




cloth saﬁple D and is consistent with molecular sievineg. However, the areab

is much less than that which was estimated to be occupied by carboxyl groaps

. following nitric acid oxidation (that is, 195 m2/g). This suggests that:

(1) potassium only exchanged on a small fraction of the carboxyl groups following
oxidation, (i) oxidation in nitric acid added both carboxyl, acidic phenolic and
lactone groups to the fiber surface, and/or (iii) nitric acid was not completely

. washed from the pore system.
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" 4. COMNCLUSIONS

The reactivity of PAN fiber cloth to air can be substantially increased
by the additioa of metals to the cloth via ion exchauge from metal acetate
solutions. However, since the surface area of PAN fibers (even those heated
to less than 1800 K) is very low, significant metal. addition via ion exchange
can only be achieved if the fiber is first treated with nitric acid to increase
surface area and, as importantly, to add carboxyl groups. The amount of metal
which can be added to the fiber is a function of the severity of oxidative
treatment, the time of subsequent exchange, and the degree of subsequent
removal of metal from the fiber by washing. Fiber cloth reactivity to air
appears to increase essentially linearly with increase in potassiur loading
~ via ion exchange. Additional potassium loading originating from potassium
. 'acetate left in the pore system of the fibers following washing appears to
increase reactivity only slightly in some cases and in other cases to, in fact,

result in reduction in fiber cloth reactivity. It is suspected that there will .

be an optimum in the extent of fiber oxidation to achieve enhanced reactivity.

" At the optimum, both fiber cloth re ctivity and mechanical properties of

. composites made therefrom will be enhanced. Too auch fiber oxidationwill lead
to an unacceptable reduction in mechanical properties of the composites
subsequently fabricated, even though fiber reactivity to air may be further
enhanced. : :

" A-11
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5.  RECOMMENDATIONS

- Etching of carbon fibers in nitric acid in order to introduce additional

. open porosity has been found by other workers to increase the shear modulus of
- fiber-polymer composites (4). The increase has been attributed to enhanced
bonding area between the fiber surface and resin matrix. We have now shown
that fiber reactivity to air can be enhanced by follewing nitric acid etching
(oxidation) of PAN fibers with addition of metals to the fiber surface by ion
exchange. It i3 recommended that research be started to study the effect of
the association of metal cations with carboxyl groups on the fiber surface on

" polymerization of the monomer in composite fabrication and on the subsequent

values of tensiie strength, Young's modulus, and shear modulus of the composites

- produced. Optimization of the system is felt to be of importance.
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 NEW TECHOLOGY

% New technology in this research involves the oxidation of carbon fiber
" cloch in nftric acid solution followed by the addition of metal cations to the S
ST R cloth by ion exchange with hydrugen on the carboxyl groups using the appropriate
e L metal acetate solution. Such treatment can markedly enhance the reactivity of -
s © . . i ‘carbon fiber cloth to air, the extent of reactivity increase: depe«aing on the
A amount of metal cation added :o the fiber cloth by ion exchange. ,v" '

e The innovators of this proeess a:e' T. A. Bapen. I. M. Ismail, _
j-O. P. Hahajan. and P L. Walket. Jr. »viun,.”ﬁv, : s e

S Information on Lhe process was repor:ed in informal reports submitted to
- JPL, dated April 17, 1979 ond August 1, 1979. In the April 17 report, a P
- description of the new tzchnology was covered cn pp. 2, 3, 5 ~ 8, and Figures 8' e
. and 9. In the August 1 report, a description of the new technology was .. N
Q:coveted on pp. 1 - 3 and Figures 1 - 4. . : W
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Table 1

- SELECTED PRO?ERTIES OF FIBERS IN T-300 CARBON CLOTH

”Surfﬂce Area, mg/g
Lom
._:jlntéflayér spacing, nm‘
E ;Hg'ﬁéﬁéit§, é/cm3
_X-ray density, ;;;/cm3
- He density, g,/cm3
. Total Pofosity, cm3/g
Opeﬁ'Pﬁrosity, cm3/g

‘ Closed Porosity, cm3/g
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0.37

Sl

10.356

1.7
‘ n2.14
1.79

0,117

-0.026

0.091




SR .  Table 2 |
" INORGANIC ELEMENTS PRESENT IN T-300 FIBER CLOTH
Element . S Amount, wt?

Na _ 0.2

c;A a;"7f'“,T””':°fff f@;03"."
',;»Fé'»j‘_v'i ..:'5 = .¢~°2
a T e
Cm .ff_i' 001
s o

Not detected: B, Sb, Pb, Ge, In, Bi, V, Ni, Co, Be,
‘ : sr, Ce, la, 2r, Y, Mn, Cr, Ag, Cd, Sn.

‘ Table 3
v'f, SURFACE AREA DEVELOPMENT IN T-300 FIBER
L CLOTH UPON HN03 OXIDATION

‘ Cloth to Acid Surface Area
' Sample mg/cc n-/g

'y 30 10
B | 25 L2
c 6.6 15

D 60 .23
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