S
T
N
Os
w
Q
fa)
=L

/N RL Memerandum Report 4486

Catalyzed Combustion of Carbon Fibers From

Carbon Fiber-Resin Composites

J. GaniEl, D. DOMINGUEZ. J. MACKEY, AND J. MURDAY

Surface Chemistry Branch
Chemistry Division

April 22, 1981

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.

Py

AELECTE '

DTIC

bl “ 42 032

Sifis ﬂww&%%# PR N AR



P

SECURITY CLASSIFICATION QF THIS PAGE (When Data Entered)

L ania A SeAs
k5 i o 4 A S B A R

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPDORT NUMBER 12. GOVT ACCESSION N

NRL Memorandum Report 4486 ﬁ D—— ﬁ / 7 S

3. RECIPIENT'S CATALOG NUMBER

.

4. TITLE (and Subtitle;

CATALYZED COMBUSTION OF CARBON FIBERS FROM
CARBON FIBER RESINCOMPOSI’I‘ES.

S. TYPE OF REPORT & PERIOD COVERED

Final Report 10/77—10/80

€. PERFORMING ORG. REPORT NUMBDER

T T e T L

7. AUTHOR(y

;- '| J.Ganjei, D. Dominguez, J. Mackey®, and J /Murday

8. CONTRACY OR GRANT NUMBER(s)

E‘ 9. PERFORMING CRGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECY, TASK 1
E ‘ Naval Resem-ch Laboratory . /7 . AREA & WORK UNIT NUMB!RS
N T . s C 82761N; WF61542001 o
‘ Washington, DC 20375 ) A S
ngt A/-,,lw,. A 61-0093.0-1 R .
. \ 1
? 11. CONTROLLING OFFICE NAME AND AODRESS ] 12. REPORT DATE i -
% Naval Air Systems Command ‘ . April 22, 1981 4 ;
: Washington, DC 20361 LT iy, L 13. NUMBER OF PAGES ) ] . E
; o "L 75 S
! FO Momronma AGENCY NAME & ADORESS(If dilterent {rom Controlling Olfice) 18. SECURITY CLASS. (of thie report) .4 4
; o UNCLASSIFIED '
3 - , ? F /h,. ; ’,f JRET TSe. occ’s.ELAsitzncnnonToowuanAomc : 3
: i /\ F ‘ 37 §
- F s et |
3 J 16. DIS‘I’HIBU‘NON STATEMENT {oi this Report) E
e
Approved for public release; distribution unlimited.
.
t7. OISTRIBUTION STATEMENT (of the abatract entered in Block 20, It ditlerent lrom Report)
F
i" 18. SUFPL EMENTARY NOTES
*Participant iii NSF-sponsored American University summer research program for high school students.
3 19. KEY WORDS (Continue on reverse side if necessary and identily by block number)
1 Carbon fiber Graphite/Epoxy
1 Graphite fiber Composites
Catalyst _ Carbon oxidation :
: Combustion
F i
“ 3
) 20. ABSTRACT (Contirue on reverae side Il necessary and identily by dlock number) x
; " A Government-wide program was developed in response to the potential electrical hazards associatrd i
y with carbon fiber release from carbon fiber composites used as structural materials for military aircraft. H i
‘ ' Fibers can be released during/after accidental burn or burn/blast scenarios where the composite epoxy Q i
3 ignites and is burnt off, leaving the base carbon fiber structure behind. Under these conditions, the i
‘ major process for fiber gasification is the reaction of carbon and oxygen to form carbon monox:de and i
4 carbon dioxide. The rate of fiber oxidation can be enhanced considerably by the addition of metal _. i
3
E (Continues) il
! DD /53", 1473  eoiTion oF 1 NOV 6313 OBsOLETE s ] ? a
' S/N 0102-014+6601 R 1 0
4 SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered) k !.

ha, J_J’h ¥ ARG '“'"mﬁ ?




T L g e s s

ki

(A

Aoy

Chifailes- i & 3

SECURITY CLASSIFICATION OF THIS PAGE (When Dete Entered)

20. ABSTRACT (Continued)

“catalysts to the fiber surface when the rate is not controlled by reactant oxygen diffusion. The work
performed by the Chemistry Division of the Naval Research Laboratory involved the implementation
and evaluation of metal additives to the composite epoxy resin for enhancing the gasification of carbon
fibers, thereby reducing the amount of fibers left for release./

Pt

Diotvitabiony ]
B A‘J'lilﬁ‘;}!xli‘l.‘} (*odn
' Avo:l anga/or

pist | Spue.al
{

1%,

SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)

i

s il e e 1 M

RPN RO L 0 -k o sy et g

b iy




sl Lo i patait o et L e LR A

CONTENTS %
|
: EXECUTIVE SUMM AR Y i ittt ittt et et it ta e ennanannnns iv :
b L INTRODUCTION ..\ttt et ettt et ettt 1 B
!. | II. EXPERIMENTAL TESTING ...... e e e e 3 |
A. Selection of Oxidation Promoter ... ... iv ittt it i iirer i erannns 3 ]
: 1. Spontaneous Ignition Temperature (SIT) ........ ... it 4 é
' 2. Fabric Self-Sustained Combustion ........... .. ... coiviiiiiin. 9 ?
: ‘ ,
‘ - 3. Composite Self-Sustained Combustion . .........civiiiiiirinenernn. 13
l B. Microscopy of Fibers .. ...ttt e e 19 ]
& 1. SEM Analysis-MorpholOgY . ... ....ouueunervnnrninerenernnnenenen. 21 3
L , 2. Electron Spectroscopy Analysis ... .u.v ittt 25 1
: C. Effect on Oxidation of Experimental COnditions ....................... 30
' 1. Air Flow and Sample Geometry ..........ciiiiiiiner i iirornnens 30 1
o 2. Fuel Fire Heat SOULCE . ... e\t veret ettt eiereeiennenannens 32
D. Mechanical Testing of Composites .. ... .. ittt it ittt 39
III. DISCUSSION ..ttt ittt i st i i i s e 41
A, Comparison with Results of JPLand NADC ........ ... . i, 41
B. Carbon CombustionModel .......... ..o it i 42 ;
1.Reaction Rate ... ... ..ot ittt i 43 |
2. Heat LoSs .. v ittt it i i e e e 47
F 3. Rate CONVEISION ...\ttt ettt ii ittt e e e 50
i 4. Heat Balance ...... .. i i e e e 51
1 IV, CONCLUSIONS .......ununteninnn ettt e et ee e aaaeeneeens 56
5 REFERENCES ... i i ittt ittt 61 ‘;
APPENDIX A — Preparation of COMPOSItES ...« v v v oeeesrneeeensnnenenn s 63 ;
APPENDIX B — Calculation of Convective Heat Loss .. ... ...........ce..ov.. 68 !’
f'%
f

—— e —— A



Rl A

A
i

EXECUTIVE SUMMARY

A Government-wide program was developed in response to the poten-
tial electrical hazards associated with carbon fiber release from
carbon fiber compcsites used as structural materials for military
aircraft. Fibers can be released during/after accidental burn or
burn/blast scenarios where the composite epoxy ignites and is
burnt off, leaving the base carbon fiber structure behind. Under
these conditions, the major process for fiber gasification is
the reaction of carbon and oxygen to form carbon monoxide and
carbon dioxide. The rate of fiber oxidation can be enhanced
consicarably by the addition of metal catalysts to the fiber surface
when the rate is not controlled by reactant oxygen diffusion. The
work performed by the Chemistry Division of the Naval Research
Laboratory involved the implementation and evaluation of metal additives
to the composite epoxy resin for enhancing the gasification of carbon

fibers, thereby reducing the amount of fibers left for release.

The results of the NRL work can be summarized by the follow-
ing points:

1. The effect of metal additives was observed in increasing
the gasification rate in a fuel fire and the amount of self-sustained
combustion after removal from the fire. 1In general, gasification rates
within the reducing environment of the fire were very slow and
relative rates were proportional to oxygen accessibility as well as
the presence of metal additives. As a result, self-sustained

combustion is considered a major factor for fiber gasification.
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2, In all tests the most effective additive was Pb in the
E : form of acetates or oxides. & concentration of .0l g atom
Pb/100 g epoxy (which resulted in Pb/C surface atomic ratios
>1 %) was a minimum amount for effective catalysis with multi-
ply composites. Preliminary results indicate that this did not

affect the composite mechanical properties. The ranking of the

; g next effective catalysts was Bi > V > Cu > Li, Cs, K. Most other

: metal additives exhibited equivalent activity, which was higher
than untreated composites.

! 3. The amount of self-sustained combustion weight loss depended é

on the heat balance between the exothermic oxidation reaction and

the heat loss. This balance was successfully modeled and the
model explained the effects of metal catalysts and experimental
features.

4, The Pb additive resulted in >90% fiber wt. loss for

=4 ply composites and ~ 40-50% wt loss for 4 ply fabrics and

single tows during self-sustained combustion. This was observed

— T

for Epon 828 epoxy composites at room temperature, atmospheric air

and natural convection after l-minute exposure to fuel fires. Composites

¢ with 3501-6 epoxy and Pb additives needed either a fuel fire exposure

;

‘ time >2 mins, high Pb3;04 epoxy concentration (.1 g atom/100 g), g
or high ambient flow velocities to reproduce the >X% wt. loss. ;

3 The 3501-6 inhibiting effect may be due to sulfur residue left é

E or the fiber surface. ; @
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In terms of accident scenarios, we make the following pre- i

dictions. The metal additive can substantially reduce fiber

1
3
E
L
i
E

release from the fabric structure duvring/after a fuel fire. The

most dramatic effect of the catalysts is to sustain fabric and tow

T Y T, W T

combustion within a natural atmosphere, room temperature environment

after removal from the fire. If a single fiber has been released

v
ke b it

£ into the air from the fakric, its high convective heat loss will
extinguish the catalyzed oxidation reaction. Blast velocity release
might also extinguish combustion of fiber/composite aggregate due

to the high convection heat loss.
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CATALYZED COMBUSTION OF CARBON FIBERS FROM
CARBON FIBER-RESIN COMPOSITES

I. ZINTRODUCTION

This report describes the work performed by Code 6170 of the
Naval Research Laboratory in support of the program of materials
moaification of carbon fiber composites. This program was initiated
in response to the potential electrical hazard associated with car-
bon fiber release during accidental fires. The problem was deemed
especially serious by the Navy due to the percentage of carbon
fiber composites in the structural components of the Navy F-18
combat aircraft and the high projected usage in future combat air-
craft. Recently, detailed risk analyses have been carried out for
possible accident scznarios involving both commercial and military
products containing carbon fiber cc mosites. These analyses have
concluded that the present and short-term future economic and mili-
tary consequences of carbon fiber release are minimal. The commercial
risk analysis is available as NASA Conference Publication 2119; the
proceedings of the December 4-5, 1979, briefing at NASA Langley
Research Center, Hampton, VA. The military risk analysis was sum-
marized in the June 5, 1980, Havename meeting at NSWC, Silver
Spring, Md.

The NRIL work focused orn reducing the electrical hazards caused
by fiber release by promoting fiber combustion during/after an
accidental fire. The selected method was the addition of metal
promoters to the composite epoxy which would increase the reactien
rate of C + O, = CO + CO,, thereby converting fibers into gaseous

products, This solution is potentially simple to implement since

Manuscript subniitted February &, 1981,
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it only involves mixing the epoxy with a small amount of powder
additive. 1Ideally. the additive would remain an inert material
until released by the accidental fire/explosion scenario. Two
other solutions, epoxy modification to produce charring for
increased fiber retention, and fiber modification to reduce con-
ductivity, are inherently lcng-rangesolutions because they would
require more extensive materials requalification.

The experimental program developed into several distinct
phases: choice of metal compound as combustion promoters, method
of addition to the composite, and effect of experimental conditions
on oxidative rates. Based on this experimental work and on combus-
tion theory, a model for fiber combustion is developed which identi-
fies the important features of oxidation with and without metal
additives. The effects of air flow, sample geometry, ambient
temperature, and combustion promoters are incorporated into this
model,. The roles of reaction kinetics, radiative heat loss, and
sample surface temperature are discussed in detail. Two other
laboratories, Jet Propulsion Laboratory and NADC in Warminster,
PA., performed work in this area, and their results will be men-
tioned at appropriate places.

In the Conclusion we will discuss the viability of combustion

promoter additives to increase carbon fiber gasification.
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II. EXPERIMENTAL TESTING

A. Selection of Oxidation Promoter

The carbon literature contains a large number of publica-
tions concerning the oxidation of different forms of carbon by
oxygen, At leagt [ifty years ago it was noted that the oxidation
reaction rate could be increased by the presence of metal impurities
on the surface of the carbon. Since then, many papers have reported
this phenomenon in terms of reaction rates with different metal
additives,

As a result, most work on selection catalyst at NRL was per-
formed on an empirical basis. "Good" catalysts from the literature
were introduced to the specific carbca fiber system of interest.
Several criteria were used to evaluate the metal catalysts. The
first test was the spontaneous ignition temperature (SIT) of the
fibers treated with a 0.1M solution of the metal salt in water.

The second test measured the amount of weight loss in the self-
sustained combustion (combustion at room temperature environment)
mode after rfiber ignition within a heat source. The third test
measured fiber weight loss in self-sustained combustion from a
composite impregnated with the metal additive. The third test

was the most critical, since the fiber composite is the actual
structural material of interest to the Navy. The first two tests,
however, were easier to perform since composite preparation is

a more time-consuming process. In addition, the bare fiber tests
provided a baseline measurement to compare with different composite

geometries and epoxy mixtures,
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1. Spontaneous Ignition Temperature (SIT)

The SIT test has been extensively used in the literature

to measure the relative activity of o dation promoters. (2) Since

- e ——— . -

f the C + 0, reaction is exothermic, rel ;ing between 25 to 80 kcal/
’ mole depending on whether CO or CO; is the major nroduct, ignition
routinely ocrurs in carbon oxidation. Spontaneous ignition is

SN defined as the temperature at which reaction produces a thermal

W

runaway and the carbon surface temperature becomes significantly

higher than ambient. The rationale behind the SIT test is that the

lower the SIT, the more effective the promoter is in increasing the

N carbon oxidation rate. The test assumes that ignition always ;

Ciglh Lalitee olufiie A
o

A occurs at approximately the same oxidation rate. This assumption

f is only valid if the experimental conditions and sample matrix are

L g o+ 4

] ' reproduced in each measurement., The disadvantage of the SIT test
ig that it does not directly measure the effect of the additive on
; sustaining combustion after ignition in a fuel fire scenario.

The SIT measurements were accomplished on a Dupont 990 Thermal

Analyzer in the thermal gravimetric analysis (TGA) mode at 250

ml/minute air flow and a heating rate of 20°C/min. A typical TGA

plot is shown in Figure 1. The ignition point is shown as a sharp

decrease in weight and a discontinuous jump in tempevature due to

the reaction exothermicity. Sample preparation was accomplished

by dipping the fibers in 0.1M aqueous solution of the melal salt,

drying the fibers on filter paper at ambient temperature and sub-

sequently, a drying oven at 100°C. This preparation should result

k in equivalent surface concentration of the various metals on the

ke, s s ma b

3 . A
3 fibers since we assume a physical adsorption mechanism, Most e
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metals were added as acetates, However, acetates were unavailable
for all the metals and other salts were also used. In some cases,

aitric acid was added to increase the solubility of the non-acetate

:
i
i
f
1
f

salts in water.
The results in Table 1 show that Pk was the most effective
vi metal in lowering the SIT for tows of Thorrel 300 carbon fibers.
The temperature difference between the Pb-treated and the control

tows was approximately 200°C. (The control SIT is believed to be

e T

=

550°C and the lower SIT values are due to contamination.) Bismuth

§ f salts were a close second. The next rank at ~120°C difference %i
; S include Li, V, Cs, and perhaps K., Other metal treatments lowered i
l 2 the SIT by 50-73°C. The same hierarchy was observed for Hercules

. i AS tow analyses, but the SIT's were consistently 30-40°C higher.

The 30-40°C gap probably reflects the fact that the AS fiber has

a lower surface area than the T-300 fiber, The sensitivity of

f this test to the experimental conditions such as metal concentration,

! fiber type, and air flow was shown by other data not presented here
in which the SIT measurements changed significantly upon variation

of the above parameters.

Similar weight loss vs temperature curves were produced for
composites of T300 fabric (composite preparation described in
Appendix A) and the results are presented in Table 2. 1In this
é case, the initial weight loss represents epoxy weight loss (epoxy
did not ignite at 20°C/min heating rate) and the fiber ignition
L occurs after epoxy loss. All the additives reduced the composite

fiber SIT by 70°C at the three different air flows. The untreated

S S { SO (PR URN WP FTTPI:. SISO RTINS 7.0%, 3 o R Toee Mo .
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Table 1 — Spontaneous ignition temperature (SIT) of single fiber T-300
tows at 250 ml/min air flow and 20°C/min. Heating rate

R R AT R A T e smee T o Ty

. 1M Metal Acetate Solution SIT (°C)
f Pb 340, 350, 350, 360
; N Eb/Li 370
é' . Pb(NO,), 370
?7 ; Bi(NO,) , 380
; . v 425
; Cs 430
Li 430, 440
K 440, 450, 470
Na . 450, 460, 480
Ba 470, 475
Ca 485, 480, 485
Sr 485
Cu 480, 500, 510
AqNO3 500
Control 470, 485, 540, 560
Co 520
Cr 540
Mn 550

Ce 580
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Table 2 — SIT temperatures of composites(a) ;'
' Oxidation o -
Fibe:r - 50% Epoxy Rate After 2 T
, Epoxy Ply Additive Wt. Loss SIT SIT Flow Rate ;
: T-300 6 Bi,C 415°C 510°C  5%/min. 50 ml/min. o
, : - 273 -
: . Epon 328 o
Pn = -
B T-300 6 - 410°C 580°C  6%/min. 50 ml/min. ;
: ' Epon 828 b
; . P
3 : T-300 6 Ca (0OAC) 410°C 510°C 5%/min. 50 ml/min. i
§ 2
i , Epon 828
E > T-300 6  PbO 410°cC 500°C  5%/min. 50 ml/min.
E i Epon 828
5 T-309 6 Cuo 410°C 500°C  6%/min. 50 ml/min.
- ; Epon 828
f T-300 6 Pby0, 405°C 500°C  6%/min. 50 ml/min. é
3 Epon 828 !
|
? T-300 6 Pbs0, 400°C 485°C  11%/min. 150 ml/min. %
A Epon 828 g
- T-300 6 - 405°C 580°C 1%, 11% 150 ml/min. ?
Epon 828 E
T-300 6 Pb,0, 390°C 475°C  18%/min. 250 ml/min. 3
Epon 828 ;
T-300 6 - 100°7 545°C 1%, 3% 250 ml/min.
Epon 828

R ol d L T cy

aSamples described in Table 5.
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composites also showed an inrduction period of slow oxidation
after epoxy decomposition. The epoxy reactions as measured by
the 50% wt loss temperature were not affected by the metal
additives.

2. PFPFabric Selt-Sustained Combustion

The second test consisted of igniting single-ply
fabric in a 700°C furnace, removing the fabric from the furnace
and measuring the weight loss during self-sustained combustion.
In practice, it was extremely difficult to separate fabric self-
sustained weight loss from weight loss within the furnace. As a
result, total weight loss was measured and the control weight
loss subtracted from treated fabric weight loss. In addition,
total burn time outside the furnace was also estimated. These
results are presented in Table 3 for T-300 fabrics and Table 4
for AS fabrics. The only significantly different weight loss
enhancement was achieved by Pb compounds in both fabrics and Bi
in the T-300 fabrics. When the cloth was treated with two metals,
the recorded weirht loss was equiwvalent to the more effective
metal additive by itself, and no synergistic effect was discernible.
The untreated AS fabric also showed significantly less weight loss
(11% compared to 24%) than the T-300 control. These results cor-
relate with the observation that propagation of combustion in a
tow when lit at one end was only obtained with Pb-treated T-300
fibers., However, the maximum weight loss exhibited by Pb-treated

single tows or single-ply fabric was consistently found to be

NSO% .
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Table 3 — Self-sustained combusticn of T-300 fabric
¢ Wt. Loss

S ution .1M

Pb(OAC)Z

Pb(OAc)2 + Na2C036’7

Pb(OAc)2 + Ca(OAc)26

ot

1
2773

Ca(NO3)2

BiZO

2
Ag,CO

LiOAc¢

1
CSZCO3

Ca(OAc)2

Ba(OAc)2

Ca (NO,) + Na CO31'6
3’2 2

NaQAc + Ca(OAc)26

Cu(OAc)2

Ca(OAc)25

Co(OAc)2

Na2CO3

NaOAc

KOAC

Ce(NO3)3

Cr(OAc)3

$ Wt. Minus Control

Loss $ Wt. Loss Burn Time Out of Oven
67 56 43 32 .6 .9 mins.
58 48 34 24 .8 .6
51 27 .7

42 18 .8

39 15 .3

39 15 .4

37 13 .2

36 35 12 11 .1 .3
36 12 .3

36 12 .3

35 11 .2

35 11 .2

35 11 .2

35 11 .4

35 11 .2

36 33 9 12 .3 .4
34 10 .4

33 31 9 7 .11
31 7 .1

31 7 .1

35 15 11 -9 2 .3
26 2 .1

10
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h Table 3 (Cont’d) — Self-sustained combustion of T-300 fabric
; % Wt. Loss ]
i % Wt. Minus Control 4
] Solution .1M Loss % Wt. Loss Burn Time Out of Oven oA
N V(0Ac) L1213 24 0 .1 nmins.
B Mg (0AC) , 30 18 6 -6 2.2 »
3 . Ly
E . Control 24 0 .1 i
b -
o Fe (OAc) ;7' 27374 23 -1 1 3
3 3 i
; Zn(OAc)2 22 13 -2 =11 .20 .1 [
- |
3 ! lconcentrated HNO, added
2May be poor solution
3Saturated solution
4
ppt
5.2M solution
6.lM of each
7Cloudy
k
4
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Table 4 — Self-sustained combustion cf AS fabric

% Wt. Loss Minus Burn Time Out of Oven

e e s r———— ¢

Solution % Wt. Loss Control % Wt. Loss 'min.)
Pb + Bi(0Ac) 39 28 .5
Pb (OAc) , 38 27 .55
§~‘ ) Bi,0,C0, 36 25 .45
? S Pb + Ca (OAc) 33 24 .4
% F Pb + Li (0Ac) 34 23 .4
i | Bi + Na (o0ac) 33 23 .3
E : LiOAc 31 20 .25
E vf Co (0Ac) 30 19 .25
- Aq,CO, 30 19 .2
¢ Mn (OAc) 30 19 .2
Ba (OAc) , 29 18 1.3
é, Cu (o0Ac), 29 18 .25
; . Cs,CO, 29 18 .25
- Sr(NO,) 28 17 .2
é . NaOAc 28 17 1
Capac ,) 27 16 .2
3 vV {oAc), 27 16 .1
] K (OAC) 27 16 1.1
% Ce (NO,) 4 26 15 .1
g Fe (OAc) 4 24 13 .15
; Cr (oAc) , 18 7 .1
Q zn (OAc), 12 1 1
Mg (OAc) , 11 0 1.1
‘ Control 11 - .1
i
# 12




I e T

e i

N LT e Py

PP

. g-q;-,.ws'v,‘ »

",

R B R i T R
¥ SR T T SR T TR IO EsOR A T 3 g - g v
g TTETL. SR L TR A Ay T e

e e - -

3. Composite Self-Sugtained Combustion

This third test has been previously described in an
NRL report (3). Composite preparation is described in detail in
Appendix A, The fabric was laid up with epoxy and/or additives
to about 30% by weight of epoxy. Curing and lay-up procedure were
not carefully controlled except for the mechanical test samples.
Additive weight percentage was measured to approximately .0l g
atoms/100 g. resin. The different samples are listed in Table Et.
The combustion test was performed by igniting the epoxy in a
600-700°C oven, removing the rfabric after the epoxy flame has
s :1f-extinguished, and measuring the self-sustained comiustion
weight loss. As discussed in the previous report, air flow had
a large effect on combustion, and our results were obtained with
the chamber door open. After fiber ignition, visually observed
by sample glowing red at higher temperature than oven temperature,
further time in the oven had no effect on the self-sustained weight
loss. The weight loss results are listed in Table 6 for T-300
fabric in Epon 828, Table 7 for AS fabric in Epon 828, and
Table 8 for AS fiber in 3501-6 epoxy.

The results in Table 6 show the T-300 Epon 828 composite
system loses all the epoxy in the first minute and fiber combus-~
tion has begun in the oven., Upon sample removal from the oven,
the Cu, Bi, and Pb-treated samples continue combustion; the most
complete combustion is achieved by the Pb samples. The weight
loss percentage is similar for both the 6- and 24-ply samples and
is substantially greater than the single-ply fabric weight losses.

However, the weight loss rate for the composite was inversely

13
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b Metal Cmpd.

Takl: G — Self-sustained combustion of T-300 composites after
oven ignition for 1 min,

; Epoxy
Ab;“% 1.0 Epon
; ' Pb304 Epon
; } Bi,0, Epon
E L Cuo Epon
E '? Ca (OAc)5H,0  Epon
E % Epon
3 ; Control Epon
E ‘ Sb,0,4 Epon
g : Pb3o4 Epon
Epon
Control Epon
Epon
P

828
828
828
828
828
828

828
828

828

Fabric Total Wt. Fiber Wt. Burn Time Out
Ply Loss % Loss % of Oven in Min,
6 97 95 7.6
6 96 93 5.2
6 92 87 5.7
6 76 64 5.5
6 61 37 -
- 52 22 2.6
6 50 26 1.8
6 45 17 1.3
24 98 97 22,0
- 97 06 -
6 42 9 2.5
- 40 8 2.3
16
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; ; Table 7 — Self-sustained combustion of AS composites after oven ignition for 1 min. |
; N Fabric Total % Fiber % Burn Time Out of i
, Metal Cmpd. Epoxy Ply Wt. Loss Wt. Loss Oven in Mins. o
P PbO Epon 828 4 94.8 87 8.0 9
? ﬂ Pbj0, (.610) Epon 828 4 73.6 61 5.6 5
P Pb,0, (.305) Epon 826 4 56.9 35.8 .85 1
1 .;, CaCO3 Epon 828 4 48.2 20.9 .45
E ;3 Pb,0, (.122) Epon 828 4 43.0 15 .8 i
o Cuo Epon 828 4 42.3 15 .45 '
S Control Epon 828 4 44,3 13.4 .35
Pb.0, Epon 828 12 94.8 92.9 15.0
Cu0 Epon 828 12 35.4 7.1 .7
! Control Epon 828 12 35.1 7.1 .7
: CaCO3 Epon 828 12 34 7.0 .5
1
.
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related t¢ number of plys in the composite, During the tests,

we observed that expansion ol the distance between the fabric

plys due to turbulence regulted in extinguishing combustion of

i-
!
|

the outside layers., If fanning nut was extreme, the inside layers

i also extinguished. The longest combustion time was always achieved
by the inside layers. We will explain these observations in the
model section by postulating that radiative heat loss is the major
b cause of extinguishing and outside layer reaction prevents the

A

i oxygen reactant from reaching the inside layers. Inside layers

continue combustion since their heat loss is diminished

by radiative adsorption from het surrounding layers but their

]

E' K oxidation rate is slcwer. The single-ply fabric experiences minimal ,
E ,E self-adsorption and therefore has the greatest heat loss/unit area,

é which results in the lowest self-sustained combustion weight loss.
] } Table 7 lists tihhe AS Epon 828 composite data. 1In this system,
the control weight loss is only ~13%, as compared to 25% for the |
T-300 Epon 828 results. The Cu-treated AS Epon/828 has approxi- {

mately the same weight loss as the control, whereas Cu-treated §

T-300 lost over 50% original fiber weight. Even the PbhiOs-treated

six-ply samples do not achieve the same weight loss as found for

Pb30O4~-treated T-300/Epon 828, Only the PbO six~ply and Pb304
12-nly lost over 90% original fiber weight. The effect of con-

centration is shown in the .610 g Pb;30s (.0l g-atoms Pb/100 g

resin), .305 g (.005 g-atoms Pb/1l00 g resin), and .123 g Pb304

(.C02 g-atoms Pb/100 g resin) samples where the decreasing metal

concentration results in decreasing fiber weight loss. On the
basis of this test and others, the minimum effective Pb,0,

concentration was determined to be .01 g-atoms/l100 g resin.

18
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The results of the last system, AS fiber in 3501-6 epoxy,

are shown in Table 8. The burn times out of the oven are extremely {

short for all the samples and sc, as a result, the self-sustained

combustion weight losses are below 10%., Since the metals were

effective in promoting oxidation with the AS fiber-Epon 828
AR system, we irmediately suspected that the inhibiting effect was

due to the 3501-6 epoxy. A similar composite with 10X Pb3O4 con-

T e,

L e R s e cmias a o Mon e o e a ol e

) centration was also made up and its performance is listed in the

last row of Table 8, The increase in Pb304 concentration was

; ' able to overcome the 3501-~6 epoxy effect. However, this composite
had a prohibitively high amount of additive (6.85 g Pb304 pex

1 100 g epoxy).

B g B. Microscopy of Fibers
\ : This section describes the morphology and elemental compo-
3 ‘ sition of carbon fiber surfaces after various treatments. The

data were obtained by the use of scanning electron microscopy ;

(SEM) with energy dispersive x-ray analysis (EDAX): Auger elec- !
tron spectroscopy (AES) and x-ray photoelectron spectroscopy
(XPS, also known as electron spectroscopy for chemical analysis,
ESCA). We examined virgin fibers and composite fibers after the
epoxy had been burnt off. The composite analysis was limited to
samples which contained Pb additives since our main interest was
oxidative attack promoted by Pb. We also carefully examined the
3501-6 composite fibers, since the 3501-6 epoxy residu= had an

inhibiting effect on fiber oxidation.

19
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Table 8 — Self-sustained combustion of AS fiber 3501-6 epoxy from oven ignition

Temp. Time In

Burn Time

Wt.
- Control
% Wt.

sk s o

(°Cof ,Oven Out of Total Fiber
Composite Oven ‘Mins, Oven(Min) Wt. Loss Wt. Loss
Control 800 - 1 .25 33 10
825
3 .25 52 33
Bi203 800 - 1 .38 34 11
825
added 3 .29 48 30
Pb .0 800 - 1 .85 39 14
374 -
825
added 3 .52 54 39
Control 700 - 1 .24 33 9
725
3 .26 51 33
Bi203 700 - 1 .33 32 10
725
3 .30 48 30
Pb3O4 700 - 1 .81 41 17
725
3 .64 51 49
Pb.,0 700 - 1. 8.6 86 81
34 725
X 10
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1. SEM Analysis-morphology

Scanning electron microscopy was used to examine oxi- 5

dative attack enhanced by Pb catalysts. Figure 2 is an SEM 4

o e i
- N

s pontiymrtges >

O SRR A e S

micrograph of the virgin AS fiber at 2000X magnification. The ]

striations in the long direction of the fiber result from

the PAN fiber processing. These striations are the only dis-
tinguishable features on the virgin fiber surface. Figure 3 is
I a typical micrograph of partially burnt fibers from a Pb3;04/Epon
; 7 828 composite, The white film in the center and top is probably
; PbO or Pb304 left after the epoxy is burnt off, The film in
the lowest section of the micrograph is epoxy residue. The
é i morphology of the oxidation attack is highlighted in Figure 4,

where a single fiber is displayed at high magnification, 10,000X.

The oxidative attack appears to etch craters into the fiber and
the craters are not necessarily associated with visible particles.

Large particles, in fact, seem inert. Another SEM micrograph,

3
k.
Y
3
2

presented in Figure 5, indicates that a different mode of attack 4

also occurs, as evidenced by the transverse lines on the fibers.

A WG, e

In Figures 6a and 6b, SEM micrographs show the AS fiber

Pb304/3501-6 epoxy composite. Unlike the other composites, this

sample usually sclf-extinguished immediately after removal from

the oven heat source. Area A appears similar to previous oxida-

;
i

tion micrographs with amorphous particles and craters present.

s o = gt e

Area B, in contrast, contains particles that are crystalline and

e i 2o e i

no signs of oxidative attack are visible.

i
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Since the morphology of the two areas was so different, we
also measured the x-ray emission produced by the electron bom-

bardment in order to determine the elemental composition. The

v r—————

X~-ray energies of EDAX spectra are specific to different elemeuts
with the proviso that elements of lower atomic number than Na
cannot be detected. The only detected element in significant

v concentration was Pb and the Pb x-ray intensities were proportional

to the amount of particles in the analysis area. Representative

.

é : EDAX spectrum are displayed in Figure 7. This was true of both

areas in Figure 6 and the Pb;04-Epon 828 composite. The EDAX

spectra did not indicate an elemental difference between the two

areas.

A major limitation of the EDAX elemental analysis was its
§ : insensitivity to light elements. Ken Clark of NADC, who also
noted the inhibiting effect of AS 3501-6 epoxy, hypothesized that

it may be due to residue compounds of boron or fluorine which are

present in the 3501-6 epoxy. Both elements are known oxidation

inhibitors. The Epon 828 epoxy only contains C, H and O, whereas

3501-6 epoxy contains C, H, O, S, and BF3;. In order to determine

light element composition, we utilized electron spectroscopy.

2, Electron spectrosccpy analysis - surface elemental

composition by XPS and AES

X~-ray photoeclectron spectroscopy relies on x-ray bom-

AP T T

bardment to eject core level electrons from the surface atoms.
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These electrons are collected and energy analyzed by subtracting
the measured kinetic energy from the bombarding x-ray energy to
determine the electron binding energy. Auger electron spectros-
copy (AES) uses electron bombardment to create core holes and

then analyzes the Auger electrons which are emitted during
dexcitation of the atom. In both cases, the emitted electron
energy and intensity can be used to determine the elements present
in the sampling volume. Since carbon is easily detected, our
results are presented in atomic ratios of impurity elements to

the major element carbon in the carbon fibers. The concentrations
are only semi-quantitative due to the heterogeneity of the oxidized
fiber surfaces and the extreme sensitivity of electron emission

to surface depth (96% of the electrons below 50-100 i are inelas-
tically scattered and never escape the surface). The results are
presented in Table 9., XPS was used for Pb, O, C and AES for §,

0, N, C, due to the relative analytical technique's elemental
sensitivity and reproducibility. Sulfur, oxygen and nitrogen were
the major impurities on the fiber surface. Some sodium was also
found on the T-300 fiber surfaces. Boron and fluorine were not
detected on any of the fiber surfaces. The available AES and XPS
instruments did not have sufficient lateral resolution for single
particle analysis.

The results show that Pb surface concentration is directly
proportional to Pb concentration in water solution when the fiber
is solution-dipped and also to Pb304 concentration in the epoxy
when the composite is ignited and the fiber extincuished. The

surface oxvgen concentration is also guite high for composite

27
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I 3
5 Table 9 — Relative atomic ratios of elements on carbon fiber surface
Sample Carbon oxygen Nitrogen Lead Sul fur %
5 T-300 Fibers dipped in XM Pb{OAc). salt in aqueous solution '
L .1 MPb 100 - x 3.0l - ﬁ
o .05 M Pb 100 - x 1.6t - -
L .0l M Pb 100 - x .5t - b
‘
b Composite fiber after epoxy burnoff ]
X : 100 g Epoxy
‘ 828 100 a.6t, 10.° 3.6% 1.11 <.1?
As, .l2g,
Pb, 04/100g
| Epoxy 828 100 a1, 1.2° 2,92 21 <.12
@ AS, .69 PB30g4
| 100g 3501-6 100 221, 7.52 2,32 2.3% 2.62
t‘ .
#‘ \ Virgin fiber from fabric with finish
AS 100 .22 2,22 - <.1?
i 7-300 100 .32 3,12 - -
]
1 i
XPS measuremer.ts i
r \ F
AES measurements i
| N
|
[
N




’

Ta T ST e

e R

T

fibers, with the 35Cl-6 epoxy leaving larger amounts than the
Epon 828 at the same Pb3;04; epoxy concentration. In terms of
oxidative promotion, we note that treatments which leave <1%

Pb had a much higher SIT (.0lM Pb water solution) and did not
sustain combustion (.12 g Pb3O4 in Epon 828)., However, the Pb
concentration on the AS fiber from the 3501-6 epoxy is >1% and
the anomaly in the oxidative reactivity is not explained by low
Pb concentration.

Both measurements of oxygen intensities confirm the high
oxygen surface concentration in the composite fibers. Nitrogen
impurity from the PAN fiber precursor was also detected. The
only 3501-6 residue element, which was not present in a significant
amount from any of the other fiber treatments, was sulfur. Boron and
fluorine concentrations were below detection limits, <.173.

In summary, the microscopy section shows the morphology of
oxidative attack. The anomaly of the two areas in 3501-6 AS fibers
was not correlated with a difference in elemental comgosition.

The 3501-6 epoxy left a detectable S residue in contrast to the Epon
828, Sulfur is a known oxidative inhibitor and may also have com-
bined with Pb to make the Pb relatively inert; PbSO4 has been reported
as the least effective Pb salt (l). Further experimental work would
have to be performed in order to clarify the inhibiting effect of

3501-6 epoxy residue.

29
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C. Effect on Oxidation of Experimental Conditicns

During the above experimental research it was found that
several experimental conditions had an effect on the combustion
characteristics. Two of the variables were examined in detail by
varying the experimental conditions and measuring the weight loss

rate and ignition temperatures.

] N 1. Air Flow and Sample Geometry

. The effect of air flow has been previously noted in

g ; that low air flows reduced the combustion enhancement by the pro-

% | moters (3). The relationship between zir flow and weight loss

v K was investigated using the Duport TGA. The weight loss vs. temp-

i s erature curves were produced at the same heating rates on equiva-

é lent samples with different air flows. The results are presented
in Table 10. The combustion rate equals the rate of sample weight

loss after ignition. In Table 10, the combustion rate follows an

(air flow)]‘/2 relationship, as shown by the comparison between

the columns (Airflow/50 ml)% and the Rate Norm to 50 ml Rate. This

relationship has been used to describe a diffusion-controlled

reaction where the concentration of the gas reactant at the surface

is the controlling factor. The increase in laminar flow velocity

reduces the "stagnant" film thickness of product gases at the |

] film surface. The oxygen diffusion rate is determined by its diffu- !

sion coefficient and the thickness of the film. gt

b i

é The preceding data were obtained when the samples remained

in the heat source. In the self-sustained combustion mode, the

percentage of fiber weight loss has also been correlated to ai:

flow (4). At air flows higher than natural convection, it was, :

invariably, found that composites achieved greater weight loss

E 30




Y T AT R WRTAEA T S i g
* TR A N R R AT R TR SR TR Ly ¢ < e
TRy TR TRETHN SA L Ryt AT en o v oo o L
- . e e - - q

N

!

|

} ;

i b

; !

. 1

i

i

i3

; b

: b

A .

t Py

: P

| 1o

: P
1

' N
i

LTy Table 10 — The effect of air flow in fiber combustion
I Combustion Rate ]
ﬁ . Alr Flow Air Flow Rate Norm to SIT ,
: , Material {ml/min.’ /50 ml %/min, 50 ml rate (°C ;

i

B v Sk T ot el 5t o A s o wnle, Sobden ot P

T-300 6 ply ; . <80 !
i

y .
\ ! composite control 50 1 k
t R "1
; 150 1.7 11 1.8 575 .
; P
d T-300 6 ply X
S composite Pb,0, 50 1 _ 6 1 500 L
- 150 1.7 11 1.8 485 |
250 2.2 18 3 475
1 Air Flow Norm to
30 ml 30 ml

T-300 tow 250 2.9 24.8 2.1 370

Pb Acetate
solution

e

30 ml 1 11.7 - - /
|
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percentage up to the 90-95% limit. Such promoters as bismuth
and copper were found to be effective under these conditions.
The 0.1 g atom/100 g Pb304 treated AS fiber 3501-6 evoxy com-
posite alsc experienced 90-95% wt. loss at higher flow rate
conditions.

Another experimental observation was that the normalized
weight loss rate of multi-ply composites was approximately
inversely proportional to the number of plies in the composite.
The slower rate for thick composites is explained by the outside
layer reaction depleting the oxygen content in the gas making
contact with the inside layers and thereby decreasing the total
rate of oxidation. During the combustion, the observer can
easily note the outside layers extinguishing first, while the
inside layers continue combustion. The total weight loss is
actually greater for the slow inside layers due to the heat loss
shielding of the outside layers. Total weight percent loss was
independent of number of plies after a certain minimum number

had heen reached.

2. Fuel Fire Heat Source

In order to simulate the reducing environment of an
accidental fuel fire, the composite samples were ignited in a methanol
fire whose approximate temperature was 700-800°C (measured by a
thermocouple placed above the fire in the sample position). Three
tests were performed. 1In Test A, the amount and rate of fiber
weight loss were measured within an open dish methanol fire, 1In

Test B, the composite was ignited in a deep dish with very limited

32




access to air, 1In Test C, the composite was removed from the fuel
é " fire and the weight loss measured for self-sustained combustion
E ‘ with open access to air.
The open flame data from Test A is presented in Table 1ll.
The T-300/Epon 828 composites with Pb304, PbO, CuO, and Bi.O;
additives showed a high rate of combustion (17%/min.), while

SR the control sample combustion rate was only 1.6% ‘/min. The Pb

e} R A il 0 S b, A LA s ol vt et S0

‘ compounds were also effective in the other composite systems.

o e

The surprising result was the 93% fiber weight loss in the Pb3Og4-
treated AS 3501-6 composite. In this system, the reported 6%/min.

f rate loss describes the weight loss after an initial s8)sw induc-

. tion period. This high wt. loss rate was not observed when the

\ composite 3501-6 sample remained in the furnace at atmospheric

SRICTIV VLRGP P

environment and approximately the same *“emperature.

Test B results, presented in Takle 12, show that fiber con-

: sumption within an oxygen-starved region of a fuel fire is very

slow. One can therefore expect a substantial number of carbon fibers

: to survive this type of fire intact. Finally, the self-sustained
combustion results of Test C in Table 13 confirm the effectiveness

of Pb and Bi for the Epon 828 composites. It was also discovered

that pb-treated 3501-6 composites exhibit self-sustained combus-
tion after exposure to the fire for over 2.5 minutes. The time
} for epoxy burnoff was <1l min. Shorter exposure times resulted
g in immediate extinguishing upon removal from the fire, Sample

duration within the heat source beyond one minute for epoxiy

] burnoff was not important for other fire or oven self-sustained St

1
4
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\ V < Table 12 ~ Closed fuel fire combustion of 6 ply T-300 Epon 828 composites
S (Test B)L
3 ' Total % Fiber % Time Rate
2 ‘ Sample Wt. Loss Wt. Loss (min.) Fiber % Wt. Loss/Min.
Pb3O4 56 32 10 3.2
PbO 43 12 10 1.2
Cu0 46 6 10 0.6
Control 36 5 10 0.5
Bi 2 ] 2 CO 3 33 -5 9 -

lPerformed in

deep dish with limited air accessibility.
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combustion tests. The explanation may be that the reducing fuel

fire succeeds in removing any inhibiting residue from the 3501-6
epoxy. Upon residue ramoval, the oxidation reaction is susceptible
to promotion. Thus, the fuel fire environment may remove the
3501-6 residue left in the oven tests and activate the

oxidation promoter. It is probable that the severe exposure con-
ditions, which would lead to the most fiber release, would also

remove the residue.

D. Mechanical Testing of Composites

Three 4-ply fabric composites were prepared for mechanical
testing of the effect of additives on the strength of the composites.
The composite preparation is described in Appendix A. In this case,
a post-treatment at 400°F for four hours to ensure maximum epoxy
cure was also done. The composites consisted of 4-ply AS fabric
with 3501-6 epoxy and .0l g atom/100 g epoxy of Pb3O4 and Bi 03
in the case of epoxy-treated composites.

The 45° off axis tensile test was performed on sections 5"
long by .5" * .005", cut by a diamond saw. Plastic tabs were
glued onto the ends with Eastman 910 and set at room temperature
overnight. The tensile test was on an Instron tensile strength
test instrument at .05 in/min. The results are presented in
Table 14. No significant differences were measured between the

control and the powder-treated epoxy composites.
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Table 14 — Mechanical testing of composites by 45° off axis tensile test
Sample

Pb3O4

Pb3o4
B1203
81203
Control

Control

Thickness

.083
.085
.083
.082
.082

.083

psi
40,500
43,100
45,400
47,300

43,300

40,700
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IIX. DISCUSSION

A. Comparison with Results of JPL and NADC .

Two other laboratories have also carried out research

ST T om0

upon the use of metal additives to promote carbon fiber oxidation.

The air flow dependence noted by Ken Clark, et al, has been

referred to in previous sections (3). He confirmed the effective- ;
\ ness of Pb and Bi compounds as additives in self-sustained com-
) bustion after ignition. Two types of burn tests were employed at 1

NADC, a continuous burn test where the blast burner used a fuel- b

air mixture and a self-sustained combustion test where the composites

were ignited with a reducing fuel flame with a limited oxygen ;,
supply. These tests are similar to the fuel fire tests performed 5;
at NRL in Section II.C of this report. In the continuous test, |
composites with Pb and Bi additives burned at a higher rate than
other samples; these composites also consistently lost more weight
il the second test., The reducing flame test data also confirmed
that . sentially no fiber weight loss occurred during exposure

to a reducing flame environment. The NADC investigation included E
the use of primer paints with additives, and the results indicate

that this treatment also increases fiber weight loss. The NADC

SEM micrographs also display the residue left from 3501-6
composi*tes,

The JPL results have been reported to us strict:ly on an informal
basis.(5) In this work, they concentrated on Ca as the additive.
They have mea. :d the effect of additives by TGA and differential
scanning calorimetry (DSC). The Ca (acetate), additive was found

to lower the 50% fiber weight loss mark from 570°C to 510-520°C.
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Fiber release measurements showed .hat the Ca additive consider-
ably reduced the amount of fibers released during a fire scenario.
They also reported a synergistic effect where the mixture additive
of Li and Ca or K and Ca produced more fiber oxidation than
straight addition of the effects of lone promoter addition.

Since the above results were presented informally, our critique

is conditional. A comparison between our work and JPL's

results is difficult owing to the different tests that were performed.

however, we would like to emphasize certain points. First, we found
Ca(OAc)2 additives less effective than several other additives.
Experimental data has been presented in SiT for fibers soaked in
metal acetate agqueous solution and self-sustained combustion for
fabrics and composites. These results were also obtained by Reardon
et al of NRL(3) and Ken Clark of NADC(4). Second we did not

observe a synergistic effect. When mixtures were used in our

tests, the additives' performance simulated the effect of the more
active catalyst by itself. At this voint further discussion and
experimental work is necessary before JPL and NRL work can be

directly compared.
B. Carbon Combustion Model

The preceding data are a collection of empirical observa-
tions without a framework of basic understanding to explain the
significance of experimental results. The purpose of the follow-
ing discussion is to provide this framework by developing a model

which describes the heat transfer process at the surface of the

carbon fibers during combustion. The model was developed under
a complementary ONR-supported proaram at NRL(Q). The model is based

on the thermodynamic law that the heat generated at the carbon surface
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by the oxidation reaction must be balanced by the heat loss
mechanisms. Similar models have been developed for solid fuel
combustion by D. B. 3paulding (6). Heat and mass transfer

calculations are, of course, some of the basic pillars of

chemical engineering.

The model development is divided into five sections. The
heat generation process of carbon oxidation is described first
and appropriate Arrhenius equation values are derived from
experimental measurements for lead-treated, sodium-treated and

virgin fibers. A calculation of convective and radiative

heat losses for different carbon fiber structures is presented
second. Third, by calculating geometric surface are- ‘wt, for
different carbon fiber structures, the heat generation kinetics
which were measured in terms of weight are correlated to heat

loss which was determined in geometric surface area. The fourth

section presents the heat balance model for self-sustained
combustion by combining the heat generation and heat loss equa-
tions and explains the effect of catalysts and other variables.

The last section correlates this model with the experimental

observations.

l. Reaction Rate

The kinetics of carbon oxidaticn have been studied
extensively due to the importance of carbon combustion in industry.
As in many kinetic problems, the actual mechanisms of carbon oxi-

dation and metal promotion are still unknown. Most studies have

T R A A

concentrated on defining the reaction kinetics in terms of the

it

Arrhenius equation and predicting the temperature dependence of

the reaction. In general, these experimentally derived Arrhenius
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parameters are limited to the carbon matrix under study and

different forms of carbon have generated large variations in the

numerical values. The physical significance of the Arrhenius

equation is still in doubt for this reaction.

The behavior of the carbon oxidation reaction has been
traditionally divided into three temperature zones, defining
different sets of reaction kinetics. The kinetics in the low
i f\% temperature zone 1 are dominated by the chemical rate of the
oxygen and carbon reaction. At the very high temperatures of
] '- Zone 3, the chemical rate becomes so fast that an oxygen-depleted
layer develops at the carbon surface. As a result, the reaction
rate is controlled by oxXygen diffusion through the product gases
of carbon monoxide and carbon dioxide. At intermediate tempera-
tures, the pore infrastructure of most carbons produces local
oxygden pressure variations and oxygen diffusion within the pores
becomes a critical factor in the kinetics. The general rate
equation is:

R =K [02]surface '

where K equals the chemical rate. The concentration of oxygen

at the surface is also dependent on mass transport rates approximated

by:

Ryigs = B ([OZ]gas - [0)gyrface’

where 3 = diffusion coefficient.

If one accounts for both the oxygen diffusion rate and the

carbon/oxygen reaction rate, the ecuilibrium [02] surface concentration

is given by:

I"[02] = 8 ([02] - [0 )

surface gas 2]surface

and by eliminating (0,1, face :
44 A
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| R= x+¢ |:o“’:‘gas

In the low-tempeiature (Zone 1) regime, K << 8, so the chemi-
cal rate dominates while the opposite is true a® high temperature
(Zone 3).

S For the purpose of defining the heat generation kinetics, we

7

T are interested in describing reaction rate dependence on tempera-

ture. In the low temperature Zone 1, this dependerce is affected

Sy TS TR T

by the chemical reaction kinetics, which can be approximated by

the Arrhenius equation defined below:

pis b o ol

! K = reaction rate

! : A = pre-exponential factor

(o]
]

A activation energy
{ R = gas constant

T cemperature of carbon surface in °K

il

s ' The rate units are determined by the units of A, the pre-
| exponential factor. In this equation, activation energies are
associated with different metal catalysts, while A is affected |
by catalyst covarage. Assuming that Zone 1 kinetics dominate
below ignition, we have made rate measurements of weight loss vs
temperature with the Dupont TGA instrument. The experimental
details are described in a corollary work (9). The results for

the three fiber tows are the following:
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_ 4 =20 kcal/RT
KPb = 9x10 e

l.9x108 e-35 kcal/RT

Xya

8 -39 kcal/RT
Kcontrol = 1.8x10" e

The conditions are ambient atmospheric composition and the treated
sanples were dipped in .l1M aqueous sclutions. The units of K for
these numerical values are calories/cm2 in order to balance heat
generation against heat loss. The calorie conversion is based on

the average AH of CO and CO2 production from C + 02, 5 kcals/g carbon.
The conversion from measured weight loss rate to surface area units
will be discussed in the surface area section. In terms of the

heat balance model, the validity of the Arrhenius equation is not

too critical. The important number is the temperature at which the
rate becomes significant, this is fairlyv accuratelv determined by the

two fitting parameters. Large errors in either parameter are compen-

sated for bv the other parameter when fit to the measured oxidation rate.

In our corollary work we discuss the analytical and physical
significance of these equations(9).

At some oxidation rate, the rate becomes so high that the
concentration of oxygen at the carbon surface goes to zero and the
mass transport kinetics of Zone 3 become rate-limiting. In this
zone, the temperature dependence of B, the diffusion coefficient,

dominates the reaction rate temperature dependence. Sinca 8 has
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an approximate dependence of T1‘7, the transition from Zone 1l to

Zone 3 is markad by a decrease from the exponential temperature
dependence of the chemical rate to the diffusion temperature dependence.
This transition can be experimentally observed at low oxygen
partial pressures where ignition does not occur and a typical
plot from the literature (7) is shown in Figure 8 where ln (reac-
tion rate) is plotted against 1/T for pure carbon oxidation., At
atmospheric oxygen pressure, ignition invariably occurs and a
steady burning temperature and a diffusion-limited rate is achieved.
Since the diffusion process is dependent on the thickness of the
"stagnant film" of product gases, the oxidation rate is propor-
tional to the square root of the flow velocity. Our experimentally
obgserved steady burning oxidation rate is 2 + .5 cals/cm2 sec under
natural convection and ambient room temperature. The carbon sur-
face temperature at this point was measured by an infrared radio-
meter to be 700-750°C. Carbon oxidation rates of the samples can
then be simulated by the three Arrhenius equations up to the
diffusion-limited rate.
2. Heat Loss
The first section describes heat generation at the car-

bon surface; by describing heat loss in this section, we will set
up the equations for the heat balance model.

Heat loss from the carbon surface can occur by conduction in
the sample, convection to the air, and radiation from the surface.

Due to the small sample dimensions, cne can ignore sample conduction,
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We will also treat convection as free or natural convection and
ignore forced convection which might dominate under higher air
flow conditions (i.e., high wind). 1In éeneral, convective heat
loss dominates at low AT between the carbon surface and surround-~
ing gas, while radiation heat loss takes over at large AT due
to its T4 dependence.

The freze convention equation is derived from Brown and Marco's
“Introduction to Heat Transfer" (10). Similar treatments are
available from most introductory heat transfer treatments. 1In

general, convection heat loss is described by the following equation:

Q = h, (T

conv c T

surface gas)

The critical parameter is h,; the coefficient depends on AT
between the surface and surrounding gas and the object dimensions.
Using the infrared measured temperature of 750°C for burning
carbon fiber fabric, the dimensions of tows, fiber and fabric,
and approximations when possible, we found single fibers had the

2

largest hc, 4x10” cals/cmzsec °c while tow hc was lxlO_3 cals/

cm2°C. The detailed calculations are presented in Appendix B.
The radiative heat loss calculation 1is fairly straightforward,

being described by the following equation:

4 4
Qag = E O (Tsurf - Tgas )
E = emisgivity =~ .9 for black carbon surface
c = Stefan's constant, -1.36x10" 12 cal/cm®sec °K

Again, heat loss is given in terms of geometric surface area.
The total heat loss is simply the addition of the linear con-

vective term and the T4 radiative heat loss.
49
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3. Rate Conversion

Before combining the heat equations into a heat balance

model, the oxidation rate must be converted from grams|grams sec
to calslcm2 sec. This allows direct comparison bLetween heat input
and heat loss. In this case, we are only interested in the
geometric surface area since this is the critical factor in heat
loss., The reaction surface area is probably greater due to surface
roughness and some porosity. The actueal conversion factor depends
on fiber unit (fiber, tow or multi-ply fabric) and the product
gas (0,+2C+2C0, AH=2.2 kcals|q carbon, 0,+2C+CO,, AH=7.8 kcallg
carbon). The calorie conversion was made on the basis of a l to 1
mixture of CO and Co, which is an approximate value (1,6).

The single fiber geometric surface area was calculated using
a cylindrical fiber with a diameter of 7-8 um and a density 1.8 glcm

3 cmzlg. The tow surface

The resulting conversion factor was 6 x 10
area was calculated from a measured diameter of 800 um (roughly
twice the calculated close packed diameter of 3,000 fibers),
giving an approximate value of 50 cm2|g. The single-ply fabric
has one-half surface area, 25 cmz, while multi-ply fabrics are
essentially the two outside lavers plus the smaller area due to
thickness. This leads to an approximate inverse relationship
between surface area and number of plies.

The multi-ply and tow conversion factors assumes that reaction
only takes place at the outside surfaces. Our experimental observa-

tion is that reaction takes place within the inside layers, too.

However, outside layer reaction is much faster and the initial

ot s U
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weight normalized reaction rate does follow an inverse relation-
ship with number of plies. A good approximation is that inside
layer reaction is significant only after outside layer reaction
has extinguished.

4, Heat Balance

In the preceding sections the ecuations for heat
generation by carbon oxidation, heat loss by radiation and
convection have been developed. 1In this section we applv these
equations to model the cormbustion of the carbon surface in order
to explain the experimental data.

The experimental seauence for combustion testing was the
following: (1) The carbon sample's surface temperature was raised
by an external heat source. At each temperature increase the carbon
oxidation reaction accelerates, but the additional heat generated
1s balanced by convective heat loss (dominates at small AT between
surface and ambient). (2) At the ignition temperature the
oxidation reaction accelerates too quickly for heat loss compensa-
tion and thermal runaway occurs. The surface temperature is now
much hotter than the ambient temperature. At this high tempera-
ture the combustion rate is limited by the diffusion rates of oxygen
to the surface. The temperature is determined by the heat
balance between the heat loss (primarily radiative heat loss at
large 2T) and the heat generated by the reaction. (3) The sample
is removed from the heat source so that ambient has dropped to
room temperature and the rate of heat loss at the carbon surface

is increased. As a result, the combustion temperature drcps. At

the lower combustion temperature, the oxidation reaction either generates
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enough heat to balance the heat loss (self-sustained combustion)
or extinguishes. In all stages, the burning rate, carbon surface
temperature, and extent of self-sustained combustion are directly
dependent on the heat balance at the carbon surface,

The heat balance model for a single tow of T-300 fibers
with natural convection and atmospheric conditions is illustrated
in Figure 9. The x-axis is the tow surface temperature and the vy-
axis is the heat generated/lost in cals/cm2 sec at the carbon

represent,

'F . ¢d
surface. The experimental curves ka’ KNa’ and Kcontrol

respectively, heat generated by Pb catalyvzed. Na catalyzed and
uncatalyzed carbon oxidation at the surface of the tow (derived)
from Section III.l equations). Curve A represents the total heat
loss (convection and radiation) from the tow in room temperature
air. Curve C represents the total heat loss into an ambient of
375°C. The heat loss is directly dependent on the difference
hetween the tow surface temperature and the ambient temperature
of the surrounding air. The heat generated is only dependent on
the carbon oxidation kinetics.

We will now examine the combustion phenomenon using the Pb
doped tow as an example. In this initial step, the sample's
surface temperature is raised by increasing the ambient temperature
Ta. Referring to Figure 9 one follows the process by moving right
on the x-axis. For low surface temperature the slope of the heat loss
curve is greater than the slope of KPb' The surface temperature
stabilizes at a small AT above the ambient and the heat produced
by oxidation is too small to be observable in Figure 9. As the

temperature increases at some point the slope of SKPb/sT becomes
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Fig. 9 — Combustion heat balance model for single tow of T-300 carbon fibets
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greater than the slope of the heat loss curve. This defines the
ignition temperature which for Pb doped tows is illustrated in
Figure 9. The spontanecus ignition temperatures for Pb, Na and
undoped tows are, respectively, 375°C, 475°C, and 550°C. At
ignition the exponential dependence of the chemical kinetics in-
cr2ases the generated heat until the oxidation rate becomes
dominated by mass transpcrt. The diffusion limited region is

shown by the K line in Figure 9 and has a much reduced

diffusion
temperature dependence. For the ambient Ta = 325°C the steady
state burning temperature is very high, described by the inter-
section of the total heat loss curve with ambient temperature
Ta = 375°C and the diffusion limited heat input.

In the last step, the sample is removed from the heat source.
The total heat loss is now described by curve A; the heat loss
curve has moved substantially to the left. It is apparent that
only the Pb catalyzed reaction rate crosses the room temperature
heat loss curve prior to the onset of the diffusion limited regime.
The Pb catalyzed tows will sustain combustion at the steady state
temperature labelled O. The exverimentally observed rate of 2
cals/cm2 sec and temperature of 725°C agree with the point O.
The chemical oxidation rates of Na and untreated tows become
diffusion limited prior to crossing the heat loss curve into a
room temperature ambient and cannot generate sufficient heat to
sustain combustion.

This model explains the combustion phenomenon and the effect

of metal catalysts upon that phenomenon. The critical factor for
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self-sustained combustion is that the chemical rate of heat

i
generation must cross the room temperature heat loss curve before i
¢

E
E
F

mass transport kinetics limit the oxidation reaction temperature

A,—ﬁ,r.v
"

dependence. ]

Figure 9 was limited to a heat balance model of single tows
- at ambient room temperature and natural convection conditions. 1In

the experimental sec:ioas, we have observed other factors which

G,

-
’
itk

affect burning parame:iers. This section explains these effects
in terms o7 the heat balance model.

. Ambient temperature: Ambient tempera-ure is the zero point

T

S o
-

for the heat loss curve. As it is raised, the steady burning
point, which is the intersection of heat loss and diffusion oxida-

tion rate, will be raised in temperature. This allows less

effective catalysts to sustain combustion.

Sample geometry: Heat generation and radiative heat loss

calibrated per unit geometric surface area are not affected by
sample size. However, convective heat loss (normalized to cmz)
increases considerably with reduction of sample size. This is

shown by fiber convective heat loss/cm2 geometric surface area

being 40 X greater than tow loss. The increase in convective heat |

loss means that the Pb-catalyzed oxidation rate will never sustain

e

combustion of single fibers under room temperature and convection

Riria o

e

conditions. The decrease in convective heat loss with size

probably accounts for higher weigh¥ loss for single-ply fabrics

T el

than tows since the heat loss curve is shifted. Multi-)ly fabrics

have a large decrease in heat loss due to radiative absorption by

; surrounding layers,

j
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Air flow velocity: Laminar flow velocity increases the dif-~
1/2

fusion control rate by (velocity) since it reduces the stagnant
film thickness by the same power. It also increases convective
heat loss by (velocity)o‘8 (10). Under natural convection condi-
tions, convection heat loss is a small percentage of total heat
loss. Therefore, initial increase of flow velocity results in

higher burning temperature conditions which enable lower chemical

oxidation rates to sustain combustion. This was observed by Ken

Clark at NADC (4). As convective heat loss becomes a greater
proportion of total heat loss, its higher power dependence on
velocity takes over and leads to lower temperatures for sustained
combustion, causing reaction shut-off.

Combustion time: As combustion proceeds, the oxidation

rate decreases and the heat loss increases, As a result, one
usually observes a certain wt. loss combustion cut-~off. The wt.
loss value depends on the initial reaction rate excess over the
required rate-heat loss intersection. Thus, Pb-treated tows
only continue to 50% wt. loss, while multi-ply fabrics continue
to 95% wt, loss because of the different initial rate-heat loss

intersection due to the lower radiative heat loss of the multi-

ply fabrics.

IV. CONCLUSIONS

The literature record, our experimental results, and model
work have led us to make several conclusions about carbon fiber
rombustion. First, gasification of carbon fibers at temperatures
below 1000°C will only occur through fiber oxidation by oxygen.
Other available gas reactants in the atmosphere or fuel fire
environments have negligible reaction rates at these temperatures.
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This means that the gasification rate is proportional to the

accessgibility of oxygen. By using the term accessibility, we
wish to include all the factors that influence oxygen contact
with the carbon surface such as oxygen purtial pressure in the
surrounding gas, the flow rate of the ambient gas which influences
the oxygen concentration gradient at the carbon surface, and the
diffusion coefficient of oxygen within the depleted oxygen £ilm
at the surface. This accessibility is a very important variable
within the reducing fuel fire heat source, as is .hown by the
difference in oxidation rates between the "open" and "closed"
methanol fires. As discussed in the oxidation kinetic section,
accessibility is the only factor influencing the carbon fire
oxidation rate at diffusion-controlled temperatures. We have
verified this experimentally where fiber oxidation rates inside
an oven above 700°C are the same for metal catalysts treated

and virgin fibers.

At temperatures below the diffusion-controlled rate, reaction
catalysts can increase the oxidation rate considerably. The most
effective catalysts are lead compounds. Wwhen these compounds
are added in sufficient quantity to carbon fibers, they achieve
the same oxidation rate as pure carbon oxidation at lower tempera-
ture, As a result, lead-treated carbon fibers have an ignition
temperature of 375°C rather than 550°C and the transition from
chemical to diffusion control will occur at about 625°C rather
than 800°C. The ignition temperatures have been experimentally
determined and the chemical -~ diffusion transzition temperatures
are inferred from the combustion model diagram.

As we have tried to illustrate in the combustion model

diagram, the catalyst-induced sustained combustion depends on
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the heat balance between the oxidation reaction and heat loss.

The mest dramatic self-sustained combustion differences are
achieved when the room temperature heat loss curve is crossed

by the catalyzed oxidation curve below the diffusion-controlled

regime, and the oxidation rate of the untreated carbon fibers

crosses the heat loss curve above the diffusion controlled regime.

Since the oxidation kinetics and heat balance model are
dependeat on several variables whose values may fludunate greatly
in an accidental fire/explosion, it is difficult to quantitatively
predict the effect of metal additives on fiber relase without
direct experimental evidence. However, we can make several
qualitative predictions within the context of the different
scenarios simulated by the fiber release studies (11-17).-

In general, oxidation of fibers which occurs at temperatures
below 800°C will be greatly enhanced by metal additives, of which
Pb compounds are the most effective. In terms of fuel fire
scenarios, we postulate that Pb additives will enhance oxidation
even though the average fire temperature is above 800°C, This is
due to the fact that oxygen accessibility at the carbon surface
is always associated with lower local temperatures in the fire
since oxygen presence is due to local drafts from fire turbulence.
This postulation is bolstered by the methanol fire resuits where
Pb additives increased the oxidation rate in both the "open" and
"closed" 800°C fires.

Upen removal from the fire, the extent of self-sustained
combustion is dependent on the heat balance parameters. We have

found that Pb in the form of oxides at .0l atom/1l00 g epoxy will
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produce 95% fiber weight loss in multi-ply composites trans-
ferred to an atmospheric environment immediately after the high
temperature exposure. This weight loss is contrastad

with less than 10% weight loss by untreated samples under the
same conditions., Therefore we feel that in fuel fire scenarios
the amount of gasification will bhe much greater with lead-treated
composites.

Some carbon fiber release studies have reported that con-
siderable fiber oxidation takes place in fuel fire simulations and
may limit the amount of carbon fiber release. Pb addi-
tives or even other less-effective catalysts will increase the
amount of oxidation. These additives will also enhance oxidation
under more severe heat loss conditicns. This may be critical
in thin composites when heat loss is larger and relatively high
amounts of fiber release have heen reported (13).

There are several conditions in which the catalyst additives
will not be effective in increasing fiber gasiffbation. Released
single fibers have such a high convective heat loss that combus-
tion will extinguish immediately upon removal from the heat
source, Release under blast velocity conditions may also extin-
guish combustion due to the convective heat loss coefficient at
high velocities. Finally, the fiber oxidation reaction depends
on accessibility of the oxygen reactant and removal of the epoxy

residues from the carbon surface.
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, In conclusion, metal additives may be quite effective

} in burn scenarios where fiber release occurs gradually from }

{ epcxy-free composite fabric. They will not affect single !

§ fibers after release by either burn or burn/blast scenarics. 3
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APPENDIX A

Preparation of Composites

System 1 - Union Carbide T-300 Fiber with Epon 828 Epoxy

and Versamide 125 Curing Agent

For T-300 composites containing six plies of T-300 fabric,
5-7/8" x 5-7/8" square and weighing 25-26 grams, 22 grams of
resin were required. The resin was prepared by weighing 13.2
grams of "pon 828 and 8.8 grams of Versamide 125 in separate
pools on an aluminum plate. The metallic element which was
expected to promote the combustion of the composite materials
was weighed separately as an oxide or a salt after grinding to
a fine powder, The catalyst concentration used was 0.0l g-atoms
of metallic element per 100 grams of resin. Immediately prior
to applying the resin onto the fabric, the oxidation catalyst
was sprinkled on the aluminum plate and the three ingredients

were combined by gentle folding with a spatula.

63

e R P vy Y ST PN SR * I

i AR

e —

T i S Rtk




Composite Lavup Procedure

Two stainless steel plates (8"x8" and 5-7/8" x 5-7/8")

TR T R e A 7 et g

were sprayed with tetrafluoroethylene release agent for easy
removal of the finished composites. Two peel-plies, two plies
of glass fabric, and another peel ply were successively stacked
~‘~\ﬁ on the larger plate. The layers of carbon fabric were then

3 8 centered in a felt dam 6"x6" square. The resin mixture was
applied to the top ply of fabric in small quantities and was
worked into the layers by pressing with a spatula, Successive
additions were applied so that the entire amount of prepared
resin/catalyst mixture was evenly distributed. The layup was
then completed with the addition of another peel ply and the

smaller stainless steel plate.
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T-300/Fpon 828 Versamide Cure

The composite layup was placed in a Mylar bag between
two hot plates and the bag was evacuated with heating to 90°C,
While still under vacuum, the temperature was held at 90°C for
one hour and was increased to 120°C and held constant for two
hours or longer. The heat and vacuum pump were turned off, and
the assembly was aliowed to cool gradually to room temperature

before removing and weighing the composite.
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System 2 - Hercules AS Fiber with Epon 828 Epoxy and Versamide

125 Curing Agent

For these composites, four plies of AS fabric 5-7/8"x5-7/8"

square, weighing 30-31 grams, were used, and 26,7 grams of resin

were required. The resin was prepared using 16.0 grams of Epon

828 and 10.7 grams
oxidation catalyst
grams of resin, as

The composite

those of the T-300

[FPRTRIEDIY P SIS G U

of Versamide 125. The concentration of the
was 0.0l g-atoms of metallic element per 100
before.

layup procedure and cure were identical to

composites.
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System 3 - Hercules AS Fiber with 3501-6 Resin

For AS composites containing four plies of AS fabric
5-7/8"x5-7/8" square and weighing 30-31 grams, 20-21 grams
of 3501-6 resin were required. The resin was weighed out in
a beaker and was dissolved with heating (<80°C) in a minimal
amount methyl ethyl ketone(MEK). Once the resin was completely
dissolved, the amount of oxidation catalyst required to provide
0.01 g-atoms of metallic element per 100 grams of resin was
added, and the composite was assembled as before. The solvent
used to dissolve the resin was removed in a vacuum oven under
vacuum at 250°F (120°C) for 35 minutes prior to the cure.

After removing the solvent, the vacuum was released and
the assembly was held at 250°F (120°C) for an additional 30
minutes. The oven temperature was then increased to 3CO°F
(150°C) for 40 minutes and, finally, to 350°F (175°C) for 70
minutes before the heat was turned off and the assembly was

allowed to gradually cool to room temperature.
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APPENDIX B

Calculation of Convective Heat ILoss*

Qonvective = e A (Tgyrface - Tgas)
hc = convective heat loss coefficient
A = area of surface

When surface is surrounded hy air:
k 3 d 2 °F
h,=c 7 (a L’ At)

a = product of Grashof and Prandelt numbers

Btuw/hr ft

= coefficient of geometry
1

.
—

1.1
L Lhor I‘vert

At = difference in temperature¢ between surface and gas

C
L

length,

d = power coefficient dependent on (a L3At) when aL3At

d = 0, aL’pt is 10°-10°, 4 = 1/4.

For tow

C = .55 for cylinder

L = .08 cm = .0026 £t
X = .03
At = 750°C
a = :04x10%/5t3 oF
k = .03 Btu/(hr) (£ft) (°F)
aL’Mt = 1.12 so d > 0 and < .25
if arat <1074, @ = o
ar’at is 10> - 10, 4 = .25
> 10%, d = .33
100 - 10° a>o0, a<.26.

* BEquations derived from Reference lO.
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Assume

ax
m hc

a
max hc

approx.

hC

maximum heat loss, d = 0

.55 x

.03
2.6x10-3

127 Btu/hr(ft) °F x l.él-xJ.O—4 conversion factor

.9x10™3 cale/cmzsec °C
_ -3
hc = 1x10
for fiber, L = 5.2xlo_5, aL3At <1o‘4. d=o0
003 "4
.55 x 5.2x10-5 x 1l.ix10
-2 2 o

4.4x10 cals/cm“sec °C

1

for 1in® fabric

=
]

o}
)

.25

.5 x

.08 ft

since aL3At = 3x10

.03

—_s X

.08

a

4).25 4

(2.9x10 x 1.4%x10°

3.8x107 3 cals/cmzsec.
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