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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



PREFACE 

'his book is divided into four sections since the subject matter encom-
passes a variety of technical expertise. Part I is devoted to Resin 

Chemistry; Part II, Adhesives, Coatings, and Sealants; Part III, Reinforced 
Plastics; and Part I V to Instrumental Characterization Technology. The 
aerospace industry has been, and is, contributing much to instrumental 
characterization methods as evidenced by Part IV and substantial por
tions of Part III. This activity is based on a need to know as much as 
possible about the materials being used to assure high quality hardware. 

Aerospace materials an
on our everyday lives. Perhaps the classic example is the early work of 
N . A . DeBruyne and co-workers, who developed the Redux bonding sys
tem that played a heavy role in aircraft construction during World War II. 
Today we find adhesives everywhere—in the homes where we live, in 
the offices and factories where we work, in the automobiles, buses, trucks, 
and trains of our surface transportation systems, and in the planes in 
which we fly. It is thus fitting that the American Chemical Society and 
the Chemical Society of Japan have asked the workers in this industry 
to discuss a variety of aspects of their technology. 

The editor is deeply grateful to Dr . Dave Kaelble of the Rockwell 
Science Center, Mr. George Schmitt of the Air Force Material Laboratory, 
and Mr. John Hoggatt of the Boeing Aerospace Company. They not 
only served as session chairpersons during the Symposium, but also 
helped procure the contributors who made the Symposium a success. 
Finally, a special note of thanks is due to Professor Kozo Kawata from 
the Institute of Space and Aeronautical Science at the University of 
Tokyo. Professor Kawata served as a co-chairperson representing CSJ, 
and his vigorous activity during the meeting is appreciated most grate
fully. 

Lockheed Missiles and C L A Y T O N A. MAY 

Space Company, Incorporated 
Sunnyvale, CA 94086 
February 26, 1980 

IX 
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Status of High-Temperature Laminating Resins and 
Adhesives 

P. M. HERGENROTHER and N. J. JOHNSTON 

National Aeronautics and Space Administration, Langley Research Center, 
Hampton, VA 23665 

The quest for high temperature polymers for use as functional 
resins (e.g., coatings and sealants) and structural resins (e.g., 
a d h e s i v e s , composite matrices and foams) began in the mid-1950's. 
Early work on high temperature polymers c o n c e n t r a t e d primarily on 
th e r m a l stability and paid little or no attention to cost, pro
cessability, performance o r actual use temperature. As work pro
gressed, it was quickly recognized that a successful polymer must 
exhibit a favorable c o m b i n a t i o n of price, processability and per
formance and also that t h e r m a l stability differed from d i m e n s i o n a l 
stability o r heat resistance. 

Work on most of the more exotic and costly polymers was soon 
discontinued as a result of this realism and the more c u r r e n t 
emphasis has generally been restricted to the development of mate
rials for specific applications. In fact, this review will be 
confined to those high temperature polymers currently b e i n g de
veloped as adhesives and composite matrices. The term " h i g h 
temperature" in this c o n t e x t refers to the ability of a structural 
material to perform properly in air for thousands of hours at 
232°C, hundreds o f hours at 3l6°C and/or minutes a t 538°C. 

The i d e a l h i g h temperature p o l y m e r i c system f o r use as a 
p r o d u c t i o n - l i n e adhesive o r l a m i n a t i n g r e s i n would e x h i b i t a v a r i 
e t y o f d e s i r a b l e f e a t u r e s such as t h e f o l l o w i n g : easy t a p e and 
p r e p r e g p r e p a r a t i o n , good s h e l f - l i f e , a c c e p t a b l e t a c k and drape, 
a c c e p t a b l e q u a l i t y c o n t r o l p r o c e d u r e s , low p r o c e s s i n g temperature 
and p r e s s u r e , no v o l a t i l e e v o l u t i o n , dense g l u e l i n e o r m a t r i x (no 
v o i d s ) , good m e c h a n i c a l performance over t h e d e s i r e d temperature 
range, t i m e , and e n v i r o n m e n t a l c o n d i t i o n s , a c c e p t a b l e r e p a i r a -
b i l i t y and c o s t - e f f e c t i v e n e s s . I r o n i c a l l y , no co m m e r c i a l l y a v a i l 
a b l e system e x i s t s which a c t u a l l y o f f e r s any re a s o n a b l e combina
t i o n o f t h e s e f e a t u r e s . I n s t e a d , t h e few c o m m e r c i a l l y a v a i l a b l e 
m a t e r i a l s r e p r e s e n t a compromise o f t h e s e p r o p e r t i e s . 

0-8412-0567-l/80/47-132-003$05.00/0 
© 1980 American Chemical Society 
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4 RESINS F O R A E R O S P A C E 

H i s t o r i c a l Development o f High Temperature S t r u c t u r a l R e s i n s 

To p l a c e t h e c u r r e n t s t a t u s o f h i g h temperature polymers i n 
p r o p e r p e r s p e c t i v e , a b r i e f c h r o n o l o g i c a l r e v i e w on each o f t h e 
more p o p u l a r h i g h temperature polymers i s a p p r o p r i a t e . I n '1955 * 
Ε. I . DuPont de Nemours and Company, I n c . , was awarded t h e f i r s t 
o f s e v e r a l p a t e n t s (2) on aro m a t i c p o l y i m i d e s ( P I ) c o n s i d e r e d t o 
be t h e f i r s t f a m i l y o f h i g h temperature polymers. S e v e r a l 
companies such as Westinghouse, Monsanto, G e n e r a l E l e c t r i c , 
Amoco and DuPont devoted a s i g n i f i c a n t e f f o r t t o P I development. 
I n f a c t , more e f f o r t has gone i n t o P I development t h a n a l l o f t h e 
o t h e r h i g h temperature polymers combined and, now t h a t t h e DuPont 
P I p a t e n t s are e x p i r i n g , i t w i l l be i n t e r e s t i n g t o see i f com
p a n i e s who are b a s i c i  c e r t a i  P I  ( e . g .  G u l f O i l 
Chemicals Company who s e l l
a c i d d i a n h y d r i d e ) w i l l e n t e
t i o n o f t h e e a r l i e r P I work i n v o l v e d t h e p r e p a r a t i o n o f s o l u b l e 
p r e c u r s o r p o l y ami c a c i d s from t h e r e a c t i o n o f aromatic t e t r a 
c a r b o x y l i c a c i d d i a n h y d r i d e s and a r o m a t i c diamines and t h e i r 
subsequent c y c l o d e h y d r a t i o n t o P I (Eq. l ) . 

P r e c u r s o r p o l y a m i c a c i d s e x h i b i t s e v e r e problems i n s h e l f l i f e 
and p r o c e s s i n g due t o hydro l y t i c i n s t a b i l i t y , w a t e r r e l e a s e d 
d u r i n g t h e c y c l o d e h y d r a t i o n and g e n e r a l l a c k o f melt f l o w . I n 
s p i t e o f t h e s e problems, s e v e r a l P I made by t h i s g e n e r a l s y n 
t h e t i c r o u t e became c o m m e r c i a l l y a v a i l a b l e about i960, such as 
Pyre ML l a c q u e r s , V e s p e l m o l d i n g m a t e r i a l s and m-3h 
adhesive. 

Concurrent w i t h t h e development o f P I , t h e p o l y b e n z i m i d a 
z o l e s (PBI) as i n i t i a l l y r e p o r t e d by M a r v e l (3) were b e i n g 
e v a l u a t e d . Polybenz i m i d a z o l e s are g e n e r a l l y p r e p a r e d by t h e 
p o l y c on dens at i on o f aroma t i c b i s (o^-di amines ) w i t h d i p h e n y l e s t e r s 
o f aromatic d i c a r b o x y l i c a c i d s (Eq. 2) . 

C02<t> -2n H 2 0 
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1. H E R G E N R O T H E R A N D J O H N S T O N High-Temperature Laminating 5 

C o n s i d e r a b l e amounts o f p h e n o l and w a t e r are e v o l v e d which 
caused pronounced f a b r i c a t i o n problems d u r i n g t h e p r o c e s s i n g o f 
composites and a d h e s i v e s . PBI was com m e r c i a l l y a v a i l a b l e i n t h e 
mid I 9 6 0 1 s (e.g. , I m i d i t e 850 from Narmco M a t e r i a l s ) and i s 
c u r r e n t l y b e i n g e v a l u a t e d f o r use as h o l l o w f i b e r s i n w a t e r 
p u r i f i c a t i o n , flame r e s i s t a n t f i b e r s and low d e n s i t y foams. 

D u r i n g the I 9 6 0 ' s a v a r i e t y o f new polymers were r e p o r t e d 
as h i g h temperature m a t e r i a l s p r i m a r i l y on the b a s i s o f t h e i r 
weight l o s s performance as measured by t h e r m o g r a v i m e t r i c a n a l y s i s 
(̂ ,5)« Few o f t h e s e new m a t e r i a l s were i n v e s t i g a t e d as s t r u c t u r a l 
r e s i n s . One o f s e v e r a l systems which d i d r e c e i v e c o n s i d e r a b l e 
a t t e n t i o n , however, was the p o l y p h e n y l q u i n o x a l i n e s (PPQ). These 
m a t e r i a l s , as f i r s t r e p o r t e d i n 1967 (0 > are r e a d i l y p r e p a r e d 
from t h e p o l y c y c l o c o n d e n s a t i o  a r o m a t i  b i s ( o - d i a m i n e s
aromatic d i b e n z i l s (Eq
t h e r m o p l a s t i c s . A l t h o u g y d i s p l a y  p o t e n t i a
h i g h temperature s t r u c t u r a l r e s i n s , p a r t i c u l a r l y as a d h e s i v e s , 

COCO φ - 4 n H 2 0 

m 
t h e PPQ are r e l a t i v e l y e x p e n s i v e , r e q u i r e h i g h temperature p r o 
c e s s i n g and at p r e s e n t are not c o m m e r c i a l l y a v a i l a b l e . 

As more p o t e n t i a l a p p l i c a t i o n s developed f o r h i g h temperature 
s t r u c t u r a l r e s i n s , a l t e r n a t e s y n t h e t i c r o u t e s t o P I were i n v e s t i 
g a t ed t o improve p r o c e s s a b i l i t y . These r o u t e s c o n c e n t r a t e d on 
a l l e v i a t i n g t h e e v o l u t i o n o f t h e v o l a t i l e s r e s p o n s i b l e f o r f a b r i 
c a t i o n problems. I n t h e l a t e I 9 6 0 ' s TRW (j) developed a r o u t e t o 
n a d i c end-capped imide o l i g o m e r s w h ich c o u l d be t h e r m a l l y polymer
i z e d t h r o u g h t h e u n s a t u r a t i o n (Eq. k). T h i s t e c h n o l o g y became 
known as P13N w i t h t h e Ρ s t a n d i n g f o r p o l y i m i d e , t h e 13 r e p r e 
s e n t i n g an average o l i g o m e r i c m o l e c u l a r weight o f 1300, and t h e Έ 

Ο Ο o 

A M I C A C I D 

A ~ 2 0 0 ° C - 5 . 3 4 H - 0 

T H E R M O S E T 
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6 RESINS F O R A E R O S P A C E 

r e f e r r i n g t o n a d i c end-caps. The t h e r m a l c h a i n e x t e n s i o n , o f t e n 
r e f e r r e d t o as p y r o l y t i c p o l y m e r i z a t i o n , a p p a r e n t l y occurs 
t h r o u g h a c o m b i n a t i o n o f a d d i t i o n r e a c t i o n s i n v o l v i n g t h e v i n y l 
groups o f t h e nadimide moiety and m a l e i m i d e / c y c l o p e n t a d i e n e 
p r o d u c t s formed from a r e v e r s e D i e l s - A l d e r r e a c t i o n o f the 
nadimide. T h i s p r o c e s s i s accomplished -with t h e e v o l u t i o n o f a 
s m a l l amount o f c y c l o p e n t a d i e n e . A s i g n i f i c a n t improvement i n 
p r o c e s s i n g over t h e p o l y a m i c a c i d s was r e a l i z e d but the r e s u l t a n t 
r e s i n was b r i t t l e . The P13N p a t e n t s were purchased by t h e C i b a -
Geigy C o r p o r a t i o n who was u n s u c c e s s f u l i n d e v e l o p i n g a P13N 
p r o d u c t l i n e . 

Work at Rhone-Poulenc on p o l y i m i d e s r e s u l t e d i n t h e develop
ment o f m a l e i m i de end-capped oligo m e r s which c o u l d be c h a i n ex
t e n d e d t h e r m a l l y and/o
(Eq. 5) (8*)· The K e r i m i
Rhodia i n t h e U. S. e v o l v e d from t h i s t e c h n o l o g y . They e x h i b i t 
e x c e l l e n t m elt f l o w p r o p e r t i e s and e a s i l y form v o i d - f r e e p a r t s . 
A l t h o u g h t h e s e m a t e r i a l s are used i n c e r t a i n a p p l i c a t i o n s such 

(5) 

RESIN F R O M ADDIT ION T H R O U G H D O U B L E B O N D A N D T H R O U G H 
M I C H A E L R E A C T I O N OF A M I N E WITH D O U B L E B O N D 

as c i r c u i t b o a r d s , t h e y have not r e c e i v e d acceptance as h i g h 
temperature s t r u c t u r a l r e s i n s because o f t h e i r l i m i t e d t h e r m a l 
s t a b i l i t y . 

C u r r e n t High Temperature S t r u c t u r a l R e s i n s 

The P13N c h e m i s t r y was extended at NASA-Lewis Research 
C e n t e r t o t h e development o f PMR-15, PMR s t a n d i n g f o r P o l y m e r i 
z a t i o n o f Monomeric Re a c t ant s (£). The c h e m i s t r y i s t h e same as 
i n P13N except t h e average o l i g o m e r i c m o l e c u l a r weight was i n 
c r e a s e d t o 1500 and t h e m a t e r i a l i n i t i a l l y used f o r p r e p r e g 
f o r m a t i o n i s a m i x t u r e o f monomers. The d i a n h y d r i d e o f 3,3**+, V -
benzophenone t e t r a c a r b o x y l i c a c i d and n a d i c anhydride are 
s e p a r a t e l y r e a c t e d w i t h an excess o f methanol t o form t h e h a l f -
m e t h y l e s t e r s . h9k*-Methylene d i a n i l i n e i s added t o a m e t h a n o l i c 
s o l u t i o n o f t h e two h a l f - e s t e r s . The r e s u l t a n t v a r n i s h i s used 
t o impregnate the r e i n f o r c e m e n t . Tack and drape are o b t a i n e d i n 
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1. H E R G E N R O T H E R A N D J O H N S T O N High-Temperature Laminating 7 

t h e p r e p r e g t h r o u g h r e s i d u a l methanol which f r e q u e n t l y evaporates 
and l e a v e s t h e p r e p r e g boardy. E s t e r i f i c a t i o n beyond t h e h a l f -
e s t e r stage has been observed and has been t h e source o f p r o c e s s 
i n g problems. R e s i d u a l v o l a t i l e s are removed d u r i n g a B-stage 
c y c l e w i t h a d d i t i o n a l cure o c c u r r i n g t h r o u g h t h e nadimide end-
caps. PMR-15 has shown c o n s i d e r a b l e p o t e n t i a l f o r use i n h i g h 
temperature s t r u c t u r a l composites and i s c u r r e n t l y under e v a l u a 
t i o n i n many l a b o r a t o r i e s . PMR-15 p r e p r e g i s c o m m e r c i a l l y a v a i l 
a b l e . 

I n an attempt t o improve p r o c e s s a b i l i t y and i n t r o d u c e t a c k 
and drape c h a r a c t e r i n t o a P I p r e p r e g w i t h o u t u s i n g s o l v e n t , 
work was i n i t i a t e d at NASA-Langley Research Center i n t h e mid-
19701 s which c l i m a x e d i n t h e development o f LARC-l60 (Eq. 6)(l0). 
A m i x t u r e o f n a d i c anhydrid h , V
c a r b o x y l i c a c i d d i a n h y d r i d

X / NH 2 " „ . V ; 

T H E R M O S E T ^ J L 

- H 2 0 , -EtOH 

B-STAGED IMIDE F O R M 

(6) 

e s t e r s u s i n g e s s e n t i a l l y a s t o i c h i o m e t r i c q u a n t i t y o f e t h a n o l . 
A l i q u i d o l i g o m e r i c amine, J e f f a m i n e AP-22 o r Ancamine-DL, i s 
the n b l e n d e d w i t h t h e two h a l f - e t h y l e s t e r s w i t h t h e s t o i c h i o -
metry a d j u s t e d t o p r o v i d e an o l i g o m e r w i t h an average m o l e c u l a r 
weight o f l600. The r e s u l t a n t m i x t u r e o f monomers i s a v i s c o u s 
l i q u i d at room temperature and c o n t a i n s no r e s i d u a l s o l v e n t . The 
monomeric m i x t u r e i s amenable t o melt i m p r e g n a t i o n t o p r o v i d e 
p r e p r e g w i t h t a c k and drape w i t h o u t t h e use o f r e s i d u a l s o l v e n t . 
I n composite f a b r i c a t i o n , t h e co n d e n s a t i o n v o l a t i l e s are removed 
d u r i n g a B-stage c y c l e t o form i m i d e o l i g o m e r s which e x h i b i t 
e x c e l l e n t f l o w . These are then t h e r m a l l y c h a i n - e x t e n d e d and 
c r o s s - l i n k e d t h r o u g h t h e nadimide end-groups. Composites o f 
LARC-I60 e x h i b i t good performance a t h i g h te m p e r a t u r e s . Both 
neat r e s i n and p r e p r e g can be o b t a i n e d c o m m e r c i a l l y . Because o f 
i t s enhanced p r o c e s s a b i l i t y , LARC -I60 i s c u r r e n t l y b e i n g e v a l u a 
t e d as a m a t r i x m a t e r i a l i n many l a b o r a t o r i e s . F a b r i c a t i o n 
development a c t i v i t i e s on b o t h PMR-15 and LARC-160 are b e i n g 
sponsored by NASA-Langley at Boeing Aerospace Company and 
R o c k w e l l I n t e r n a t i o n a l , r e s p e c t i v e l y . 
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8 RESINS F O R A E R O S P A C E 

I n 1 9 6 9, Hughes A i r c r a f t Company began work under A i r Force 
f u n d i n g on a c e t y l e n e - t e r m i n a t e d imide o l i g o m e r s (Eq. 7) which 
c o u l d be t h e r m a l l y p o l y m e r i z e d t h r o u g h a c e t y l e n e end-groups 

Ο 

T H E R M O S E T 

( l l ) . T h i s work c u l m i n a t e d i n t h e development o f a m a t e r i a l 
c a l l e d HR-600. I t was i n i t i a l l y proposed t h a t c h a i n e x t e n s i o n 
o f HR-600 o c c u r r e d t h r o u g h a r o m a t i z a t i o n o r a c e t y l e n i c t r i m e r i -
z a t i o n ( 1 2 ). Recent work has shown, however, t h a t t h e t h e r m a l 
r e a c t i o n o f an e t h y n y l group p r o v i d e s a v e r y complex m i x t u r e o f 
pro d u c t s (13). T h i s t e c h n o l o g y was l i c e n s e d by G u l f O i l Chemi
c a l s Company and t h e HR-600 r e s i n i s now marketed as Thermid 600. 
G r a p h i t e r e i n f o r c e d composites from Thermid 600 have shown good 
performance a t 3l6°C a f t e r a g i n g . F u r t h e r development o f Thermid 
600 as a l a m i n a t i n g r e s i n under AFML/NASA s p o n s o r s h i p was c u r 
t a i l e d due t o problems a s s o c i a t e d w i t h inadequate f l o w and s h o r t 
g e l t i m e . 

DuPont c o n t i n u e d t h e i r work i n t h e P I f i e l d and i n 1 9 7 2 
announced t h e NR - 1 5 0 s e r i e s o f P I (lj+). One o f t h e s e m a t e r i a l s , 
NR - 1 5 0 B 2 , i s p r e p a r e d by m i x i n g 2 , 2 - b i s ( 3 f , V - d i c a r b o x y p h e n y l ) 
h e x a f l u o r o p r o p a n e w i t h 9 5 mole % p a r a - and 5 mole % meta-
phenylenediamine i n a s u i t a b l e s o l v e n t such as N-methyl-
p y r r o l i d o n e (Eq. 8). The monomeric v a r n i s h i s used f o r t h e p r e p 
a r a t i o n o f p r e p r e g w h ich r e t a i n s t a c k and drape due t o r e s i d u a l 
s o l v e n t . The f a b r i c a t i o n o f l a m i n a t e s [ e . g . , 30.5cm χ 30.5cm 
χ 0.32cm ( 1 2 " χ 1 2 " χ 0 . 1 2 5 " ) ] i s d i f f i c u l t because o f t h e 
removal o f h i g h b o i l i n g s o l v e n t and c o n d e n s a t i o n v o l a t i l e s ; 
c o n s e q u e n t l y , l o n g cure and p o s t c u r e c y c l e s must be used. As 
w i t h most composite m a t e r i a l s , s m a l l amounts (<1%) o f r e s i d u a l 
s o l v e n t i n t h e l a m i n a t e cause sev e r e delamiηation d u r i n g p o s t -
cure and, i f n o t removed, p l a s t i c i z e t h e r e s i n and induce 
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H 0 2 C C 0 2 H H 2 N 

H 0 2 C C 0 2 H 

95 M O L E % P A R A , 5 M O L E % M E T A 

(8) 

t h e r m o p l a s t i c f a i l u r e a
composites o f NR-150B2
ance, NASA-Langley i s s p o n s o r i n g f u r t h e r work on f a b r i c a t i o n 
development w i t h C o n v a i r D i v i s i o n o f G e n e r a l dynamics C o r p o r a t i o n . 
P r e p r e g i s co m m e r c i a l l y a v a i l a b l e . 

Composite P r o p e r t i e s 

S e v e r a l l a b o r a t o r i e s have e v a l u a t e d h i g h temperature p o l y 
mers as l a m i n a t i n g r e s i n s and adhesives and have r e p o r t e d w i d e l y 
d i v e r g e n t r e s u l t s on the same m a t e r i a l . T h i s i s t o be ex p e c t e d 
s i n c e c o n d i t i o n s which i n f l u e n c e t h e performance o f a s t r u c t u r a l 
r e s i n v a r y from one l a b o r a t o r y t o another. F o r example, com
p o s i t e p r o p e r t i e s are governed by f a c t o r s such as p r e p r e g 
q u a l i t y , p r o c e s s i n g ( e . g . , t i m e , temperature and p r e s s u r e ) , 
aging environment (e.g. , oven d e s i g n , atmosphere and specimen 
c o n f i g u r a t i o n ) , r e i n f o r c e m e n t ( e . g . , t y p e , b a t c h number and 
s i z i n g ) , composite q u a l i t y ( e . g . , f i b e r volume and v o i d c o n t e n t ) , 
and t e s t i n g ( e . g . , span-to-depth r a t i o i n s h o r t beam shear t e s t ) . 
T h e r e f o r e , i t i s d i f f i c u l t t o o b t a i n and would be improper t o 
expect a v a l i d comparison on t h e performance o f s t r u c t u r a l r e s i n s 
e v a l u a t e d i n d i f f e r e n t l a b o r a t o r i e s . A comparison i s more 
r e l i a b l e when t h e v a r i o u s r e s i n s are e v a l u a t e d i n t h e same 
l a b o r a t o r y under c a r e f u l l y c o n t r o l l e d c o n d i t i o n s . 

I n an attempt t o o b t a i n a m e a n i n g f u l comparison o f t h e most 
p r o m i s i n g h i g h temperature m a t r i x r e s i n s , l a m i n a t e s o f t h e same 
dimensions and l a y u p were f a b r i c a t e d from d i f f e r e n t r e s i n s and 
th e same r e i n f o r c e m e n t by v a r i o u s companies w i t h e x p e r t i s e i n a 
p a r t i c u l a r system. These l a m i n a t e s were s u b m i t t e d t o NASA-Langley 
th e n aged and t e s t e d under comparable c o n d i t i o n s i n o r d e r t o p r o 
v i d e t he me c h a n i c a l p r o p e r t i e s r e p o r t e d i n Tables I and I I ( 1 5 ) . 
The q u a l i t y o f t h e l a m i n a t e s v a r i e d but t h e p r o c e s s i n g i n f o r m a 
t i o n s u p p l i e d by each company and t h e t e s t r e s u l t s i n d i c a t e 
t r e n d s . Of the f o u r r e s i n s e v a l u a t e d , t h e o r d e r o f d e c r e a s i n g 
t h e r m a l performance as i n d i c a t e d by s h o r t beam shea r s t r e n g t h s i s 
NR-150B2-Thermid 600>PMR-15~LARC-l60. Ease o f p r o c e s s i n g and 
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



10 RESINS F O R A E R O S P A C E 

TABLE I - E f f e c t o f E l e v a t e d T e m p e r a t u r e E x p o s u r e o n 

F l e x u r a l S t r e n g t h o f U n i d i r e c t i o n a l HT-S L a m i n a t e s 

F l e x u r a

M a t r i x RT 260°C a f t e r 500 h r j 
260°C i n a i r 

288°C a f t e r 500 h r . 
@288°C i n a i r 

3l6°C a f t e r 500 hr. 
@316°C i n a i r 

NR-150B2 

PMR-15 

T h e r m i d - 6 0 0 

•LARC-160 

l.*»3[2073 

1.43C208] 

1.28C185] 

2 . 1 3 C 3 0 9 ] 

1.30[1893 ( 9 1 ) 

1 . 8 4 [ 2 6 7 ] (128) 

1 .17C169] (91) 

1 .52[220] (71) 

1 .21E1751 (85) 

1 . 2 4 [ l 8 0 ] (87) 

0.99C1443 (78) 

14.4C2093 (68) 

1 . 14[1 6 51 (80) 

0 . 9 7[1^0] (67) 

1 . 0 4[151] (82) 
Not a v a i l a b l e 

TABLE I I - E f f e c t o f E l e v a t e d T e m p e r a t u r e E x p o s u r e 

on I n t e r l a m i n a r S h e a r S t r e n g t h o f U n i d i r e c t i o n a l HT-S L a m i n a t e s 

I n t e r l a m i n a r S h e a r S t r e n g t h , M P a [ K p s i ] ( ? r e t e n t i o n o f RT p r o p e r t i e s ) 

M a t r i x RT 260°C a f t e r 500 hr. 
§260°C i n a i r 

288°C a f t e r 500 h r . 
@288°C i n a i r 

3l6°C a f t e r 500 h r 
§316°C i n a i r 

NR-150B2 

PMR-15 

Thermid-600 

LARC-160 

70.3C10.2] 

l l l . O C l 6 . l 3 

83.^[12.1] 

95.8[13.9] 

40.7C5-91 (58) 

53.8C7.8] ( 4 8 ) 

60.OC8.73 (72) 

53.8C7.8] (56) 

39.3C5.7] (56) 

47.6C6.93 (43) 

51.0C7.4] ( 6 1 ) 

46.9C6.83 (49) 

34.5C5.03 (49) 

17.9C2.63 (16) 

4l.4C6.03 (50) 

Not a v a i l a b l e 
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q u a l i t y o f p r e p r e g f o l l o w e d t h e t r e n d : LARC-l60>PMR-15> Thermid-
600>NR-150B2. Wi t h r e s p e c t t o cost t h e f o l l o w i n g t r e n d e x i s t s : 
LARC-160<PMR-15<NR-150B2<Thermid 600. S i n c e t h i s i n i t i a l s c r e e n 
i n g , a d d i t i o n a l composite f a b r i c a t i o n s t u d i e s have been conducted 
which w i l l be t h e s u b j e c t o f f u t u r e r e p o r t s . 

Adhesive P r o p e r t i e s 

As w i t h h i g h temperature c o m p o s i t e s , t h e performance o f h i g h 
tempe r a t u r e adhesives has v a r i e d w i d e l y from one l a b o r a t o r y t o 
another. T h i s i s due t o t h e many f a c t o r s w h i ch i n f l u e n c e t h e 
performance o f a t h e r m a l l y s t a b l e adhesive such as t h e adherend 
( e . g . , t y p e , s u r f a c e t r e a t m e n t and t h i c k n e s s ) , adhesive tape 
q u a l i t y , f i l l e r ( e . g . ,
aging environment, bon
p r o m i s i n g h i g h temperature adhesives were e v a l u a t e d i n an attempt 
t o o b t a i n a comparison o f t h e i r i n i t i a l performance and p o t e n t i a l . 
These c o n s i s t e d o f FM-3^, a f i l l e d p o l y i m i d e system from Bloom-
i n g d a l e D i v i s i o n o f American Cyanamid Company ; NR - O 5 6 X , a m o d i f i 
c a t i o n o f NR-150B2 from DuPont (l6); LARC-13, a n a d i c endcapped 
imide o l i g o m e r s i m i l a r t o P13N except m , m f - m e t h y l e n e d i a n i l i n e i s 
used i n s t e a d o f ρ,ρf-methylenedianiline (17) ; and a polypheny 1-
q u i n o x a l i n e (l8). The l a t t e r two are under development at 
NASA-Langley. T i t a n i u m - t o - t i t a n i u m ( T i / T i ) and c o m p o s i t e - t o -
composite (C/C) l a p s h e a r specimens and composite-to-PI g l a s s 
core sandwich p a n e l s were f a b r i c a t e d w i t h o u t o p i t m i z a t i o n o f 
r e s i n o r p r o c e s s i n g and t e s t e d . P r e l i m i n a r y r e s u l t s are p r e s e n t e d 
i n Table I I I . Many f a c t o r s v a r i e d i n t h i s s t u dy such as f i l l e r 
c ontent i n t h e t a p e , s u r f a c e treatment o f the adherend, t y p e and 
t h i c k n e s s o f t h e composite adherends, f a i l u r e mode, number o f 
specimens t e s t e d , and s c a t t e r o f t e s t v a l u e s . These v a r i a t i o n s 
p r o h i b i t a m e a n i n g f u l comparison o f adhesive performance a l t h o u g h 
the v a l u e s i n Table I I I are rep re s ent at i ve o f what can be ex p e c t e d 
f o r each adhesive. FM-3^ and NR - O 5 6 X have comparable and a c c e p t 
a b l e s t r e n g t h s f o r a l l t e s t specimen c o n f i g u r a t i o n s . LARC-13 has 
lowe r T i / T i RT s t r e n g t h due t o i t s b r i t t l e n a t u r e but s t r e n g t h at 
3l6°C comparable t o FM-31* and NR-O56X. I n a d d i t i o n , LARC-13 i s 
more amenable t o bonding unvented l a r g e areas t h a n FM-3^ o r NR-
O 5 6 X . PPQ has o u t s t a n d i n g performance i n a l l areas except when 
T i / T i specimens were t e s t e d at 3l6°C. T h e r m o p l a s t i c f a i l u r e 
o c c u r r e d . However, e x c e l l e n t 3l6°C s t r e n g t h s were o b t a i n e d on 
C/C specimens u s i n g the same adhesive. T h i s i n f o r m a t i o n i s p r e 
l i m i n a r y and f u r t h e r work i s i n p r o g r e s s t o develop h i g h tempera
t u r e a d h e s i v e s . 

The use o f t r a d e names o r names o f manufacturers i n t h i s paper 
does n o t c o n s t i t u t e an o f f i c i a l endorsement o f such p r o d u c t s o r 
man u f a c t u r e r s , e i t h e r e x p r e s s e d o r i m p l i e d , by the N a t i o n a l 
A e r o n a u t i c s and Space A d m i n i s t r a t i o n . 
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TABLE I I I - PRELIMINARY HIGH TEMPERATURE ADHESIVE PROPERTIES 
ADHESIVE FM-34* NR-056X* LARC-13* PPQ 
Commercially 
Available Tape Yes No NO No 

Tape Proper
ties 

F i l l e r 
Tack 
Drape 
Flow 
Shelf l i f e 
Volatiles,% 

Yes 
Yes 
Yes 
Good 
Poor 
M4 

Yes 
No 
No 
Good 
Poor 
M l 

Yes 
No 
NO 
Good 
Good 
<1 

No 
No 
No 
Fair 
Good 
<1 

Final Process
ing Temp,°C 343 

Pressure for 
Fabrication 
of LSS,MPa(psi) 

1.4(200) 2.1(300) 0.34(50) 1.4(200) 

Tg of Cured 
Adhesive,°C 322 328 306 318 

Ti/Ti Tensile 
Shear Strength, 
MPa(psi) 
RT 
288 
316 °C 
316 °C(125hr) 

22.7(3300) 
ΝΑ 
11.7(1700) 
10.3(1500) 

24.8(3600) 
NA 
11.9(1720) 
9.0(1300) 

13.8(2000) 
NA 
11.5(1670) 
11.3(1640) 

30.3(4400) 
17.2(2500) 
2.1(300f U 

3.4(500) ( 1 ) 

C/C Tensile 
Shear Strength, 
MPa(psi) 
RT 
316 °C 
316°C(125hr) 

17,5(2540) ( 2 3 

11.4(1660) 
10.1(1460) 

15.9(2300) ( 2 ) 

14.3(2080) 
9.2(1340) 

17.0(2470) ( 2 ) 

13.7(1980) 
10.4(1510) 

41,4(6000) ( 3 ) 

19.3(2800) 
17.2(2500) 

C/PI Glass Core 
FWT,MPa(psi) 
RT(unaged) 
RT(after 
125 hrra 
316°C) 

3.6(518) ( 2 ) 

2.5(357) 

3.3(474) ( 2 ) 

2.5(363) 

3.6(515) ( 2 ) 

2.3(338) 

3.4(500) ( 3 ) 

NA 

Capability 
for bonding 
unvented 
large areas Poor Poor Fair Good 

(1) Thermoplastic Failure 
(2) Predominantly Shear Failure in the Celion6000/PMR-15 Adherend 
(3) Predominantly Shear Failure in the HTS/NR150-B2 adherend 
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Status Review of PMR Polyimides 

TITO T. SERAFINI 

National Aeronautics and Space Administration, Lewis Research Center, 
Cleveland, OH 44135 

Until r ecen t ly the a p p l i c a t i o n o f polymer mat r ix composite 
mater ia l s has been limited
-temperature requirement
though high temperature r e s i s t an t polymer matr ix composites p ro 
vided an opportuni ty to design s t ructures having near ly a two- fo ld 
increase in use-temperature, the chemistry and severe processing 
requirements o f e a r l y technology (condensation-type) high tempera
ture polymers made it i m p r a c t i c a l and difficult to f abr ica te high 
quality s t r u c t u r a l components. In cont ras t , f i b e r re in forced 
epoxy res ins can easily be processed us ing a variety of techniques 
at relatively low temperatures and pressures. 

Studies conducted at the NASA Lewis Research Center led to 
the development of a c lass of polyimides known as PMR (for in situ 
polymer iza t ion of monomer reactants) polyimides (1,2,3,4). In the 
PMR approach, the r e i n f o r c i n g f ibe r s are impregnated w i th a solu
tion conta ining a mixture o f monomers d i s so lved in a low boiling 
point alkyl a l coho l solvent . The monomers are essentially un-
react ive at room temperature, but react in situ at e levated tem
peratures to form a thermo-oxidat ively s table polyimide mat r ix . 
These h igh ly p r o c è s s a b l e addi t ion- type polyimides can be p ro 
cessed by e i t he r compression (5.) or autoclave (6) molding t ech 
niques and are now making i t poss ib l e to r e a l i z e much o f the 
p o t e n t i a l of h igh temperature polymer matr ix composites. 

Our research has i d e n t i f i e d monomer reactant combinations fo r 
two PMR polyimides d i f f e r i n g i n chemical composit ion. The e a r l i 
est or " f i r s t generation" PMR ma te r i a l i s designated PMR-15 and a 
more recen t ly developed "second generation" ma te r i a l i s designated 
PMR I I (j). Prepreg mater ia ls employing PMR-15 are commercially 
a v a i l a b l e from the major suppl ie rs of prepreg ma te r i a l s . The 
development o f a modified PMR-15 has been reported (8). 

The purpose of t h i s paper i s to review the current status o f 
f i r s t and second generation PMR poly imides . The fo l lowing top ic s 
are reviewed: ( l ) synthesis and p rope r t i e s , (2) process ing , and 
(3) a p p l i c a t i o n s . 

This chapter not subject to U.S. copyright. 
Published 1980 American Chemical Society 
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D i s c u s s i o n 

S y n t h e s i s and P r o p e r t i e s . Condensation t y p e a r y l p o l y i m i d e s 
are g e n e r a l l y s y n t h e s i z e d "by r e a c t i n g a r y l diamines w i t h a r o m a t i c 
d i a n h y d r i d e s ? a r o m a t i c t e t r a c a r b o x y l i c a c i d s o r d i a l k y l e s t e r s o f 
aro m a t i c t et r a c a r b o x y l i c a c i d s . The d i a m i n e / d i a n h y d r i d e r e a c t i o n 
i s p r e f e r r e d f o r p r e p a r i n g p o l y i m i d e f i l m s whereas t h e l a t t e r two 
r e a c t i o n s are g e n e r a l l y p r e f e r r e d f o r p r e p a r i n g p o l y i m i d e m a t r i x 
r e s i n s . The s o l u t i o n used t o impregnate f i b e r r e i n f o r c e m e n t mate
r i a l s i s p r e p a r e d by d i s s o l v i n g t h e r e a c t a n t s i n a p r o t i c h i g h b o i l 
i n g p o i n t s o l v e n t s such as Ν,N-dimethylformamide (DMF) o r N-methyl-
2 - p y r r o l i d o n e (NMP). D u r i n g composites f a b r i c a t i o n , v o l a t i l i z a 
t i o n o f t h e s o l v e n t and co n d e n s a t i o n r e a c t i o n by-products r e s u l t s 
i n h i g h v o i d c o ntent composites h a v i n g i n f e r i o r m e c h a n i c a l p r o 
p e r t i e s and t h e r m o - o x i d a t i v

I n v e s t i g a t o r s a t t h
under NASA s p o n s o r s h i p , developed an approach t o p r e p a r e p o l y 
i mides by means o f an a d d i t i o n r e a c t i o n (j?). T h e i r approach con
s i s t e d o f s y n t h e s i z i n g low m o l e c u l a r weight a m i d e - a c i d prepolymers 
whose c h a i n ends were t e r m i n a t e d , o r end-capped, w i t h n o r b o r n e n y l 
groups. A d d i t i o n p o l y m e r i z a t i o n o f t h e n o r b o r n e n y l groups oc
c u r r e d a t e l e v a t e d temperatures (275°-350° C)(527°-662° F ) w i t h o u t 
t h e e v o l u t i o n o f v o l a t i l e m a t e r i a l s making i t p o s s i b l e t o sy n t h e 
s i z e low v o i d composites. The prepolymer approach, however, d i d 
hare s e v e r a l shortcomings. These i n c l u d e d : ( l ) t h e use o f DMF, 
(2) v a r i a b l e s o l u t i o n s t a b i l i t y , and (3) l e s s t h a n d e s i r a b l e 
t h e r m o - o x i d a t i v e s t a b i l i t y a t 316° C (600° F ) . 

Another approach was developed i n our l a b o r a t o r i e s f o r p r e 
p a r i n g f i b e r r e i n f o r c e d a d d i t i o n - t y p e p o l y i m i d e s . Our approach 
e l i m i n a t e d t h e need f o r prepolymer s y n t h e s i s and circ u m v e n t e d most 
o f t h e shortcomings a s s o c i a t e d w i t h t h e use o f prepolymers. I n 
our approach a d i a l k y l e s t e r o f an aro m a t i c t e t r a c a r b o x y l i c a c i d , 
an a r o m a t i c diamine and a monoalky1 e s t e r o f 5~norbornene - 2 , 3 -
d i c a r b o x y l i c a c i d (NE), a r e d i s s o l v e d i n a low b o i l i n g p o i n t a l k y l 
a l c o h o l , such as methanol o r e t h a n o l , and t h e s o l u t i o n i s used t o 
impregnate t h e r e i n f o r c i n g f i b e r s . The number o f moles o f each 
monomer r e a c t a n t i s governed by t h e f o l l o w i n g r a t i o : 

n: (n + l ) : 2 

Where n, (n + l ) and 2 a r e t h e number o f moles o f t h e d i a l k y l 
e s t e r o f t h e ar o m a t i c t e t r a c a r b o x y l i c a c i d , t h e arom a t i c diamine 
and NE, r e s p e c t i v e l y . I n s i t u p o l y m e r i z a t i o n o f t h e monomer r e 
a c t a n t s (PMR) o c c u r s upon h e a t i n g t h e impregnated f i b e r s . 

I n t h e i n i t i a l s tudy (l) which e s t a b l i s h e d t h e f e a s b i l i t y o f 
th e PMR approach, i t was not e d t h a t composites made from monomer 
s o l u t i o n s c o n t a i n i n g t h e d i m e t h y l e s t e r o f 3 , 3 ! 

b e n z o p h e n o n e t e t r a c a r b o x y l i c a c i d (BTDE), k,hf-methylenedianiline 
(MDA) and NE e x h i b i t e d a h i g h e r l e v e l o f t h e r m o - o x i d a t i v e s t a b i l 
i t y t h a n d i d composites p r e p a r e d from a monomer s o l u t i o n c o n s i s t -
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i n g o f t h e d i m e t h y l e s t e r o f p y r o m e l l i t i c a c i d , MDA and NE. The 
unexpected o b s e r v a t i o n was con f i r m e d i n a subsequent s t u d y ( l p ) 
and t h e optimum number o f moles o f BTDE (n) which p r o v i d e d t h e 
b e s t o v e r a l l b a l a n c e o f p r o c e s s i n g c h a r a c t e r i s t i c s and thermo-
o x i d a t i v e s t a b i l i t y was found t o be 2.087, c o r r e s p o n d i n g t o a PMR 
p o l y i m i d e h a v i n g a f o r m u l a t e d m o l e c u l a r weight (FMW) o f 1500. The 
FMW i s c o n s i d e r e d t o be t h e average m o l e c u l a r weight o f i m i d i z e d 
prepolymer t h a t c o u l d have been formed i f a m i d e - a c i d prepolymer 
had been s y n t h e s i z e d . The e q u a t i o n f o r t h e FMW o f a PMR p o l y i m i d e 
p r e p a r e d from η moles o f BTDE (n + l ) moles o f MDA and 2 moles 
o f N E i s ; 

™ * = N ^ B T D E + ( N + 1 ) M W M D A + 2 W m ~ 2 ( n + 1 ] Μ ϋ 2 0 + M W
C H 3 0 H 

Where MWgip-p-g, MWJ^Q^, e t c
e r r e a c t a n t s and by - p r o d u c t s . I t i s now common p r a c t i c e t o denote 
the s t o i c h i o m e t r y o f a PMR r e s i n by d i v i d i n g t h e FMW by 100. PMR 
m a t r i c e s employing BTDE a r e r e f e r r e d t o as " f i r s t g e n e r a t i o n " 
m a t e r i a l s . The f i r s t g e n e r a t i o n PMR m a t r i x p r e p a r e d from BTDE, 
MDA and NE h a v i n g an FMW o f 1500 i s w i d e l y known as PMR-15. P r e 
p r e g m a t e r i a l s based on PMR-15 a r e c o m m e r c i a l l y a v a i l a b l e from t h e 
major p r e p r e g s u p p l i e r s . The s t r u c t u r e s o f t h e monomers used i n 
PMR-15 are shown i n T a b l e I . 

These e a r l y s t u d i e s (1,10) a l s o c l e a r l y demonstrated t h e 
e f f i c a c y and v e r s a t i l i t y o f the PMR approach. By v a r y i n g t h e 
che m i c a l n a t u r e o f e i t h e r t h e d i a l k y l e s t e r a c i d o r ar o m a t i c d i 
amine, o r b o t h , and t h e monomer r e a c t a n t s t o i c h i o m e t r y , PMR m a t r i 
ces h a v i n g a broad range o f p r o c e s s i n g c h a r a c t e r i s t i c s and p r o p e r 
t i e s c o u l d e a s i l y be s y n t h e s i z e d . A m o d i f i e d PMR-15, c a l l e d LARC-
160, has been developed by s u b s t i t u t i n g an ar o m a t i c polyamine f o r 
MDA (8). Other s t u d i e s ( 11,12 ) have shown t h a t t h e PMR approach 
has e x c e l l e n t p o t e n t i a l f o r " t a i l o r making" m a t r i x r e s i n s w i t h 
s p e c i f i c p r o p e r t i e s . F i g u r e 1 shows t h e e f f e c t o f FMW on r e s i n 
f l o w f o r PMR/HTS g r a p h i t e f i b e r composites. I t can be seen t h a t 
s i g n i f i c a n t l y h i g h e r r e s i n f l o w can be a c h i e v e d by r e d u c i n g t h e 
FMW. However, as shown i n F i g u r e 2, t h e PMR co m p o s i t i o n s w h i c h 
e x h i b i t i n c r e a s e d r e s i n f l o w a r e l e s s t h e r m o - o x i d a t i v e l y s t a b l e 
a t 288° C (550° F ) . The lower r e s i n f l o w and i n c r e a s e d thermo-
o x i d a t i v e s t a b i l i t y i n g o i n g from PMR-10 t o PMR-15 c l e a r l y show 
t h e s e n s i t i v i t y o f t h e s e p r o p e r t i e s t o imide r i n g o r a l i c y c l i c 
c o n t e n t s . The r e d u c t i o n i n r e s i n f l o w w i t h i n c r e a s e d FMW a l s o 
s e r v e s t o quant i t a t i v e l y account f o r t h e i n t r a c t a b l e n a t u r e o f 
l i n e a r h i g h m o l e c u l a r weight c o n d e n s a t i o n p o l y i m i d e s . 

Replacement o f B T D E w i t h the d i m e t h y l e s t e r o f k9k'-
( h e x a f l u o r o i s o p r o p y l i d e n e ) - b i s ( p h t h a l i c a c i d ) (HFDE) s i g n i f i c a n t 
l y improved the t h e r m o - o x i d a t i v e s t a b i l i t y o f " f i r s t g e n e r a t i o n " 
PMR r e s i n s (12). However, t h e i n i t i a l 3l6° C (600° F) m e c h a n i c a l 
p r o p e r t i e s o f HFDE/MDA/NE PMR p o l y i m i d e composites were c o n s i d e r 
a b l y l o w e r t h a n t h e c o r r e s p o n d i n g p r o p e r t i e s o f BTDE/MDA/NE PMR 
p o l y i m i d e s . G r a p h i t e f i b e r r e i n f o r c e d PMR p o l y i m i d e composites 
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TABLE I 

M O N O M E R S U S E D FOR PMR 15 P O L Y I M I D E 

STRUCTURE NAME ABBREVIATION 

ο 
_ .C-OMe 

<X 
C-OH 

MONOMETHYL ESTER OF 5-N0RB0RNENE-
2,3-DICARBOXYUC ACID 

NE 

Ο 
Ο Ο 

MeO-C ° C-OMe 

HO-C C-OH 

DIMETHYL ESTER OF 3.V.A.A'-
BENZOPHENONETETRACARBOXYLIC ACID 

BTDE 

Ο Ο 

Figure 1. Fer cent resin flow for PMR 
PI/HTS graphite fiber composites FORMULATED MOLECULAR WEIGHT 

1000 1100 1200 1300 1400 1500 
FORMULATED MOLECULAR WEIGHT 

Figure 2. Percent resin weight loss for PMR PI/HTS graphite fiber composites 
after 600-hr exposure in air at (A) 282°C (450°F) and (O) 288°C (550°F) 
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p r e p a r e d from a monomer s o l u t i o n c o n s i s t i n g o f HFDE, j>-
phenylenediamine and NE a t an FMW o f 1267 (n = 1.67) were found t o 
e x h i b i t s i g n i f i c a n t l y improved t h e r m o - o x i d a t i v e s t a b i l i t y and r e 
t e n t i o n o f m e c h a n i c a l p r o p e r t i e s a t 3l6° C (600° F) compared t o 
PMR-15 composites ( j ) . The HFDE-PMR c o m p o s i t i o n s a r e r e f e r r e d t o 
as "second g e n e r a t i o n " m a t e r i a l s t o d i f f e r e n t i a t e them from t h e 
" f i r s t g e n e r a t i o n " BTDE-PMR m a t e r i a l s . The "second g e n e r a t i o n " 
r e s i n c o n s i s t i n g o f HFDE, PPDA and NE w i t h η = 1.67, i s known as 
PMR I I . The s t r u c t u r e o f t h e monomers used i n PMR I I a r e shown i n 
Tab l e I I . The i n t e r l a m i n a r shear s t r e n g t h o f PMR I I (n = 1.67) 
and PMR-13 (a f i r s t g e n e r a t i o n c o m p o s i t i o n w i t h η = 1.67) HTS 
g r a p h i t e f i b e r composites a r e compared i n F i g u r e 3. I t can be 
seen t h a t t h e PMR I I composites have a t l e a s t t w i c e t h e u s e f u l 
316° C (600° F) l i f e o f t h e e a r l i e r PMR composites  PMR I I was 
compared t o PMR-13 becaus
o f i m i d e r i n g s . 

F u r t h e r improvement i n t h e performance o f PMR p o l y i m i d e s a t 
e l e v a t e d temperatures has been made p o s s i b l e by t h e r e c e n t d e v e l 
opment o f g r a p h i t e f i b e r s w i t h improved t h e r m o - o x i d a t i v e s t a b i l i t y . 
F i g u r e k compares the weight l o s s c h a r a c t e r i s t i c s o f PMR-15 com
p o s i t e s made w i t h HTS -1 , HTS -2 , and C e l i o n 6000 g r a p h i t e f i b e r s 
a f t e r i s o t h e r m a l exposure i n a i r a t 3l6° C (600° F ) . The HTS-1 
composite d a t a are from Reference 10 and t h e HTS-2 and C e l i o n 6000 
composite are from Reference 13. The d a t a p r e s e n t e d i n t h e f i g u r e 
c l e a r l y show t h e s i g n i f i c a n t l y improved e l e v a t e d temperature s t a 
b i l i t y o f t h e HTS-2 and C e l i o n 6000 composites compared t o t h e 
HTS-1 composites. 

F i g u r e 5 compares t h e i n t e r l a m i n a r shear s t r e n g t h r e t e n t i o n 
a f t e r exposure i n a i r a t 3l6° C (600° F) o f PMR-15/HTS-1, PMR-15/ 
HTS-2 and PMR - 1 5/Celion 6000 composites. I t can be seen t h a t b o t h 
the HTS-2 and C e l i o n 6000 composites e x h i b i t e d 100 p e r c e n t r e t e n 
t i o n o f t h e i r i n i t i a l 316° C (600° F) i n t e r l a m i n a r shear s t r e n g t h 
d u r i n g t h e f i r s t 1000 hours o f exposure. The shear s t r e n g t h t h e n 
s l o w l y decreased w i t h f u r t h e r exposure. These m e c h a n i c a l p r o p e r t y 
d a t a and t h e composite weight l o s s d a t a shown i n t h e p r e v i o u s f i g 
u r e c l e a r l y show t h a t t h e u s e f u l l i f e o f PMR-15 composites a t 
316° C (600° F) made w i t h h i g h s t r e n g t h , i n t e r m e d i a t e modulus 
g r a p h i t e f i b e r s such as HTS-2 and C e l i o n 6000 i s a t l e a s t 1000 
hours. 

Composites P r o c e s s i n g . High p r e s s u r e (compression) and low 
p r e s s u r e ( a u t o c l a v e ) m o l d i n g c y c l e s have been developed f o r f a b 
r i c a t i o n o f PMR composites. A l t h o u g h t h e t h e r m a l l y i n d u c e d c r o s s -
l i n k i n g a d d i t i o n cure r e a c t i o n o f t h e n o r b o r n e n y l group o c c u r s a t 
temperatures i n the range o f 275° t o 350° C (527° t o 662° F ) , 
n e a r l y a l l o f t h e p r o c e s s e s developed use a maximum cure tempera
t u r e o f 316° C (600° F ) . Cure t i m e s o f 1 t o 2 hours f o l l o w e d by 
a f r e e s t a n d i n g p o s t - c u r e i n a i r a t 3l6° C (600° F) f o r k t o l 6 
h o u r s , a r e a l s o n o r m a l l y employed. Compression m o l d i n g c y c l e s 
g e n e r a l l y employ h i g h r a t e s o f h e a t i n g (5° t o 10° C/min) and près-
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TABLE I I 

M O N O M E R S U S E D F O R S E C O N D G E N E R A T I O N P M R P O L Y I M I D E S 

STRUCTURE NAME ABBREVIATION 

0 
C-OMe MONOMETHYL ESTER OF 

5-N0RB0RNENE-2, 
3-DICARBOXYLIC ACID 

NE 

n 
0 

0 0 
MeO-C Ç F 3 

HO-C 3 

C-OMe 

t 
C-OH 

DIMETHYL ESTER OF 4, 4 ' -
(HEXAFLUOROISOPROPYLIDENE) -
BIS(PHTHALIC ACID) 

HFDE 

0 0 

H 2 N - ^ - N H 2 

l f o l O 3 

400 600 
TIME, HR 

1000 

Figure 3. Interlaminar shear strength of PMR PI(n = 1.67)/HTS graphite fiber 
composites exposed and tested at 316°C (600°F): (A) BTME/MDA/NE, (O) 

HFDE/PPDA/NE, solid symbols denote room-temperature tests 

11 

55X103 

800 1200 1600 
TIME, h r 

2400 

Figure 4. Weight loss of PMR 15/'graphite fiber composites exposed in air at 
316°C (600°F); fiber: (·) HTS-1, (O) HTS-2, (A) Celion 6000 
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sures i n t h e range o f 3.^5x10^ t o 6.9x10^ N/m2 (500 t o 1000 p s i ) . 
Vacuum hag a u t o c l a v e p r o c e s s e s a t low h e a t i n g r a t e s (2° t o k° C/ 
min) and p r e s s u r e s o f 1.38x10^ N/m2 (200 p s i ) o r l e s s have "been 
s u c c e s s f u l l y used t o f a b r i c a t e v o i d - f r e e composites. The s u c c e s s 
f u l a p p l i c a t i o n o f a u t o c l a v e p r o c e s s i n g methodology t o PMR p o l y 
i m i d e s r e s u l t s from t h e presence o f a t h e r m a l t r a n s i t i o n , termed 
" m e l t - f l o w , " w h i c h occurs over a f a i r l y b r o a d temperature range 
(6). The lower l i m i t o f t h e m e l t - f l o w temperature range depends 
on a number o f f a c t o r s i n c l u d i n g t h e c h e m i c a l n a t u r e and s t o i c h i 
ometry o f t h e monomer r e a c t a n t m i x t u r e , and t h e p r i o r t h e r m a l h i s 
t o r y o f t h e PMR p r e p r e g . D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y s t u d 
i e s have shown t h e presence o f f o u r t h e r m a l t r a n s i t i o n s w h i c h oc
cur d u r i n g t h e o v e r a l l cure o f a PMR p o l y i m i d e (ik). The f i r s t , 
second and t h i r d t r a n s i t i o n s a r e endothermic and a r e r e l a t e d t o 
t h e f o l l o w i n g : ( l ) m e l t i n
100° C (212° F ) , (2) i
(28^° F ) , and (3) m e l t i n g o f t h e n o r b o r n e n y l t e r m i n a t e d p r e p o l y -
•mers i n t h e range o f 175° t o 250° C (3*+7° t o 1+82° F) r e f e r r e d t o 
as t h e m e l t - f l o w temperature range. The f o u r t h t r a n s i t i o n , cen
t e r e d near 3^0° C (6kh° F) i s exothermic and i s r e l a t e d t o t h e 
a d d i t i o n c r o s s l i n k i n g r e a c t i o n . To a l a r g e e x t e n t t h e e x c e l l e n t 
p r o c e s s i n g c h a r a c t e r i s t i c s o f PMR p o l y i m i d e s can be a t t r i b u t e d t o 
t h e presence o f t h e s e w i d e l y s e p a r a t e d and c h e m i c a l l y d i s t i n c t 
t h e r m a l t r a n s i t i o n s . 

A p p l i c a t i o n s . Because o f t h e i r e x c e l l e n t p r o c e s s i n g c h a r a c 
t e r i s t i c s and commercial a v a i l a b i l i t y , PMR-15 p o l y i m i d e m a t e r i a l s 
have been o r are b e i n g used i n a number o f d i v e r s e s t r u c t u r a l com
ponents. Some o f t h e s e components a r e l i s t e d i n T a b l e I I I and a 
b r i e f d e s c r i p t i o n o f s e v e r a l i s p r e s e n t e d . The QCSEE ( f o r Q u i e t 
Clean Short H a u l E x p e r i m e n t a l Engine) i n n e r cowl ( F i g . 6) i s f o r 
an e x p e r i m e n t a l t u r b o f a n engine developed f o r NASA-Lewis by Gen
e r a l E l e c t r i c ( 1 5 ) . The cowl has a maximum diameter o f about 90 
cm and has s u c c e s s f u l l y undergone more t h a n 100 hours o f ground-
engine t e s t s . The compressor b l a d e s k i n s a r e f o r s p a r s h e l l b l a d e s 
h a v i n g a 30 cm chord and a 150 cm span. The o i l t a n k b r a c k e t was 
f a b r i c a t e d by TRW, I n c . , u s i n g a chopped g r a p h i t e f i b e r m o lding 
compound. The s h u t t l e o r b i t e r a f t body f l a p c u r r e n t l y b e i n g 
developed by B o e i n g i s a p p r o x i m a t e l y 2 m wide by 6 .5 m l o n g . 

C o n c l u d i n g Remarks 

The i n s i t u p o l y m e r i z a t i o n o f monomer r e a c t a n t s (PMR) ap
proach i s a p o w e r f u l method f o r f a b r i c a t i n g h i g h performance p o l y 
mer m a t r i x composites. The PMR approach o f f e r s a number o f s i g 
n i f i c a n t advantages t o f a b r i c a t o r s and u s e r s o f p o l y i m i d e / f i b e r 
composites. Foremost among t h e s e a r e s u p e r i o r h i g h temperature 
p r o p e r t i e s and p r o c e s s i n g v e r s a t i l i t y . Because o f t h e i r e x c e l l e n t 
p r o c e s s a b i l i t y , h i g h performance and commercial a v a i l a b i l i t y , PMR 
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Figure 5. Interhminar shear strength of 
PMR 15/graphite fiber composites ex
posed and tested in air at 316°C (600°F); 
fiber: (·) HTS-1, (O) HTS-2, (A) Celion 

6000 

TABLE IE 
A P P L I C A T I O N S OF P M R - 1 5 P O L Y I M I D E S 

COMPONENT 
QCSEE INNER COWL 
SUPERSONIC WIND TUNNEL 

COMPRESSOR BLADE SKINS 
OIL TANK BRACKET FOR F100 

ENGINE 
SHUTTLE ORIBTER AFT BODY FLAP 
AUGMENTOR DUCT OF F100 ENGINE 
FAN BLADES FOR AN ULTRA-HIGH 

SPEED AXIAL FLOW FAN STAGE 

AGENCY 

NASA-LEWIS 

AIR-FORCE 

NAVY 

NASA-LANGLEY 
AIR FORCE 
NASA-LEWIS 

CONTRACTOR 

GENERAL ELECTRIC 

HAMILTON-STANDARD 

PRATT & WHITNEY/TRW 

BOEING 
COMPOSITES HORIZONS 
PRATT & WHITNEY/TRW 

Figure 6. PMR 15 QCSEE inner cowl 
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p o l y i m i d e s a r e becoming a c c e p t e d as e n g i n e e r i n g m a t e r i a l s f o r f a b 
r i c a t i o n o f h i g h temperature r e s i n / f i b e r s t r u c t u r a l components. 
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The Synthesis of a New Class of Polyphthalocyanine Resins 

T. M. KELLER and J. R. GRIFFITH 

Polymeric Materials Branch, Chemistry Division, Naval Research Laboratory, 
Washington, DC 20375 

The p r i n c i p a l d r i v i n g force behind composite development i s 
the requirement for l i g h t e
design concepts using e a s i l y fabr ica ted , f i b e r - r e i n f o r c e d compos
i tes that combine superior s t i f f n e s s with a high strength-to
-weight ratio are needed to replace metal s t ructure . Presently , 
epoxies and polyimides are being used but each has disadvantages. 
Conventional epoxy-based composites and adhesives are l i m i t e d to 
120°C maximum service . Other problems associated with these 
polymers include the i r b r i t t l e n e s s , water absorpt iv i ty and engi 
neering reliability. 

In recent years considerable advances have been achieved i n 
the synthesis of thermally stable polymers. Frequently thermal 
and oxidative stability i n such materials has been r e a l i z e d by 
the combination of aromatic and heteroaromatic u n i t s ; for example, 
the polybenzimidazoles (1), polybenzoxazoles (2), polybenzthia-
zoles (3), polyquinazolinediones (4), polyquinazolones (5), p o l y 
imides (6,7) , e tc . However, polar and rigid structures of high 
symmetry, which is inherent to the aromatic and heteroaromatic 
r i n g s , are responsible for the general lack of p r o c e s s a b i l i t y of 
these polymers. In general more t ractable polymeric precursors 
such as polyamide acids ( i n the case of polyimides) are formed 
into a desired shape and then converted i n situ to the final 
thermally stable polymers. Because the final conversion generally 
involves a chemical react ion which releases a volatile product 
such as water, the use of these polymers is often l i m i t e d to 
applicat ions such as coatings, f i l m s and adhesives. 

In our continuing invest igat ion of phthalocyanines (8-13), a 
new class of p h t h a l o n i t r i l e monomers i n which ei ther an alkoxy or 
a phenoxy linkage connects the terminal p h t h a l o n i t r i l e uni ts has 
been synthesized. These monomers are prepared by the simple 
nuc leophi l i c displacement of a n i t r o substi tuent , which i s a c t i 
vated by cyano groups, from an aromatic r i n g by ei ther an alkoxide 
or a phenoxide u n i t . The react ion has made i t poss ible to syn
thesize a large number of s t r u c t u r a l l y d i f f e r e n t polyphthalocya-
nines containing ether linkages and alkylene and aromatic spacing 

This chapter not subject to U.S. copyright. 
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u n i t s . The products from the reaction have also been hydrolyzed 
to the corresponding tetraacids which are r e a d i l y converted to the 
corresponding b i s (anhydrides) (14). 

Nucleophi l ic aromatic displacement of activated n i t r o groups 
has been the subject of many investigations (15,16,17). In 
general a n i t r o group can be r e a d i l y displaced when i t i s p o s i 
tioned ortho or para to another substituent capable of s t a b i l i z i n g 
a negative charge. Numerous examples of n i t r o displacement i n 
volving a c t i v a t i o n by sulfone, carboxamide, ketone, phenyl, ester , 
aldehyde and cyano substituents have appeared i n the l i t e r a t u r e 

Results and Discussion 

The fundamental approac
materials involves a determination of the complex of properties 
desired i n the product and select ing those molecular constituents 
for these structures which can reasonably be expected to y i e l d 
the desired r e s u l t s . In the case of thermally stable polymers, 
i t i s necessary to avoid the i n c l u s i o n of chemical structures 
which are known to decompose or oxidize at temperatures below the 
projected l e v e l s . Water-resistant polymers should be composed of 
a maximum of hydrophobic structure and a minimum of hydrophil ic 
groups consistant with other desired propert ies . 

Our interest i n polymers with high thermal and oxidative 
s t a b i l i t i e s , low flammability with high char formation, chemical 
resistance and low water absorpt ivi ty prompted our study of ether-
containing polyphthalocyanines. The l i n k i n g structure between 
the two terminal p h t h a l o n i t r i l e uni ts must play a c r u c i a l r o l e i n 

determining properties for they control the f l e x i b i l i t y of the 
polymer chain and determine the o v e r a l l p o l a r i t y of the macro-
molecule. Thus, to obtain the properties required, these l i n k s 
should be selected such that good s t a b i l i t y i s retained and the 
polymer backbone i s s u f f i c i e n t l y f l e x i b l e with a l i p h a t i c moieties 
being more f l e x i b l e than aromatic u n i t s . The r e a l problem has 
been to devise synthetic methods for l i n k i n g aromatic n u c l e i with 
s u f f i c i e n t v e r s a t i l i t y and freedom from side reactions to effec t 
the synthesis of a wide range of high molecular weight polymers 
i n the hope that some of these would show the properties required. 
The f l e x i b l e ether linkage was a natural choice for consideration 
due to the thermal s t a b i l i t y p a r t i c u l a r l y of d i a r y l ethers and to 
the chemical resistance of the ether bond i n general . 

Highly aromatized monomers i n which a phenoxy linkage con
nects the terminal p h t h a l o n i t r i l e moieties are e a s i l y synthesized 
i n high y i e l d . A v a r i e t y of monomers depending on the properties 

(18-23). 
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desired can be prepared by th is method. The react ion involves 

^ ^ / C N B a s e ν NC, yCl 
EO^Oy R - < O > - 0 H + 2 I 0 X C N ^ ^ t N C H ^ O ^ R ^ O ^ . 

O N ' 
1 

a; R = CH.CCH. 
b; = CF^CCF^ 
ç ; = SO* 

Heat, neat or 
m e t a l l i c 
addi t ive 

Polyphthalocyanine 
4 

the n u c l e o p h i l i c displacemen
from 4 - n i t r o p h t h a l o n i t r i l e 1 by a bisphenol 2_ i n the presence of 
a base and i n a dry dipolar aprotic solvent under an iner t atmos
phere. Higher y i e l d s of .3 are obtained when the react ion i s 
carr ied out at room temperature. 

P h t h a l o n i t r i l e monomers with alkoxy l i n k i n g uni ts can be 
prepared by the same method, but the react ion i s more sluggish 
and the y i e l d s are lower. If a weak base such as anhydrous 
potassium carbonate i s used, an amount i n excess of stoichiometry 
i s preferred and i t must be added i n increments to ensure a com
plete reac t ion . It i s theorized that the cessation i s due to the 

Base NCv W C N 

HO(CH 2) nOH + 1 N C ^ O ( C H 2 ) n O - @ - C N 

Heat, neat or 
meta l l i c addi t ive 

Polyphthalocyanine 
ι 

surface of the carbonate becoming coated during the course of the 
react ion . When a strong base such as sodium hydroxide i s used, 
the disodium s a l t of _5 i s prepared and the by-product (water) i s 
removed before jL i s added. To ensure a high conversion to 6̂  the 
react ion must be carr ied out at elevated temperatures. 

From our observation i t appears that the n i t r o displacement 
reactions described above occur by means of the c l a s s i c a l a d d i 
t i o n - e l i m i n a t i o n mechanism of n u c l e o p h i l i c aromatic subst i tut ion 
(24). The high y i e l d s and absence of side react ions , other than 
those leading to n i t r o group displacement, support t h i s mechanism, 
although an al ternate route involving r a d i c a l anion intermediates 
cannot be ruled out . 
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P o l y m e r i z a t i o n of 3̂  and 6̂  o c c u r s by a c y c l i c a d d i t i o n r e a c 
t i o n w i t h o u t f o r m a t i o n o f v o l a t i l e b y -products t o produce s o l i d , 
v o i d - f r e e p r o d u c t s , _4 and 7_, r e s p e c t i v e l y . P h t h a l o c y a n i n e forma
t i o n i s b e l i e v e d t o be t h e p r i n c i p a l r e a c t i o n due m a i n l y t o t h e 
t e r m i n a l p h t h a l o n i t r i l e u n i t s o f the monomers and t o t h e d e v e l o p 
ment o f t h e green c o l o r d u r i n g t h e p o l y m e r i c p r o g r e s s i o n , but 
o t h e r c y a n o - a d d i t i o n r e a c t i o n s may a l s o o c c u r . When heated n e a t , 
g e l a t i o n o c c u r s more r e a d i l y f o r t h e a l i p h a t i c monomer j> than f o r 
t h e more ar o m a t i z e d monomer 4_. The c u r e time o f b o t h types of 
monomers can be g r e a t l y reduced by t h e a d d i t i o n of m e t a l l i c 
a d d i t i v e s . 

The ease of p o l y m e r i z a t i o n of the a l k o x y - l i n k e d p h t h a l o n i -
t r i l e s j> depends on t h e l e n g t h o f the l i n k a g e between the t e r m i n a l 
p h t h a l o n i t r i l e m o i e t i e s  A t a g i v e n temperature  t h e more f l e x
i b l e o r l o n g e r s p a c i n g u n i t
l e s s o f t h e temperature
s o l i d i f i e s t o an extre m e l y h a r d m a t e r i a l . The p o l y m e r i z a t i o n can 
be c a r r i e d out i n an o x y g e n - c o n t a i n i n g , i n e r t or vacuum atmos
phere. A p o s t c u r e a t a temperature from 210°C t o 240 eC i s used t o 
improve t h e s t r e n g t h of the r e s i n . 

I n t h e case o f t h e h i g h l y a r o m a t i z e d l i n k i n g u n i t s , p o l y 
m e r i z a t i o n i s more d i f f i c u l t and r e q u i r e s much h i g h e r temperatures 
f o r g e l a t i o n . The monomers _3 a r e cured a t 260-290°C and r e q u i r e 
s e v e r a l days of c o n t i n u o u s h e a t i n g b e f o r e a v i s c o s i t y i n c r e a s e i s 
d e t e c t e d . The slow r a t e o f p o l y m e r i z a t i o n c o u l d be a t t r i b u t a b l e 
t o t h e r i g i d i t y of t h e l i n k i n g s t r u c t u r e which reduces the m o b i l -
t y o f t h e r e a c t i o n s i t e s . 

The p h t h a l o n i t r i l e monomers can be p o l y m e r i z e d s t e p w i s e t o 
d i s t i n c t s t a g e s . The method comprises h e a t i n g the monomers a t a 
s p e c i f i e d temperature u n t i l t h e v i s c o s i t y s t a r t s t o i n c r e a s e due 
to t h e onset o f p h t h a l o c y a n i n e f o r m a t i o n ( B - s t a g e ) . The p r e p o l y 
mer can then be c o o l e d t o a f r a n g i b l e s o l i d and can be s t o r e d 
i n d e f i n i t e l y w i t h o u t f u r t h e r r e a c t i o n . The prepolymer can e i t h e r 
be r e m e l t e d and heated u n t i l s o l i d i f i c a t i o n o c c u r s (C-stage) o r 
can be p u l v e r i z e d and then p r o c e s s e d i n any d e s i r e d form. The 
optimum c u r e f o r any r e s i n a t a p a r t i c u l a r temperature i s d e t e r 
mined e m p i r i c a l l y by t e s t i n g t h e s t r u c t u r a l s t r e n g t h over a range 
o f c u r e t i m e s . 

The p o l y p h t h a l o c y a n i n e s 4· and 1_ show h i g h t h e r m a l and o x i d a 
t i v e s t a b i l i t i e s ( s e e F i g u r e 1 ) . Polymer 7_ w i t h s t o o d temperatures 
g r e a t e r than 200°C w i t h o u t d e g r a d a t i o n , and 230°C w i t h s l i g h t 
d e g r a d a t i o n , but decomposed when heated above 250°C f o r an ex t e n d 
ed p e r i o d . Polymer 4^was s t a b l e f o r an extended p e r i o d a t 280°C 
b e f o r e any weight l o s s o c c u r r e d . S u r p r i s i n g l y , 4̂  i n i t i a l l y showed 
a s m a l l weight i n c r e a s e a t 250°C, which i s p r o b a b l y due t o oxygen 
a b s o r p t i o n , and then s l o w l y l o s t weight ( 1 % a f t e r a p p r o x i m a t e l y 
4 months) when h e l d a t t h i s temperature f o r p r o l o n g e d p e r i o d s . 
The g r e a t e r t h e r m a l s t a b i l i t y of 4_ r e l a t i v e t o ]_ must be a t t r i 
b uted t o the n a t u r e of t h e l i n k a g e w i t h d i a r y l e t h e r s b e i n g more 
s t a b l e than a r y l - a l k y l e t h e r s . 
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The water absorptivity of a polyphthalocyanine w i l l also 
depend on the linking structure between the phthalocyanine nu c l e i . 
Polar groups located on the linking structure would be expected to 
show a stronger attraction for water than nonpolar groups. Poly
mers 4a, 4b and _7, which contain no polar units, show a similar 
and low a f f i n i t y for water (see Figure 2). On the other hand, 4c 
has a much stronger attraction for water which must be related to 
the polar suIfone group being present i n the molecule. 

Conclusions 

We have shown the synthetic u t i l i t y of nucleophilic d i s 
placements of a n i t r o group activated by cyano functions. In our 
studies, highly aromatized low-cost bisphenol systems are being 
emphasized i n an ef f o r t
resins. Exposure and remova
high temperature flame has demonstrated that these resins are 
self-extinguishing. The synthesis of these resins i s short and 
simple and takes advantage of r e l a t i v e l y inexpensive starting 
materials. In addition to the structural variations, the cost to 
produce these resins should be competitive with that of other high 
temperature polymeric systems. The diether-linked polyphthalo-
cyanines provide a new matrix resin system with long-term opera
t i o n a l capability i n excess of 250eC with i n s e n s i t i v i t y to high 
humidity and with the a b i l i t y to retain reinforcing fibers during 
or following exposure to a f i r e environment. 

Experimental 

Synthesis of Bis (3,4-Dicyanophenyl) Ether of Bisphenol A 3a. 
A mixture of 125 g (0.55 mol) of bisphenol A, 275 g (2.0 mol) of 
anhydrous potassium carbonate, 190 g (1.1 mol) of 4-nitrophthalo-
n i t r i l e and 900 ml of dry dimethyl sulfoxide was s t i r r e d and 
heated at 55-60°C for 4 hours under a nitrogen atmosphere. After 
cooling the product mixture was slowly poured into 2000 ml of cold 
d i l u t e hydrochloric acid. The precipitate was isolated by suction 
f i l t r a t i o n and washed with water u n t i l neutral. The crude, dried 
product was pulverized and washed thoroughly with hot absolute 
ethanol which removed the impurities. The pure product (230 g, 
87%), m.p. 196-199eC, being insoluble i n ethanol was collected and 
analyzed; i r (KBr) 3080-3020 ( = C H ) , 2238 (CN), 1580 (C=C), 1500-
1470 (aromatic), 1310-1170 cm"1 (CO); nmr (CDC1Q) δ 1.73 (singlet, 
6H), 7.63 (multiplet, 14H); Anal. Calcd for c

3 ^ H
2 o N 4 0 2 : C> 

77.48; H, 4.20; N, 11.66; 0, 6.66. Found: C, 77.21; H, 4.26; N, 
11.54; 0, 6.93. 

A second mixture of 10 g (0.04 mol) of bisphenol A, 3.6 g 
(0.09 mol) of 50% sodium hydroxide, 70 ml of dimethyl sulfoxide 
and 30 ml of benzene was s t i r r e d at reflux for 3 hours under a 
nitrogen atmosphere and the water was azeotroped from the mixture 
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Figure 1. Weight loss at elevated temperature of diether-linked polyphthalo-
cyanines: (X) 1,12-dodecanediol-linked polymer at 250°C; (Φ) bisphenol A-linked 
polymer at 280°C; (A) bisphenol S-linked polymer at 280°C; (O) bisphenol 

A6F-linked polymer at 280°C 
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Figure 2. Water absorption of diether-linked polyphthalocyanines on immersion 
in water at room temperature: (χ) bisphenol S-linked polymer; (Φ) 1,12-dode-
canediol-linked polymer; (±) bisphenol Α-linked polymer; (O) bisphenol A6F-

linked polymer 
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with a Dean-Stark trap. The benzene was removed by d i s t i l l a t i o n 
and 15.7 g (0.09 mol) of 4-nitrophthalonitrile was added to the 
reaction mixture at room temperature. The resulting dark mixture 
was s t i r r e d at room temperature overnight. The mixture was poured 
into 300 ml of cold water and the white s o l i d which separated was 
collected by suction f i l t r a t i o n , washed with water, dried and 
washed with hot absolute ethanol to y i e l d 20.7 g (98%) of the de
sired product, m.p. 196-199°C. 

Synthesis of Bis (3,4-Dicyanophenyl) Ester of Hexafluoro-
acetone Bisphenol A 3b, A mixture of 10.1 g (0.03 mol) of hexa-
fluoroacetone bisphenol A, 10.4 g (0.06 mol) of 4-nitrophthaloni
t r i l e , 12.4 g (0.09 mol) of anhydrous potassium carbonate and 
60 ml of dry dimethyl sulfoxid  s t i r r e d unde  nitroge  at
mosphere at 70-80°C fo
poured into 300 ml of col  hydrochlori  pal
brown product which separated was collected by suction f i l t r a t i o n 
and washed with water u n t i l neutral. The crude material was re-
c r y s t a l l i z e d from a c e t o n i t r i l e to give 13.8 g (78%), m.p. 230-
233°C, of the desired product; i r (KBr) 3105-3020 (=CH) ; 2238 
(CN), 1590 (C=C), 1520-1485 (aromatic), 1320-1140 cm (CF^O) ; 
nmr (acetone-d^)ό 7.73 (multiplet, 14H); 1 9 F nmr (CFCl^ external 
ref.) - 63.42 ppm (singlet, 6F) ; Anal. Calcd for C ^ H ^ F ^ C ^ : 
C, 63.29; H, 2.38; F, 19.37; N, 9.52; 0, 5.44. Found: C, 63.38; 
H , 2.62; F, 19.37; N, 9.61; 0, 5.02. 

A second mixture containing 67.2 g (0.21 mol) of hexafluoro-
acetone bisphenol A, 16.5 g (0.4 mol) of 50% aqueous sodium hy
droxide, 300 ml of dimethyl sulfoxide and 75 ml of benzene was 
sti r r e d at reflux for 15 hours under a nitrogen atmosphere and the 
water was removed with a Dean-Stark trap. The benzene was re
moved by d i s t i l l a t i o n and 69.4 g (0.4 mol) of 4-nitrophthaloni
t r i l e was added to the reaction mixture at room temperature. The 
resulting dark mixture was s t i r r e d at room temperature for 12 
hours under a nitrogen atmosphere. The cooled mixture was then 
poured into 800 ml of cold water and the pale brown product was 
collected by suction f i l t r a t i o n . R ecrystallization from aceto
n i t r i l e yielded 107 g (91%) of product. 

Synthesis of Bis (3,4-Dicyanophenyl) Ether of Bisphenol S 3c. 
A mixture of 51 g (0.2 mol) of bisphenol S, 16.4 g (0.4 mol) of 
50% aqueous sodium hydroxide, 450 ml of dimethyl sulfoxide and 
100 ml of benzene was s t i r r e d at reflux for 6 hours. The water 
and benzene was removed with a Dean-Stark trap. The reaction 
content was cooled to room temperature and 69.4 g (0.4 mol) of 4-
nit r o p h t h a l o n i t r i l e was added i n one sum. The resulting mixture 
was s t i r r e d for 12 hours at room temperature under a nitrogen 
atmosphere and then poured into 1500 ml of cold water. The 
s l i g h t l y colored s o l i d which separated was collected by suction 
f i l t r a t i o n , washed with water and dried. The product was then 
washed with 400 ml of hot ethanol to afford 99.2 g (98%) of 
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product, m.p. 231-233°C; i r (KBr) 3100-3080 (=CH), 2238 (CN), 
1600-1560 (C=C), 1470 (aromatic), 1310-1100 cm (S0 2, CO); nmr 
(DMS0-d6) δ 7.81 (multiplet, 14H) ; Anal. Calcd for C ^ H ^ N ^ S : 
C, 66.92; H, 2.81; N, 11.15; 0, 12.74; S, 6.38. Found: C, 
66.65; H, 2.85; N, 11.29; 0, 12.67; S, 6.29. 

Synthesis of 1,12-Bis (3,4-Dicyanophenoxy) Dodecane A mix
ture of 1,12-dodecanediol (2.2 g, 0.01 mol), anhydrous potassium 
carbonate (4.1 g, 0.03 mol), 35 ml of dimethylformamide and 25 ml 
of benzene was heated at reflux under a nitrogen atmosphere for 
12 hours. A small quantity of water was collected i n a Dean-Stark 
trap. The benzene was then removed by d i s t i l l a t i o n and the reac
tion mixture cooled to room temperature. 4-Nitrophthalonitrile 
(4.0 g, 0.02 mol) was added i n one sum which resulted i n an imme
diate color change to a
temperature, the reactio
and remained this color throughout the entire reaction. The mix
ture was s t i r r e d and heated at 100°C for 16 hours under a nitrogen 
atmosphere. The cooled reaction mixture was poured into 200 ml 
of cold d i l u t e hydrochloric acid and extracted with three, 75 ml 
portions of chloroform. The combined extract was washed with 
water, dried over anhydrous sodium sulfate, charcoaled and con
centrated at reduced pressure. Re c r y s t a l l i z a t i o n of the crude 
product from ethanol-water yielded 3.1 g (70%) of 6̂, m.p. 104-
107°C; i r (KBr) 3110-3040 (=CH), 2930-2850 (CH), 2238 (CN), 1600 
(C=C), 1490-1470 (aromatic), 1350-1250 (aromatic CO), 1100-1010 
cm" (aliphatic CO); nmr (CDC1-) δ 1.52 (multiplet, 2OH), 4.01 
( t r i p l e t , 4H), 7.55 (multiplet, 6H); Anal. Calcd for C

2 8 H 3 0 N 4 ° 2 : 

C, 74.00; H, 6.65; N, 12.33; 0, 7.04. Found: C, 73.71; H, 6.69; 
N, 12.39; 0, 7.21. 

Polymerization of 3, Samples (1-2 g) of 3_ were placed i n 
planchets and heated at 280°C for 7 days. A v i s c o s i t y increase, 
which indicated that polymerization was progressing, occurred very 
slowly. After gelation (3-4 days) the samples were postcured for 
3 additional days to ensure complete polymerization and to toughen 
the polymers. 

Samples of _3 and s to ichiometr i c amounts of stannous chloride 
dihydrate were heated at 220-250°C for 24 hours. After the mono
mers melted, the samples quickly turned green along with an imme
diate dissolution of the s a l t . The v i s c o s i t y increased rapidly 
with gelation occurring i n 5-15 minutes. 

Polymerization of 6. A sample (1-2 g) of J> was melted and 
heated at 220eC for 48 hours. Gelation was extremely slow (30 
hours) at this temperature. The polymeric material was postcured 
at 240°C for 24 hours which enhanced the toughness of the 
material. 

Another sample of j$ was heated at 240eC for 24 hours. Gela
tion had occurred after 6 hours at this temperature. 
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A m i x t u r e of 6> (1.5 g, 3.3 mmol) and a s t o i c h i o m e t r i c amount 
of stannous c h l o r i d e d i h y d r a t e (0.36 g, 1.6 mmol) was p l a c e d i n 
a t e s t tube. The monomer 6> melted a t 105-110°C. A t 170-175°C t h e 
s a l t d i s s o l v e d and the r e a c t i o n medium became green immediately. 
The temperature was i n c r e a s e d t o 215°C and the sample was heated 
a t t h i s temperature f o r 24 hours. G e l a t i o n had o c c u r r e d a f t e r 15 
minutes a t 215°C. 
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Silicone Amine Cured Fluoroepoxy Resins 
J. R. GRIFFITH and J. G. O'REAR 

P o l y m e r i c Mater ia ls Branch , Chemis t ry D i v i s i o n , N a v a l Research Laboratory , 
Washington, DC 20375 

Compounds which conta i  l a rg  quan t i t i e f f l u o r i n
frequently incompatibl
liquid mater ia l s of th  type  separat  phase
This i n c o m p a t i b i l i t y presents a problem regarding the cure of the 
heav i ly f luo r ina ted liquid epoxies prev ious ly synthesized at NRL 
(1) because heav i ly f luor ina ted aliphatic amines are not genera l ly 
e i the r s tab le nor r e a c t i v e . For higher temperature cures, some 
fluoroanhydrides have been synthesized and work well (2 ) , but for 
cures near room temperature, compatible cur ing agents are not so 
plentiful. 

In many respects , silicone compounds are s i m i l a r in t h e i r 
proper t ies to fluorocarbons and advantage can be taken of t h i s 
s ince polyamino silicones can be induced to become compatible 
wi th fluoroepoxy res ins qu i te readily, and the polymers produced 
when these two types of mater ia l s react are except ional in severa l 
important respects . 

Discuss ion 

The ser ies of f luo r ina ted diglycidyl ethers represented by 
the fo l lowing general formula are all clear, c o l o r l e s s liquids at 
ambient temperatures: 

(I) 

This c h a p t e r n o t sub jec t to U . S . c o p y r i g h t . 
Published 1980 American Chemical Society 
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Amine-bearing s i l o x a n e s o f t h e f o l l o w i n g type a r e a l s o 
l i q u i d s : 

CH« CEL I 3 j 3 
H 0NCH 0 CH 0 CH 0 S i-O-S i C H 0 CH 0CH 0NH 0 ( I I ) I I 2 2 j j 2 2 2 2 

C H 3 C H 3 

I n t h e c o n v e n t i o n a l r e a c t i o n between g l y c i d y l e t h e r s and 
amines, t h e s e compounds a r e d i f u n c t i o n a l and t e t r a f u n c t i o n a l 
r e s p e c t i v e l y , w h i c h r e q u i r e s two moles o f the f l u o r o e p o x y f o r each 
of t h e s i l i c o n e amine i n a s t o i c h i o m e t r i c b l e n d . T h i s c o m p o s i t i o n 
produces a t i g h t l y c r o s s l i n k e d network, but t h e f o l l o w i n g m o d i f i 
c a t i o n o f t h e s i l i c o n e
because of the reduced

CH 0 CH« CH n CH« 
\ 3 I 3 I 3 / 3 

^ICH 2CH 2CH 2Si-0-SiCH 2CH 2CH 2N ( I I I ) 
H CH 3 CH 3 \ 

Blends o f these two typ e s o f amines g i v e c u r i n g agents c a p a b l e o f 
pr o d u c i n g p l a s t i c s upon r e a c t i o n w i t h t h e f l u o r o e p o x y which a r e 
i n t e r m e d i a t e i n p r o p e r t i e s between t h e extremes. The m a t e r i a l 
produced from ( I ) and ( I I I ) a l o n e i s a n e a r l y l i n e a r polymer i n 
which f l u o r o c a r b o n and s i l i c o n e a l t e r n a t e a l o n g t h e polymer 
c h a i n s . 

E x p e r i m e n t a l 

A 25 X 150 mm t e s t tube was charged w i t h 14.0 g o f ( I ) 
(R f = C 6 F 1 3 ) and 2.0 g of ( I I ) . Care was tak e n t o expose t h e 
amine t o t h e atmosphere f o r a minimum time i n o r d e r t o a v o i d 
carbon d i o x i d e a b s o r p t i o n . A s m a l l T e f l o n - c o a t e d magnetic s t i r 
r i n g b ar was dropped i n t o t h e t e s t tube and i t was s e a l e d t i g h t l y 
w i t h a rubber s t o p p e r . The t e s t tube was then clamped i n a v e r 
t i c a l p o s i t i o n w i t h t he lower o n e - h a l f immersed i n a s i l i c o n e o i l 
b a t h a t 50°C, and r a p i d s t i r r i n g was begun. A t f i r s t , t h e compo
s i t i o n was i n c o m p a t i b l e and appeared " m i l k y " . A f t e r s t i r r i n g f o r 
20 m i n u t e s , the i n c o m p a t i b i l i t y c l e a r e d t o produce a c o l o r l e s s 
t r a n s p a r e n t s y r u p . A t t h i s t i m e the syrup would c l o u d i f c o o l e d 
to room temperature, but a f t e r an a d d i t i o n a l 20 minutes s t i r r i n g 
a t 50°C, i t would remain c l e a r a t 25°C. 

T h i s prepolymer syrup was d i v i d e d i n t o two p a r t s . One p o r 
t i o n was d i s s o l v e d i n t r i f l u o r o t r i c h l o r o e t h a n e as a s o l v e n t and 
used t o produce p r o t e c t i v e c o a t i n g s of h i g h h y d r o p h o b i c i t y . The 
ot h e r p o r t i o n was a l l o w e d t o c u r e f o r 24 hours a t 25°C d u r i n g 
w h i c h g e l a t i o n o c c u r r e d t o produce a c l e a r , n e a r l y c o l o r l e s s 
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Figure I. Water absorption of a silicone amine-cured fluoroepoxy during 1 yr of 
constant immersion 
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p l a s t i c . The s t r e n g t h o f t h i s p l a s t i c was s u b s t a n t i a l l y enhanced 
by a p o s t c u r e a t 60°C f o r 5 hours. 

C o n c l u s i o n s 

The m a t e r i a l s p r e s e n t e d here a r e e a s i l y p r o c e s s e d r e s i n s o f 
the epoxy c l a s s which a r e composed o f two of t h e most w a t e r -
r e s i s t a n t polymer types known. Consequently, i t i s not s u r p r i s i n g 
t h a t t h e water a b s o r p t i o n o f such r e s i n s i n t h e cured form would 
be m i n i m a l , and, i n d e e d , F i g u r e 1 i l l u s t r a t e s t h e v e r y low water 
a b s o r p t i o n o f such a r e s i n d u r i n g a y e a r ' s c o n s t a n t immersion. 
I n t h e p r e c u r e d s t a t e t h e r e s i n components a r e l i q u i d s of v e r y 
low s u r f a c e t e n s i o n and, as such, a r e e x c e l l e n t w e t t i n g f l u i d s . 
I t i s suggested, t h e r e f o r e
d i f f i c u l t s o a k - i n problem
of water d e g r a d a t i o n i n s e r v i c e c o u l d p r o f i t a b l y use th e s e 
systems. 
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Phenylated Polyimidazopyrrolones 

Polymerization of a Phenylated Bis(phthalic anhydride) 
with Aromatic Tetraamines 

FRANK W . HARRIS, RODNEY M. HARRIS, MICHAEL KELLER, 
a n d WILLIAM A . FELD 

Depar tment of Chemis t ry , W r i g h t State Univers i ty , D a y t o n , OH 45435 

Polyimidazopyrrolone
mechanical properties at elevated temperatures, after severe 
chemical treatment, and after unusually high exposure to ionizing 
radiation (1 ,2) . Although this combination of properties sug
gests numerous potential aerospace applications, no practical 
uses for these polymers have emerged. This is primarily due 
to difficulties associated with their fabrication that result 
from their extremely high Tg's and their very limited solubi l i 
ties. 

One approach to obtaining solubility in linear aromatic 
polymers has been to incorporate pendent phenyl groups along 
the polymer backbone. For example, phenylated polyphenylenes (3) 
and phenylated polyquinoxalines (4,5) are soluble in common orga
nic solvents, which is in marked contrast to the insolubility 
displayed by their parent polymers. Soluble phenylated poly
imides have been prepared in this laboratory by the polymeriza
tion of phenylated dianhydrides with aromatic diamines ( 6 , 7 ) . 
The objective of this research was the synthesis of phenylated 
polyimidazopyrrolones. The approach involved the polymerization 
of a phenylated dianhydride with aromatic tetraamines. 

RESULTS AND DISCUSSION 

Monomers. 4,4 1-(Oxydi-1,4-phenylene)bis(3,5,6-triphenyl-
phthalic anhydride) (I) was prepared from 3,3 1-(oxydi-1,4-pheny-
lene)bis (2,4,5-triphenylcyclopentadienone) and maleic anhydride 
by the known procedure ( 6 , 7 ) . 3,3 1,4,4 1-Tetraaminobiphenyl 
(lia) and 3,3*,4,4 f-tetraaminodiphenyl ether (lib) were obtained 
from Burdick and Jackson Laboratories. These monomers were 
recrystallized from water and then sublimed immediately prior 
to use (8 ) . 

0-8412-0567-l/80/47-132-039$05.00/0 
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H 2 

•NH 2 

II a. R= nil 

b.R= 0 

Model Compounds. In order to determine suitable experimen
t a l conditions for the polymerizatio
of model reactions was carrie
were thoroughly characterized so that their structures could 
be correlated with those of the desired polymers. The i n i t i a l 
conditions used were those previously employed i n the preparation 
of phenylated polyimides (6., 7) · Thus, the reaction of 3,4,5,6-
tetraphenylphthalic anhydride (III) with 1,2-diaminobenzene 
(IV) i n refluxing m-cresol containing isoquinoline afforded 
a 91? y i e l d of the bright-yellow model compound (V). Similarly, 
the reaction of l i b with m under these conditions provided 
a 95% y i e l d of a bright-yellow product. High pressure l i q u i d 

chromatography (HPLC), however, showed that the product was 
a complex mixture consisting of at least six components. Since 
such a mixture could arise from incomplete ring closures, the 
product was heated under high vacuum at 275-300°C for 4 hr. 
The infrared spectrum of the heat-treated sample was nearly 
i d e n t i c a l to that of V indicating that complete c y c l i z a t i o n 
had occurred. HPLC, however, s t i l l showed the presence of three 
components. Since different orientations of the reactants i n 
the condensation reaction are possible, i t i s l i k e l y that the 
product consists of a mixture of the isomers Vla-c. 

Ill IV V 
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Vie 

Polymerizations . Since the model reactions gave high yields 
i n m-cresol containing isoquinoline, the polymerization of I 
and H a was carried out i n this solution. After a short heating 
period, a dark-yellow polymer precipitated from the reaction 
medium. This product was completely insoluble i n organic s o l 
vents. Several subsequent attempts to polymerize I and l i a 
also resulted i n insoluble products. Polymerizations of I and 
l i b i n the m-cresol/isoquinoline mixture, however, did afford 
soluble products as long as the combined monomer concentration 
was no higher than approximately 3% (Table I ) . In these cases 
the polymerization mixtures were s t i r r e d at ambient temperature 
for 1 hr and then heated at 202-203°C for 4 hr. The water that 
evolved from the ring closures was continuously removed by d i s t i l 
l a t i o n . The reaction mixtures were added to absolute ethanol 
to precipitate the dark-yellow polymer VII i n nearly quantitative 
yie l d s . Since the polymer's infrared spectra indicated that 
approximately 5% of the imidazopyrrolone rings were not closed, 
the samples were heated under high vacuum at 275-300°C for 4 
hr to affect complete c y c l i z a t i o n . The material with the highest 
inherent viscosity (VIIc) was obtained from the polymerization 
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TABLE I 

Preparation o

Run No. % Solids (w/v) Polymer ' 

V i l a 1.79 0.27 

VHb 1.91 0.31 

VIIc 3.00 0.73 

V l l d 6.25 gel 

V i l e 12.50 gel 

a. Determined i n sym-tetrachloroethane at 30°C with a concen
trati o n of 0.250 g/dl. 

mixture containing 3% s o l i d s . 
The phenylated-polyimidazopyrrolone samples are soluble 

i n chlorinated-hydrocarbon solvents. Thin films of sample VIIc 
cast from chloroform are yellow, tough, and f l e x i b l e . These 
films also adhere tenaciously to glass. Films prepared with 
lower molecular weight material, however, are b r i t t l e and exhibit 
poor adhesive properties. The infrared spectra of the films 
show carbonyl absorptions at 1735 cm""1 , which i s characteristic 
of polyimidazopyrrolones Q ) , and can be compared d i r e c t l y to 
the spectra of the model compounds. Thermogravimetric analysis 
(TGA) thermograms of VII obtained i n nitrogen and a i r show 10% 
weight losses at 590 and 520°C, respectively (Figure 1). Hence, 
the polymer appears to be s l i g h t l y more thermally stable than 
the previously prepared polyimidazopyrrolones (J_). 
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CONCLUSIONS 

Polyimidazopyrrolones that are soluble i n chlorinated-hydro
carbon solvents can be prepared by the polymerization of a phe
nylated bis(phthalic anhydride) with aromatic diamines. The 
introduction of pendent phenyl groups along the polyimidazopyrro-
lone backbone, however, does not i n i t s e l f result i n s o l u b i l i t y . 
In order to attain s o l u b i l i t y , several f l e x i b l e linkages, such 
as aryl-ether linkages, must also be simultaneously incorporated 
i n the backbone. The polymerization of the dianhydride and 
the diamines must also be carried out i n very dilute solutions 
i n order to avoid crosslinking. 

EXPERIMENTAL 

Melting points were determined on a DuPont 900 Thermal 
Analyzer equipped with a DSC c e l l . Infrared spectra were record
ed on a Perkin-Elmer 457 spectrophotometer. Elemental analyses 
were performed by Midwest Microlab, Inc., Indianapolis, Indiana. 
Thermogravimetric analyses were carried out on a DuPont 950 
Thermogravimetric Analyzer. Inherent v i s c o s i t i e s were measured 
i n a Cannon-Ubbeholde microdilution viscometer No. 75. HPLC 
analyses were carried out on an Altex Model 332 Liquid Chromato-
graph using an ODS reverse-phase column. 

Model Compound V: A solution of 1.500 g (3*315 mmol) of 
III , 0.3581 g (3.318 mmol) of IV, and 3.0 g of isoquinoline 
i n 60 ml of deoxygenated m-cresol was heated at reflux under 
nitrogen for 18 hr. During this time the solution turned bright 
yellow. Approximately 50 ml of the m-cresol was removed under 
reduced pressure, and the precipitate that formed was collected 
by f i l t r a t i o n . The s o l i d was washed with ethanol and dried 
to give 1.5757 g (90.4%) of crude product. Recrystallization 
from benzene-ethanol afforded a bright-yellow powder: mp 347-
349°C; i r (KBr) 1735 cm"1 (s,C=0). 

Anal. Calcd for C^H^N^: C, 86.99; H, 4.62 

Found: C, 86.72; H, 4.73. 

Model Compound VI: A solution of 1.000 g (2.210 mmol) of 
III, 0.2687 g (0.1167 mmol) of II, and 1.0 g of isoquinoline i n 
21 ml of deoxygenated m-cresol was heated at reflux under nitrogen 
for 17 hr. After approximately 18 ml of the m-cresol was removed 
under reduced pressure, the residue was dissolved i n 5 ml of chlo
roform and then added to ethanol to precipitate 1.1707 g (95%) 
of a dark-yellow s o l i d . The s o l i d was placed i n a 250-ml, round-
bottom flask that was immersed i n a Woods-metal bath. The flask 
was evacuated and then heated at 275-300°C for 4 hr. The product 
was r e c r y s t a l l i z e d 4 times from benezene-ethanol to afford a 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



5. H A R R I S E T A L . Phenylated Polyimidazopyrrolones 45 

bright-yellow powder: mp 2 6 5 - 2 7 0°C; i r (KBr) 1 7 3 5 cm"1 (s,c=o). 

Anal. Calcd for C ^ H ^ N ^ : C, 8 5 . 8 5 ; H , 4 . 3 6 

Found: C, 8 6 . 0 2 ; H , 4 . 1 4 . 

General Polymerization Procedure: The tetraamine and deoxy
genated m-cresol containing 0 . 0 5 g/ml of isoquinoline were placed 
i n a 100-ml, 3-neeked flask equipped with a magnetic s t i r r i n g 
bar, a nitrogen i n l e t , a short-path d i s t i l l a t i o n apparatus and 
a stopper. After the tetraamine had dissolved, the dianhydride 
was added i n several portions over 1 hr. The f i n a l portion 
of the dianhydride was dissolved i n 1 ml of m-cresol, and the 
solution added to the reactio
with an addition funnel
slowly increased u n t i l d i s t i l l a t i o n commenced. The volume of 
the mixture was kept essentially constant by continually replac
ing the d i s t i l l a t e with m-cresol containing 0 . 0 5 g/ml of isoqui
noline. The d i s t i l l a t i o n - a d d i t i o n cycle was carried out for 
4 hr. After the yellow, viscous solution was allowed to cool, 
i t was slowly added to vigorously-stirred absolute ethanol, 
collected, and a i r dried to afford a nearly quantitative y i e l d 
of product. The dark-yellow polymer was then heat treated to 
insure complete c y c l i z a t i o n . Thus, a fi l m of the polymer was 
cast from a 5% chloroform solution on the inside of a 250-ml, 
round-bottom flask by slowly removing the solvent under reduced 
pressure. The flask was immersed i n a Woods-metal bath, evacuat
ed, and heated at 2 7 5 - 3 0 0°C for 4 hr. The heat-treated polymer 
was precipitated from chloroform with absolute ethanol, c o l l e c t 
ed, and dried under vacuum at 153°C for 4 8 hr. 
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Synthesis and Properties of Fluoroalkylarylene-
siloxanylene (Fasil) High-Temperature Polymer 

HAROLD ROSENBERG and EUI-WON C H O E 1 

Nonmetallic Materials Division, Air Force Materials Laboratory, 
Wright-Patterson Air Force Base, OH 45433 

The discovery of new polymeric mater ia l s for sealant and 
sea l app l i ca t ions wi th inheren t ly wider use temperature range, 
greater chemical stability and longer opera t iona l life than 
s t a te -o f - the -a r t elastomers has proven to be an uny ie ld ing chal-
lenge to the Air Force for over a decade. Of particular concern 
has been the need for new viscoelastic polymers w i th the requ i -
site chemica l / fue l r e s i s t ance , high-temperature stability, low
-temperature flexibility, adhesion to metal substrates and ready 
processability for improved aircraft i n t e g r a l fue l tank sealants 
wi th broad temperature capability. The background, requirements 
and status of research programs aimed at t h i s s p e c i f i c mater ia l s 
ob jec t ive , w i th an emphasis on filleting sea lants , was reviewed 
r ecen t ly1 / • 

This quest has now l ed to the synthesis and evalua t ion of a 
new f luo r ine -con ta in ing o rganos i l i con polymer, FASIL, which 
offers considerable promise as a candidate base ma te r i a l for a 
broad use-temperature, long-life integral f ue l sealant of both 
the channel and filleting types. Of particular i n t e r e s t i s the 
p o t e n t i a l shown by this elastomeric polymer for the formulat ion 
of a non-cur ing, r eve r s ion - re s i s t an t -54°C (-65°F) to 232°C 
(450°F) fue l tank channel sealant wi th long-term utility. This 
development was the planned outgrowth of an extensive i nves t iga -
tion in to the synthesis and cha rac t e r i za t ion of new thermally-and 
chemical r e s i s t an t viscoelastic a lka ry lene - and a r y l e n e p o l y s i l o x -
anylene polymers. Two classes of candidate polymers, methyl- and 
1 Present address : Celanese Research Company, Summit, NJ 07901 
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3 , 3 , 3 - t r i f l u o r o p r o p y l - s u b s t i t u t e d p o l y ( m - x y l y l e n e s i l o x a n y l e n e s ) 
and the c o r r e s p o n d i n g p o l y ( m - p h e n y l e n e s i l o x a n y l e n e s ) , were 
s e l e c t e d f o r study as the most p r o m i s i n g r e p r e s e n t a t i v e s of such 
macromolecular systems. Emphasis was p l a c e d i n b o t h types on 
d i - , t r i - and t e t r a s i l o x a n y l e n e s u b c l a s s e s s i n c e these would be 
expected t o y i e l d polymers w i t h the b a l a n c e of p h y s i c a l , c h e m i c a l 
and m e c h a n i c a l p r o p e r t i e s r e q u i r e d f o r f u e l tank s e a l a n t a p p l i 
c a t i o n s . I n o r d e r t o a c h i e v e the l a t t e r , i t was n e c e s s a r y t o 
develop a p p r o p r i a t e s t r u c t u r e / p r o p e r t y c o r r e l a t i o n s as a p r e r e 
q u i s i t e t o the s p e c i f i c t a i l o r i n g o f m o l e c u l a r s t r u c t u r e s . Re
p r e s e n t a t i v e members, a p p r o p r i a t e l y s u b s t i t u t e d , o f bo t h polymer 
c l a s s e s were s y n t h e s i z e d and c h a r a c t e r i z e d w i t h r e s p e c t t o t h e i r 
g l a s s - t r a n s i t i o n t emperature, t h e r m a l s t a b i l i t y and s o l u b i l i t y o r 
f u e l r e s i s t a n c e . From the d a t a o b t a i n e d  r e q u i r e d s t r u c t u r e / p r o
p e r t y r e l a t i o n s h i p s wer
s t r u c t u r e s w i t h the optimu

The s y n t h e s i s and c h a r a c t e r i z a t i o n — , t h e r m a l b e h a v i o r — , and 
s o l u b i l i t y o r f u e l r e s i s t a n c e — of the f i r s t c l a s s of polymers, 
i . e . , t h e p o l y ( m - x y l y l e n e s i l o x a n y l e n e s ) , has been r e p o r t e d p r e 
v i o u s l y . I n t h i s paper some r e s u l t s of the i n v e s t i g a t i o n of the 
second c l a s s , i . e . , the p o l y ( m - p h e n y l e n e s i l o x a n y l e n e s ) , I , w i t h 

emphasis on the s y n t h e s i s and c h a r a c t e r i z a t i o n o f the f l u o r o -
a l k y l - s u b s t i t u t e d members of the s u b c l a s s e s which l e d to the s e 
l e c t i o n of FASIL as the c a n d i d a t e polymer of c h o i c e , a r e 
summarized. 

R e s u l t and D i s c u s s i o n 

S y n t h e s i s . As i n the case of the p o l y ( m - x y l y l e n e s i l o x a n y 
l e n e s ) — , i n o r d e r t o o b t a i n a p p r o p r i a t e l y - s t r u c t u r e d r e p r e s e n t a 
t i v e members f o r c h a r a c t e r i z a t i o n and e v a l u a t i o n , t h r e e sub
c l a s s e s or f a m i l i e s of m - p h e n y l e n e s i l o x a n y l e n e polymers were 
c o n s i d e r e d f o r s y n t h e s i s . These were the p o l y ( m - p h e n y l e n e d i -
s i l o x a n y l e n e s , I I ; - t r i s i l o x a n y l e n e s , I I I ; and - t e t r a s i l o x a n y -
l e n e s , IV. The s p e c i f i c polymers i n these s u b c l a s s e s s e l e c t e d 
f o r p r e p a r a t i o n were those c o n s i d e r e d l i k e l y t o p r o v i d e the most 
u s e f u l i n f o r m a t i o n i n c o n n e c t i o n w i t h s t r u c t u r e / p r o p e r t y c o r r e l a 
t i o n s and the t a i l o r i n g o f the macromolecules. I n o r d e r t o s y n 
t h e s i z e these p o l y m e r s , v a r i o u s m e t h y l - and 3 , 3 , 3 - t r i f l u o r o p r o 
p y l - s u b s t i t u t e d 1 , 3 - b i s ( s i l y l ) b e n z e n e i n t e r m e d i a t e s and monomers, 
i n c l u d i n g b i s - c h l o r o s i l a n e s , b i s - e t h o x y s i l a n e s and b i s - s i l a n o l s , 
t o g e t h e r w i t h b i s - a m i n o - s i l a n e s and - d i s i l o x a n e s , were i n i t i a l l y 
p r e p ared and c h a r a c t e r i z e d - . The b i s - s i l a n o l s were homopoly-

I 
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m e r i z e d i n r e f l u x i n g benzene, u s i n g a 1,1,3,3-tetramethy1-
g u a n i d i n e s a l t as c a t a l y s t , t o y i e l d the p o l y ( m - p h e n y l e n e d i s i l o x -
a n y l e n e s ) , I I . When the two b i s - s i l a n o l s , 1 , 3 - b i s ( h y d r o x y d i -
m e t h y l s i l y l ) - and 1 , 3 - b i s [ h y d r o x y m e t h y l ( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) -
s i l y l ] benzene were copolymer!zed w i t h a p p r o p r i a t e l y s u b s t i t u t e d 
b i s ( d i m e t h y l a m i n o ) s i l a n e s ( F i g u r e 1) or - d i s i l o x a n e s ( F i g u r e 2 ) , 
two f a m i l i e s of m e t h y l - and 3 , 3 , 3 - t r i f l u o r o p r o p y l s u b s t i t u t e d 
p o l y ( m - p h e n y l e n e t r i s i l o x a n y l e n e s ) , I I I , and - t e t r a s i l o x a n y l e n e s , 
IV, were o b t a i n e d . R e c e n t l y , i n an e x t e n s i o n o f the newly deve
lo p e d s i l a n o l - a c e t o x y s i l a n e p o l y c o n d e n s a t i o n r e a c t i o n f o r the s y n 
t h e s i s of d i m e t h y l - s u b s t i t u t e d p o l y ( a r y l e n e s i l o x a n y l e n e s ) 4 i t was 
found p o s s i b l e t o s y n t h e s i z e the c o r r e s p o n d i n g m e t h y l ( 3 , 3 , 3 - t r i -
f l u o r o p r o p y l ) a n a l o g s . F o r example, by the r e a c t i o n of 1 , 3 - b i s -
[ h y d r o x y m e t h y l ( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) s i l y l ] benzene w i t h the 
a p p r o p r i a t e l y - s u b s t i t u t e
anes, I I I ( R 1 = R 2 = R 3
R4 = CF 3CH 2CH 2) were o b t a i n e d . S i n c e a number of the newly s y n 
t h e s i z e d polymers [ e . g . , I I I ( R 1 = R« = ΟΡ 3ΟΗ 2ΟΗ 2, R 3 = C H 3 ) ] c o u l d 
not be cured by c o n v e n t i o n a l methods t o p r o v i d e v u l c a n i z a t e s f o r 
f u e l s w e l l e v a l u a t i o n , v i n y l s i l y l groups were i n t r o d u c e d i n t o 
such polymers i n o r d e r t o p r o v i d e s i t e s f o r c r o s s i i n k i n g . T h i s 
was accomp l i s h e d by the a d d i t i o n o f m e t h y l v i n y l b i s ( d i m e t h y l a m i n o ) 
s i l a n e as 3 mole p e r c e n t o f the t o t a l s i l y l a m i n e monomer compo
s i t i o n i n the r e a c t i o n s shown i n F i g u r e 1 and 2. The v i n y l 
groups i n c o r p o r a t e d i n the r e s u l t i n g polymers would be expected 
t o be d i s t r i b u t e d randomly a l o n g the c h a i n s . 

P h y s i c a l P r o p e r t i e s . The s y n t h e s i z e d polymers, as w i t h 
t h e i r m - x y l y l e n e a n a l o g s , were f u l l y c h a r a c t e r i z e d and e v a l u a t e d 
w i t h r e s p e c t t o g l a s s - t r a n s i t i o n temperature, t h e r m a l s t a b i l i t y 
and f u e l r e s i s t a n c e o r polymer i n s o l u b i l i t y . V i s c o s i t i e s , t o 
ge t h e r w i t h number average m o l e c u l a r w e i g h t s o b t a i n e d by e i t h e r 
vapor phase o r .membrane osmometry, were r e c o r d e d f o r the r e l a 
t i v e l y low m o l e c u l a r weight polymers sought. G l a s s - t r a n s i t i o n 
temperatures were determined by means o f d i f f e r e n t i a l s c a n n i n g 
c a l o r i m e t r y (DSC), w i t h ΔΤ = 20 C/min, and have been r e p o r t e d i n 
part-r Thermal c h a r a c t e r i z a t i o n o f the polymers i n v o l v e d thermo
g r a v i m e t r i c a n a l y s i s (TGA) under vacuum a t ΔΤ = 5 C/min. Data 
o b t a i n e d from the TGA c u r v e s , i n c l u d i n g v a l u e s f o r T 25 (tempera
t u r e a t which 25% weight l o s s i s r e c o r d e d ) , were d i s c u s s e d f o r 
c e r t a i n o f the polymers, t o g e t h e r w i t h t h a t f o r t h e i r m - x y l y l e n e 
a n a l o g s , i n an e a r l i e r r e p o r t - . I n or d e r t o determine f u e l 
r e s i s t a n c e , golymers were f i r s t cured w i t h d i - t - bu t y l c u m y l p e r 
o x i d e a t 170 C and 2000 p s i . I n the case o f those polymers w i t h 
a h i g h c o n t e n t of f l u o r o a l k y l groups, samples o f polymers con
t a i n i n g the aforementioned 3 mole p e r c e n t of v i n y l groups were 
used f o r p r e p a r a t i o n of the v u l c a n i z a t e s . Volume s w e l l r a t i o s of 
the v o l c a n i z a t e s were determined a f t e r immersion of the samples 
f o r 72 hours a t room temperatures i n h y d r o c a r b o n s , such as i s o -
octane and JP-4 j e t f u e l . The r e s u l t s o b t a i n e d w i t h r e g a r d t o 
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Figure 1. Copolymerization of hissihnoh with bis( dimethyhmino )silanes 
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Figure 2. Copolymerization of bissilanoh with bis(dimethyhmino)disiloxanes 
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the s o l v e n t r e s i s t a n c e of the polymers through the use of v u l c a n 
i z a t e s has been c o r r o b o r a t e d , i n part>. i n s t u d i e s on s o l v e n t i n t e r 
a c t i o n s w i t h b o t h the m-xylylene-and, t o a l e s s e r e x t e n t , the 
m- p h e n y l e n e s i l o x a n y l e n e polymers. U s i n g g a s - l i q u i d chromato
graphy (GLC) t o determine i n f i n i t e d i l u t i o n a c t i v i t y c o e f f i c i e n t s , 
s t r u c t u r e / s o l u b i l i t y r e l a t i o n s h i p s were d e r i v e d which c o r r e l a t e d 
w e l l w i t h volume s w e l l d a t a on v o l c a n i z a t e s — . 

From the r e s u l t s o b t a i n e d and s t r u c t u r e / p r o p e r t y c o r r e l a 
t i o n s - ' — ' — p r e v i o u s l y e s t a b l i s h e d i n our i n v e s t i g a t i o n o f t h e i r 
m - x y l y l e n e a n a l o g s , i t was p o s s i b l e t o reduce the t o t a l number of 
po l y ( m - p h e n y l e n e s i l o x a n y l e n e s ) r e q u i r e d f o r s y n t h e s i s and p r o 
p e r t y e v a l u a t i o n . More s p e c i f i c a l l y , from the e a r l i e r f u e l 
r e s i s t a n c e / p o l y m e r s o l u b i l i t y s t u d i e s , a f l u o r i n e c o n t e n t o f 30% 
or g r e a t e r by weight appeared n e c e s s a r y t o p r o v i d e r e q u i r e d f u e l 
r e s i s t a n c e t o the polyme
i n the p o l y ( m - p h e n y l e n e s i l o x a n y l e n e s
h i g h r a t i o of 3 , 3 , 3 - t r i f l u o r o - p r o p y l t o met h y l s u b s t i t u e n t s c o u l d 
be expected t o possess d e s i r e d f u e l r e s i s t a n c e . Thus, the o n l y 
members of t h i s c l a s s w i t h p o t e n t i a l f o r f u e l tank s e a l a n t s were 
f u r t h e r r e s t r i c t e d t o f i v e i n number, c o n s i s t i n g o n l y of those 
w i t h two or more f l u o r o a l k y l groups per mer u n i t . F u r t h e r de
t a i l e d e v a l u a t i o n of t h i s s m a l l e r group of polymers i n b o t h 
uncured and cured s t a t e s and w i t h emphasis on i s o t h e r m a l a g i n g 
and s o l v e n t r e s i s t a n c e a t e l e v a t e d temperatures was then c a r r i e d 
out. T h i s r e s u l t e d i n the f i n a l s e l e c t i o n o f poly[m-phenylene-
1 , 3 , 5 , 7 - t e t r a m e t h y l - l , 3 , 5 , 7 - t e t r a k i s ( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) t e t r a -
s i l o x a n y l e n e ] as the most p r o m i s i n g member not o n l y o f the group 
but of bo t h c l a s s e s o f polymers i n v e s t i g a t e d . 

FASIL E v a l u a t i o n . The aforementioned f l u o r o a l k y l a r y l e n e -
s i l o x a n y l e n e polymer, IV(R-^ = R 2 = R 3 = R4 = C F 3 C H 2 C H 2 ) has been 
g i v e n the name FASIL, an acronym d e r i v e d from the g e n e r a l 
polymer c l a s s name. I n a d d i t i o n t o b e i n g r e a d i l y s y n t h e s i z e d 
from c o m m e r c i a l l y - a v a i l a b l e s t a r t i n g m a t e r i a l s ( c f . E x p e r i m e n t a l ) , 
the polymer was found t o e x h i b i t a b e t t e r o v e r a l l c o m b i n a t i o n of 
r e q u i s i t e p h y s i c a l , c h e m i c a l and m e c h a n i c a l p r o p e r t i e s f o r f u e l -
r e s i s t a n t s e a l a n t a p p l i c a t i o n s than any of the newly s y n t h e s i z e d 
s i l o x a n y l e n e o r o t h e r c a n d i d a t e s e a l a n t polymers. A d d i t i o n a l 
q u a n t i t i e s of FASIL were s y n t h e s i z e d f o r use i n f o r m u l a t i o n and 
e v a l u a t i o n s t u d i e s as a f u e l tank channel s e a l a n t . P r e l i m i n a r y 
r e s u l t s of FASIL e v a l u a t i o n as a fo r m u l a t e d s e a l a n t , i n c l u d i n g 
a c c e l e r a t e d broad-temperature range c y c l i n g t e s t s from -54 C 
(-65 F) up t o 232 C (450 F) and t i t a n i u m s t r e s s c o r r o s i o n t e s t i n g , 
i n d i c a t e t h a t FASIL possesses s u p e r i o r p r o p e r t i e s ( F i g u r e 3) and 
l i f e expectancy t o o t h e r e l a s t o m e r i c polymers e v a l u a t e d as a 
ca n d i d a t e f o r a wide-temperature range f u e l tank c h a n n e l s e a l a n t 
m a t e r i a l . I n a d d i t i o n t o h o l d i n g promise as a cha n n e l s e a l a n t 
polymer, s t r u c t u r a l m o d i f i c a t i o n of FASIL as a two-part system i s 
expected t o p e r m i t i t s use f o r the f o r m u l a t i o n of f i l l e t i n g s e a l 
a n t s . Under a c o n t r a c t w i t h Midwest Research I n s t i t u t e , FASIL-
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MAJOR 
Long-Term Thermal S t a b i l i t y 

[Up t o 260°C (500°F)] 

Low-Temperature F l e x i b i l i t y 
[-54°C (-65°F)3 

E x c e l l e n t Adhesion t o A l & T i 

Chemical S t a b i l i t y 
H i g h R e s i s t a n c e t o JP-4 F u e l 
N o n h y d r o l y z a b l e 

MINOR 
• R e v e r s i o n R e s i s t a n c e 

[204°C (400°F), 7 days t o t a l 

• E x t r u d a b l e 

• No S t r e s s C o r r o s i o n on T i 
S u b s t r a t e s 

• Reasonable Cost 
S y n t h e s i s Based on Commerc.-
A v a i l a b l e S t a r t i n g M a t e r i a l s 

Figure 3. Properties of FASIL required for broad-temperature fuel tank sealants 
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type v i n y l - t e r m i n a t e d o l i g o m e r s , c h a i n e x t e n d e r s and c r o s s l i n k i n g 
agents have been s y n t h e s i z e d t o enable the e a r l y development o f a 
FASIL-based f i l l e t i n g s e a l a n t . L a s t l y , from the p r o p e r t i e s ob
t a i n e d i n the e v a l u a t i o n o f i t s v u l c a n i z a t e s , FASIL o f f e r s f u r 
t h e r p o t e n t i a l as a base polymer f o r c h e m i c a l - r e s i s t a n t s e a l 
a p p l i c a t i o n s . 

E x p e r i m e n t a l 

The f o l l o w i n g examples of FASIL monomer and polymer s y n 
t h e s i s a r e g i v e n t o i l l u s t r a t e the g e n e r a l procedures used i n the 
p r e p a r a t i o n o f the m - p h e n y l e n e s i l o x a n y l e n e polymers. 

1 , 3 - B i s [ h y d r o x y m e t h y l ( 3 , 3 , 3 - t r i f s i l y l ] b e n z e n e . 
To a s t i r r e d m i x t u r e o
methanol and 1.2 ml of water was added 7 g(0.016 mole) o f 1,3
b i s [ e t h o x y m e t h y l ( 3 , 3 , 3 - t r i f l u o r o p r o p h y l ) s i l y l ] b e n z e n e [ o b t a i n e d 
from the r e a c t i o n o f the c o r r e s p o n d i n g b i s - c h l o r o s i l a n e w i t h 
sodium e t h o x i d e o r from the i n - s i t u G r i g n a r d r e a c t i o n of m-dibro-
mobenzene, magnesium and d i e t h o x y m e t h y l - ( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) -
s i l a n e ] , f o l l o w e d by the a d d i t i o n of a s o l u t i o n o f 2.69 g o f 
sodium h y d r o x i d e and 12 ml of water. The r e s u l t i n g m i x t u r e was 
s t i r r e d f o r 30 minutes and then poured i n t o a s o l u t i o n of 17 g of 
potas s i u m d i h y d r o g e n phosphate i n 30 g of water and i c e . A f t e r 
the o i l y p r oduct was e x t r a c t e d w i t h d i e t h y l e t h e r , the e t h e r 
e x t r a c t was washed w i t h w a t e r , d r i e d o ver anhydrous magnesium 
s u l f a t e and evaporated on a r o t a r y e v a p o r a t o r . F r a c t i o n a l d i s 
t i l l a t i o n o f the c l e a r l y o i l y r e s i d u e through a s h o r t - p a t h d i s 
t i l l a t i o n column gave 5.6 g (91.5%) o f 1,3 - b i s[hydroxymethyl-
( 3 , 3 , 3 - t r i fluoropropyl) s i l y l I b e n z e n e: bp 140-142 /0.1 T o r r . 
Found f o r C 1 4 H 2 o F 6 0 2 s i 2 : c» 43.06; H, 5.16. 

1 , 3 - B i s ( d i m e t h y l a m i n o ) - 1 , 3 - d i m e t h y 1 - 1 , 3 - b i s ( 3 , 3 , 3 - t r i f l u o r o 
p r o p y l ) d i s i l o x a n e . To a 2-1. four-necked f l a s k , c o o l e d t o -27°, 
equipped w i t h a m e c h a n i c a l s t i r r e r , Dry Ic e - a c e t o n e condenser, 
thermometer and a d d i t i o n f u n n e l , and c o n t a i n i n g 500 ml of p e t r o 
leum e t h e r (b.p. 30-60°), was added 18 g (0.4 mole) o f anhydrous 
dimethylamine under a n i t r o g e n atmosphere. A s o l u t i o n o f 36.7 g 
(0.1 mole) of 1 , 3 - d i c h l o r o - l , 3 - d i m e t h y l - l , 3 - b i s ( 3 , 3 , 3 - t r i f l u o r o 
p r o p y l ) d i s i l o x a n e was added t o the dimethylamine s o l u t i o n over aQ 

1-hr p e r i o d w h i l e t h e r e a c t i o n temperature was m a i n t a i n e d a t -27 . 
The m i x t u r e was s t i r r e d f o r an a d d i t i o n a l 30 minutes and then was 
al l o w e d t o warm t o room temperature. Excess dimethylamine was 
passed through a h y d r o c h l o r i c a c i d s o l u t i o n and the amine s a l t 
removed by f i l t r a t i o n . F r a c t i o n a l d i s t i l l a t i o n o f the f i l t r a t e 
gave 26 g (68%) o f 1 , 3 - b i s ( d i m e t h y l a m i n o ) - 1 , 3 - d i m e t h y l - l , 3 - b i s -
( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) d i s i l o x a n e : bp 237-240 . Found f o r 
C 1 2 H 2 6 F 6 N 2 O S i 2 : C ' 3 7 · 4 9 ' H> 6 · 8 2 · 
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P o l y [ m - p h e n y l e n e - 1 , 3 , 5 , 7 - t e t r a m e t h y l - l , 3 , 5 , 7 - t e t r a k i s 
( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) t e t r a s i l o x a n y l e n e ] w i t h v i n y l groups. 
I n t o a 100-ml. three-necked f l a s k , equipped w i t h thermometer, 
s t i r r e r , n i t r o g e n i n l e t , and condenser which was connected t o a 
s o l u t i o n of h y d r o c h l o r i c a c i d , was p l a c e d 5.0 grams (12.8 mmoles) 
of 1 , 3 - b i s [ h y d r o x y m e t h y l ( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) s i l y l ] b e n e z e n e , 
4.275 grams (11.16 mmmoles) of 1 , 3 - d i m e t h y l - l , 3 - b i s ( 3 , 3 , 3 - t r i -
f l u o r o p r o p y l ) - 1 , 3 - b i s ( d i m e t h y l a m i n o ) d i s i l o x a n e , 54.9 mg (0.36 
mmoles) of m e t h y I v i n y I b i s ( d i m e t h y l a m i n o n s i l a n e , and 5 ml. of 
t o l u e n e . The m i x t u r e was warmed to 110 d u r i n g which p e r i o d d i 
me thy lamine began t o e v o l v e . A f t e r 15 minutes of warming, the 
remainder of the d i a m i n o s i l a n e s , 0.475 grams (0.12 mmoles) of 
1 , 3 - d i m e t h y l - l , 3 - b i s - ( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) - 1 , 3 - b i s ( d i m e t h y l 
amino) d i s i l o x a n e and 6.1  (0.04 mmoles) f m e t h y l v i n y l b i s ( d i
methylamino) s i l a n e , was
The m i x t u r e was heated f o
r e a c t i o n time) and then h y d r o l y z e d w i t h 1 ml. of w a t e r . Water 
was removed as an a z e o t r o p e . The polymer was d i s s o l v e d i n 3 ml 
of t o l u e n e , f i l t e r e d , p r e c i p i t a t e d w i t h 15 ml. of methanol, 
washed t w i c e w i t h 30 ml. o f methanol, and d r i e d a t 260 and 0.1 
T o r r f o r 16 hours t o y i e l d 4.2 grams of poly[m-phenylene-1,3,5,7-
t e t r a m e t h y l - 1 , 3 , 5 , 7 - t e t r a k i s ( 3 , 3 , 3 - t r i f l u o r o p r o p y l ) - t e t r a s i l o x 
a n y l e n e ] ( w i t h 3 mole p e r c e n t o f v i n y l m e t h y l s i l o x y groups i n c o r 
p o r a t e d randomly onto the polymer backbone) as a v e r y v i s c o u s 
o i l ô m o l e c u l a r weight (VPO i n THF) 3,700; Τ (DSC, ΔΤ=20%ηίη.) s 
-49 C; t r a n s p a r e n t ; r\±nh ± 0 . 0 2 d l / g . g 
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7 

Analysis of Adhesive Fracture Testing Methods for 
Aerospace Use 

K. KAWATA, H. FUKUDA, N . TAKEDA, and A. HONDO 

Institute of Space and Aeronautical Science, University of Tokyo, 
4-6-1 Komaba, Meguro-ku, Tokyo 153, Japan 

The determination  strengt  testing
ods associated wi th the bond strength are the important subjects 
in composite mater ia ls and s t ruc tu res , e s p e c i a l l y their app l i ca -
tion in aerospace use. In aerospace ma te r i a l s , pee l ing tes t s are 
important as well as usual bond shearing t e s t . The apparent 
strength obtained from the bond shearing tes t is τcr = P/S where 
Ρ is the breaking load (kg) and S is the bonded area (mm2) whi le 
the pee l ing strength obtained from the peel ing tes t is P/b where 
Ρ is the breaking load (g) and b is the width (mm). These two so 
called "strengths" are d i f fe ren t in dimensions and have not been 
re la ted to each other . As a result, for practical problems these 
two tes ts had to be conducted individually to qua l i fy these two 
strengths. 

In the present paper, these two "strengths" are r e l a t ed by 
the analyses from the u n i f i e d standpoint . That is, the critical 
s trength based upon the energy balance concept (1) is used to es-
tablish a relation between these two strengths of adhesive bonded 
joint and to demonstrate the in t e rchangeab i l i t y of these data 
(2, 3 ) . There are many types of adhesive joints or bond strength 
testing methods as shown in Fig. 1. T- tes t is t reated similarly 
wi th θ degree peel ing tes t (2). S ing le - l ap (3 ) , tapered-lap and 
scarf-joint (4) are treated similarly. Ana lys i s of this type may 
be extended to p u l l - o u t tes t (4 ) . 

When we surv e y h i s t o r i c a l l y b r i e f l y , we c i t e the p i o n e e r i n g 
works on energy i n adhe s i v e p e e l i n g by T. Hata (5). Adhesive 
f r a c t u r e energy was used by H. Dannenberg (6), Β. M. Malyshev and 
R. L. S a l g a n i k ( 7 ) , and J . D. B u r t o n , W. B. Jones and M. L. 
W i l l i a m s (8) t o study b l i s t e r t e s t . 

I n t h e f o l l o w i n g s , a n a l y t i c a l r e s u l t s and comparisons w i t h 
e x p e r i m e n t a l r e s u l t s are mentioned f o r the t e s t s shown i n F i g . 1. 
Next, a new method t o determine dynamic f r a c t u r e toughness, t h a t 
i s , a d h e s i v e f r a c t u r e d s u r f a c e energy (11) i s proposed. 

0-8412-0567-l/80/47-132-059$05.00/0 
© 1980 American Chemical Society 
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Figure 1. Adhesive bond strength testing methods. 

(1) Θ degree peeling test: P, loû<i; A, bonding strip; B, metal p l a % S, supporting plate 
for restricting bending of B; t, t m , thickness; E, E™, Young's modulus; suffix m indicates 
metal; width is b. dc: length of incremental peeling. Θ; peeling angle. (2) Single-hp 
adhesive joint shearing test. (3a) Tapered-hp adhesive joint shearing test. (3b) Scarf-

joint shearing test. (4) T-test. (5) Pull-out test: F, ji&er; A, adherend; B, adhesive. 

10b-
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Figure 2. Numerical examples of θ de- ο 4 5 9 0 1 3 5 1 8 0 

gree peeling strength θ (deg) 
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θ Degree P e e l i n g Test 

A n a l y s i s o f θ degree p e e l i n g o f a s o f t m a t e r i a l bonded to a 
p l a t e w i t h bending r e s t r a i n i s s t a t e d . The f o l l o w i n g assumptions 
are made: 1) A i s s o f t and i t s f l e x u r a l r i g i d i t y i s n e g l i g i b l e . 
2) S t r e s s i s c o n c e n t r a t e d l o c a l l y i n the neighbourhood o f dc and 
re g i o n s f a r from dc have no i n f l u e n c e . The c r i t i c a l c o n d i t i o n 
f o r p e e l i n g f r a c t u r e i s 

dW + dU + dL = 0 (1) 

where, t h e v a r i a t i o n s of s u r f a c e energy, e l a s t i c s t r a i n energy, 
and p o t e n t i a l energy o f l o a d due t o p e e l i n g o f l e n g t h dc are de
noted dW, dU, and dL, r e s p e c t i v e l y
h e s i v e f r a c t u r e d s u r f a c

P 2 ( - U f ™ ^ ) + 2 b t ( l - c o s 6 ) P - 4 y b 2 = 0 (2) 
m m 

i s o b t a i n e d . S o l v i n g ( 2 ) , θ degree p e e l i n g s t r e n g t h i s determined 
as f o l l o w s : 

/ 4 Y E t / ( l + =5L) (6 = 0 degree) 
P c r / b = { m % (except i n the (3) 

ο , m neighbourhood 
2 Y / 0 L - c o s 6 ) o f o degree) 

The p e e l i n g s t r e n g t h f o r 6 = 0 , t h a t i s , the s h e a r i n g s t r e n g t h 
v a r i e s w i t h the r i g i d i t y o f the bonded m a t e r i a l , i n c o n t r a s t t o 
the case except i n the neighbourhood o f 0 degree. T h i s s uggests 
an e s s e n t i a l d i f f e r e n c e between p e e l i n g w i t h a f o r c e component 
p e r p e n d i c u l a r t o the plane of the adhesive and p e e l i n g w i t h o n l y 
a f o r c e component p a r a l l e l t o the plane o f the a d h e s i v e . Non-zero 
degree p e e l i n g s t r e n g t h s are s m a l l e r than zero degree p e e l i n g 
s t r e n g t h t h a t i s pure shear s t r e n g t h by the o r d e r o f 10 o r 100, 
as seen i n the n u m e r i c a l examples ( F i g . 2 ) . 

T - t e s t 

Under the assumptions and the c r i t i c a l c o n d i t i o n , same w i t h 
6 degree p e e l i n g t e s t , the f o l l o w i n g s o l u t i o n i s o b t a i n e d . 

P c r/b = γ (4) 

S i n g l e - l a p Adhesive J o i n t S h e a r i n g T e s t 

A t e n s i l e l o a d Ν produces a x i a l f o r c e s N i and N2 of the ad
he r e n t s (1) and (2) r e s p e c t i v e l y , and a s h e a r i n g s t r e s s τ i n the 
adhesive l a y e r . Assuming Hooke fs law and d i s r e g a r d i n g bending 
e f f e c t s due to the e c c e n t r i c l o a d p a t h , shear f r a c t u r e l o a d i s 
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Figure 3. Stresses in a single-hp adhesive joint (unit width perpendicuhr to the 
paper): E , Youngs modulus; t, thickness of an adherend; G a , shear modulus of 
adhesive; t a , thickness of adhesive; 1, overlap length; Ν, αχίαΖ /orce, τ, shearing 

stress. 
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Figure 4. Nondimensional shearing fracture load vs. overhp length for single-hp 
joint 
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d e r i v e d from the same c r i t i c a l c o n d i t i o n . 

N c r = /4^7ΐ7 f ( / ^ , P) (5) 

where, Κ = G a / t a , ρ = Ejt^/Eata < 1 (6) 

" / • I F , * - »> 7 = - ( 7 ) 

Ρ + c h ( / T T 7 jx^i) 

(7) i s d e s i g n a t e d as specime
and C are shown i n Tabl
0 degree p e e l i n g t e s t . The d i s t i n c t i v e f e a t u r e o f s i n g l e - l a p ad
h e s i v e j o i n t i s t h a t as £ i n c r e a s e s f converges t o the l i m i t o f 
(1+ p ) 1 / 2 . The pr e s e n t s o l u t i o n c o i n c i d e s f a i r l y w e l l w i t h de 
Bruyne's e x p e r i m e n t a l t e n d e n c i e s ( 9 ) ( F i g . 5 ) . 

Table 1 Specimen C h a r a c t e r i s t i c F a c t o r 

Case f ( p , 1 ^ 1 ) 

A. E i t i « E 2 t 2 tanh ( j j ^ ^ ) 

B. E i t ! = E 2 t 2 (2 tanh (J^£//T ) 

C. Ge n e r a l 
/IT? einh(/r+T^-/) 

ρ + coeh^ T i T^J!.) 

Tapered-lap Adhesive J o i n t S h e a r i n g Test 

T h i s case ( F i g . 6) i s s o l v e d by the same way. 

N c r = Î¥fËtJ—l ( f o r Εχ = E 2=E> ^ « t 2 - t ) (8 ) 

N c r i s p r o p o r t i o n a l t o £, d i f f e r i n g from s i n g l e - l a p j o i n t ( F i g . 7 ) . 
The e x p e r i m e n t a l d a t a by de Bruyne (9) support t h i s s o l u t i o n 
( F i g . 8 ) . 
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Figure 6. Stresses in a tapered-hp joint (unit width perpendicular to the paper) 

In Resins for Aerospace; May, C.; 
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Figure 8. Experimental shearing fracture load of adhesive joints by de Bruyne 
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P u l l - o u t Test 

T h i s a x i s y m m e t r i c case i s a l s o s o l v e d s i m i l a r l y ( F i g . 9 ) : 

o c r = P c r/7Tr 2 = / 4 y E 2 / r f (A£) (9) 

where, A = /2G/(E 2br)»Λ + ρ 
. (10) 

f(A£) = ( /l + ρ shA£) /(p + chA£) 

Ρ = E 2 r / { 2 E i a ( l + ( a / 2 r ) ) } > 0 (11) 

So, the r e l a t i o n o f O c r / / 4 y E 2 / r v s . /2G/(E 2br) £ i s the same w i t h 
F i g . 4. 

The E f f e c t o f E l a s t i c - p l a s t i c S t r i p  P e e l i n g S t r e n g t

When e l a s t i c - p l a s t i c s t r i p i s used i n p e e l i n g t e s t , t h e 
f o l l o w i n g c o r r e c t i o n f a c t o r i s i n t r o d u c e d ( 1 0 ) : 

P c r / b 

The same w i t h (3) * 
2 (12) 

{ 2 Y / ( 1 - C O S 6 ) } ( 1 + | ^ ) ** 

* ( 9 = 0 degree) 
** (except i n the neighbourhood of 0 degree) 

where, Y : y i e l d s t r e s s o f s t r i p , 
ρ : r a d i u s o f c u r v a t u r e of s t r i p a t p e e l i n g p o i n t . 

A New Method t o Determine Dynamic Adhesive F r a c t u r e d S u r f a c e 
Energy 

As seen i n the above mentioned, the v a l u e o f γ i s i m p o r t a n t . 
U s i n g the specimens such as F i g . 1 (2) o r F i g . 10, dynamic ad
h e s i v e f r a c t u r e d s u r f a c e energy f o r shear o r y*t f o r t e a r i s 
measured by the method o f comparing the e n e r g i e s of the impacting 
mass b e f o r e and a f t e r the impact l o a d i n g . By the energy method 
newly proposed, dynamic adh e s i v e f r a c t u r e d s u r f a c e energy i s de
termined from the e q u a t i o n ( 1 3 ) ( 1 1 ) , 

Eo/S = 2 y d (13) 

where, EQ : absorbed energy, 
S : narrowest c r o s s s e c t i o n a l a r e a . 

In Resins for Aerospace; May, C.; 
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dx 
" / 

f 

m 1 l 
- 4 -

—*• <Tj + dff 2 

- 4 -

M, i 1 
/ 

Figure 9. Stresses in a pull-out test: a,b, 
thickness of adherend tube A and ad/ie-
sit?e B, respectively; Εχ, E 2, Young's mod
ulus of A and /iSer F, respectively; G, 
shear modulus of adhesive; b/r 2 2, rj = 

r 2 = r is assumed. 

Ο a o Figure 10. Dynamic tear test specimens 
for a new method to determine dynamic 

adhesive fractured surface energy 

In Resins for Aerospace; May, C.; 
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C o n c l u s i o n 

The above mentioned a n a l y s e s based upon the u n i f i e d s t a n d 
p o i n t g i v e the r e l a t i o n s among v a r i o u s t e s t i n g methods. The 
r e l a t i o n s o f y s v s . y t and y^s v s . y ^ t * e f f e c t o f v i s c o e l a s t i c i t y 
e t c . would be next problems to be c l a r i f i e d more t h o r o u g h l y . 
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On the Mechanics of Peeling 

HIROSHI FUKUDA and KOZO KAWATA 

Institute of Space Aeronautical Science, University of Tokyo, 
4-6-1 Komaba, Meguro-ku, Tokyo 153, Japan 

In recent years adhesive bonding has become one o f the 
primary joining methods(1). One reason is that high performance 
adhesives have been developed. Another reason is that composite 
mater ia ls have become to be used wide ly . The composite materi-
als, e s p e c i a l l y FRP, themselves are the bonded s t ruc tures . 
Therefore, it i s important to make c l e a r the mechanics o f adhe
s ion . 

Tens i l e s t rength , shear s t rength, peel strength and so on 
are the primary factors which evaluate the c h a r a c t e r i s t i c s o f 
adhesive bonded s t ructures from the mechanical point of view. 
Among them, we have been treating the mechanics of pee l ing for 
these several years. In the present paper, we will discuss two 
subjects o f pee l i ng , that is, i) the effect of peel speed on peel 
strength and ii) the effect of peel angle on peel s t rength. 

Effect of Peel Speed on Peel Strength 

Experimental Procedure. Concerning testing methods of 
pee l i ng , the fo l lowing three types are cu r ren t ly in use: the 180° 
peel test, the c l imbing drum tes t and the T-peel test(2). These 
methods may be s u f f i c i e n t to evaluate the quality of adhesive 
bonded s t ructures i n practical engineering situation. However, 
these testing methods are not s u f f i c i e n t for our experimental 
purpose because o f the restriction o f peel angle. Then all 
angle peel t e s t e r was made on an experimental b a s i s . 

Figure 1 shows the peel t e s t e r by the present authors by 
which a r b i t r a r y angle peel t es t i s p o s s i b l e . A t e s t p l a t e for 
lengths up to 500mm and widths up to 120mm can be attached to the 
t e s t e r . Although t h i s t e s t e r i s fundamentally s i m i l a r to that 
o f Hata et al. (3) , some refinements have been c a r r i e d out, 
Kaelble et al. (4) made a device for pee l ing as an accessory to an 
Instron type t e s t i n g machine. This device seems to be very 
convenient because experimental data under a constant peel speed 

0-8412-0567-l/80/47-132-069$05.00/0 
© 1980 American Chemical Society 
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Figure 1. Peel tester and test specimen: 
A, fiat plate to which a plate (TE) is 
bolted; B, knob by which the fiat plate 
is rotated and fixed to an arbitrary angle; 
C, stopper; D, weight; E, frase pfote; F, 
aluminum foil; G, hoofc; H, ho/to ίο αί-

tacn the specimen to the flat plate. 

Figure 2. Construction and dimension 
of test plate 

adherend (aluminum foil) 
- adhesive (polyethylene 
-aluminum s h e e t ) 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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can be o b t a i n e d e a s i l y . When a p e e l t e s t e r becomes l a r g e , 
however, i t becomes d i f f i c u l t t o a t t a c h i t t o an I n s t r o n t e s t i n g 
machine and t o c o n t r o l the p e e l a n gle c o n s t a n t . Then t h e dead 
l o a d t y p e t e s t e r was adopted as a f i r s t s t e p . T h i s type t e s t e r 
keeps t h e p e e l angle c o n s t a n t a l t h o u g h t h e p e e l speed cannot be 
c o n t r o l l e d . 

The c o n s t r u c t i o n and t h e dimension o f a t e s t p l a t e i s shown 
i n F i g . 2 . From a wide adhesive bonded p l a t e , t e s t specimens 
w i t h t h e w i d t h o f 10mm were made by c u t t i n g t h e p a r t s o f t h e f o i l 
and t h e adhesive w i t h a k n i f e . The p e e l angle was f i x e d t o 90° 
i n o r d e r t o make the problem s i m p l e . The room temperature was 
23±3°C. 

A f t e r a t t a c h i n g the t e s t p l a t e t o t h e p e e l t e s t e r , a c e r t a i n 
amount o f l o a d was a p p l i e
have measured t h e time ( t
f o i l i s p e e l e d . The p e e  spee  (v)  1/t

R e s u l t s o f Experiment. F i g u r e 3 shows some raw d a t a con
c e r n i n g t h e p e e l speed. As i s shown i n t h i s f i g u r e , t h e p e e l 
speed shows f a i r l y l a r g e v a r i a t i o n s . S i n c e t h e s e l a r g e v a r i a -
thons are o f t e n o b s e r v e d ( 5 ) , c a r e f u l treatment i s n e c e s s a r y t o 
e v a l u a t e t h e s t r e n g t h o f a d h e s i v e bonded s t r u c t u r e s . 

F i g u r e 4 shows the r e l a t i o n s h i p between a p p l i e d l o a d and 
p e e l speed. The average v a l u e and t h e s t a n d a r d d e v i a t i o n were 
c a l c u l a t e d i n l o g a r i t h m s c a l e o f p e e l speed. A c c o r d i n g t o t h i s 
f i g u r e , t h e p e e l speed doesn't i n c r e a s e g r a d u a l l y w i t h i n c r e a s i n g 
the a p p l i e d l o a d but has a gap a t t h e l o a d o f about 4 Kg. T h i s 
gap i s shown by a f i n e dashed l i n e i n F i g . 4 . 

An example o f p e e l e d s u r f a c e at a s m a l l l o a d (P=2500g) and a 
l a r g e l o a d (P=4000g) are shown i n F i g . 5 . In t h e case o f s m a l l 
l o a d , t h e p e e l e d s u r f a c e i s v e r y smooth. In the case o f l a r g e 
l o a d , on t h e c o n t r a r y , t h e s h e l l shape s t r i p e s w i t h t h e i n t e r v a l 
o f a p p r o x i m a t e l y 0.5mm can be observed. T h i s phenomenon occured 
i n almost a l l cases a t t h e l o a d g r e a t e r than 4Kg. The p e e l i n g 
at t h e l a r g e l o a d seems t o o c c u r u n s t e a d i l y w i t h t h e i n t e r v a l o f 
s t r i p e s . Let t h e s m a l l l o a d p e e l i n g and t h e l a r g e l o a d one be 
named as s t e a d y p e e l i n g and unsteady p e e l i n g , r e s p e c t i v e l y . The 
unsteady p e e l i n g occured even when we t e s t e d as c a r e f u l l y as 
p o s s i b l e . The r e s u l t s from F i g s . 4 and 5 seems t o show t h a t t h e 
unsteady p e e l i n g becomes e a s i e r t o o c c u r than the s t e a d y one when 
the a p p l i e d l o a d exceeds an c r i t i c a l v a l u e . F i g u r e 4 a l s o i n d i 
c a t e s t h a t the upper l i m i t o f t h e p e e l l o a d and t h e lower one 
e x i s t s . T h i s phenomenon has a l s o been r e p o r t e d p r e v i o u s l y ( 3 ) . 

V i s c o e l a s t i c D i s c u s s i o n o f Steady P e e l i n g . As i s d e s c r i b e d 
i n t h e former s e c t i o n , the p e e l s t r e n g t h depends g r e a t l y on the 
p e e l speed. T h i s i s based on t h e v i s c o e l a s t i c c h a r a c t e r o f t h e 
a d h e s i v e . The r a t e dependency o f p e e l i n g i s d i s c u s s e d below 
t a k i n g i n t o c o n s i d e r a t i o n t h e v i s c o e l a s t i c i t y o f t h e a d h e s i v e . 

The d e f o r m a t i o n i n t h e neighborhood o f p e e l e d p o i n t i s 

In Resins for Aerospace; May, C.; 
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P=4Kg P=5Kg 

I I I < I I I I 11 I Ί I I t I I 11 1 I I I I I 111 
001 0-1 1 10 

Figure 3. Example Of data Peel Speed ν (mm/sec) 

Figure 4. Applied load (Έ) vs. peel speed (v): ( ) experimental; ( ) 3-ele-
ment model; (—' — ') generalized Voigt model; dots, average peel speed; hori
zontal range, standard deviation; number in parenthesis, number of data tested. 

Figure 5. Example of peeled surface 

In Resins for Aerospace; May, C.; 
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s c h e m a t i c a l l y shown i n F i g . 6 , a l t h o u g h t h e a c t u a l d e f o r m a t i o n i s 
somewhat c o m p l i c a t e d . F i r s t o f a l l , l e t the hatched p a r t o f th e 
adhesive shown i n F i g . 6 be r e p l a c e d by th e t h r e e element model 
shown i n F i g . 7 ( a ) . I f the hatched p a r t s u s t a i n s a c o n s t a n t l o a d , 
the creep curve at t h a t p o i n t becomes 

Ε 0ε(ΐ)/σ = 1 + K [ l - e x p ( - t / i i ) ] (1) 
where, Κ=Ε 0/Ει, Τι=Πι/Ει. The curve named "3 element model 1' i n 
Fi g . 8 shows e q . ( l ) . Let t h e p e e l i n g be assumed t o oc c u r when 
the s t r a i n o f the adhesive becomes some c o n s t a n t v a l u e , εο. 
F i g u r e 8 can be i n t e r p r e t e d t h a t the o r d i n a t e i n d i c a t e s t h e 
a p p l i e d s t r e s s i n s t e a d o f s t r a i n and the a b s c i s s a , t h e time when 
the s t r a i n becomes ε 0. The a p p l i e d l o a d and the s t r e s s o f t h e 
adhesive i s p r o p o r t i o n a l  f i r s t a p p r o x i m a t i o n  T h e r e f o r e
t h e upper l i m i t (P )r ^ v max^ ^
spond t o 1 and 1+K o f the o r d i n a t e o f F i g . 8 , r e s p e c t i v e l y . The 
v a l u e o f the o r d i n a t e c o r r e s p o n d i n g t o th e i n t e r m e d i a t e l o a d and 
the v a l u e o f the a b s c i s s a c o r r e s p o n d i n g t o i t can be o b t a i n e d 
e a s i l y . Thus the r e l a t i v e p e e l speed a t each l o a d can be o b t a i n 
ed by t a k i n g t h e i n v e r s e o f the v a l u e o f a b s c i s s a . In o r d e r t o 
get th e a b s o l u t e p e e l speed, s u f f i c i e n t knowledge about the v i s c o 
e l a s t i c c h a r a c t e r o f the a d h e s i v e i s n e c e s s a r y . The dashed l i n e 
i n F i g . 4 i s c a l c u l a t e d by t a k i n g Ρ =5.1 Kg, Ρ . =1.9 Kg and 

t> j & m a x &> m m & 

u s i n g t h e e x p e r i m e n t a l d a t a at P=2 Kg. As shown i n F i g . 4 , t h r e e 
element model i s not a p p r o p r i a t e t o e x p l a i n the e x p e r i m e n t a l 
r e s u l t s . 

Next, l e t ' s a p p l y t h e g e n e r a l i z e d V o i g t model shown i n F i g . 
7(b) as the v i s c o e l a s t i c c h a r a c t e r o f the a d h e s i v e . In t h i s 
c ase, the creep curve at the l i m i t o f η-*» becomes(6) 

e ( t ) / a = Y 0 + / ^ Y ( x ) [ l - e x p ( - t / T ) ] d T (2) 
where, Y 0= i n i t i a l creep c o m p l i a n c e , τ= r e a t r d a t i o n t i m e , Υ(τ)= 
f u n c t i o n which i n d i c a t e s r e t a r d a t i o n spectrum. A f t e r some c a l c u 
l a t i o n i n t r o d u c i n g t h e box i d e a l i z a t i o n shown i n F i g . 8 , eq.(2) 
becomes 

e ( t ) / a = Yo + Y b [ l n ( T m / x 3 ) - E . ( - t / x 3 ) + E . f - t / ^ ) ] (3) 
where Ε. i s e x p o n e n t i a l i n t e g r a l f u n c t i o n . The curve named as 
box d i s t r i b u t i o n i n F i g . 8 i s o b t a i n e d by s u b s t i t u t i n g τ / Τ 3 = 1 0 3 

i n e q . ( 3 ) . The dot-dashed curve i n F i g . 4 i s o b t a i n e d By a 
s i m i l a r c a l c u l a t i o n t o the case o f t h r e e element model. The 
stea d y p e e l i n g can be e x p l a i n e d by i n t r o d u c i n g t h e g e n e r a l i z e d 
V o i g t model f o r t h e v i s c o e l a s t i c i t y o f adh e s i v e . 

T r a n s i t i o n From Steady P e e l i n g t o Unsteady P e e l i n g . In t h e 
p r e v i o u s s e c t i o n we have c o n s i d e r e d the v i s c o e l a s t i c i t y o n l y a t 
the p e e l i n g p o i n t . In the a c t u a l p e e l i n g p r o c e s s , however, t h e 
de f o r m a t i o n o f the adhesive spreads t o somewhat wide r e g i o n . 
T h e r e f o r e , i t i s n e c e s s a r y t o a n a l y z e the problem shown i n F i g . 9 . 

A p p l y i n g the g e n e r a l i z e d V o i g t model, a fundamental e q u a t i o n 
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Base plate (adherend ) 

adherend 
(foil) 

Figure 6. Schematic view of 90-degree 
peeling 

adhesive 

A 

Figure 7. Viscoelastic model of adhe
sive: (a), 3-element model; (b), gener- I 

alized Voigt model (a) (b) 
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becomes as f o l l o w s a l t h o u g h t h e d e t a i l o f d e r i v a t i o n i s not shown : 
^ f ( x , t ) c , _ 

-AEo J°° Y ( T ) e x p O t / T ) [ J 1 exp ( t /τ ) 8 f ( x , t ) d t ] dx (4) 
0 0 dxk 

and 
e ( x , t ) = f ( x , t ) / E 0 + Ç° Y ( x ) e x p ( - t / T ) [ f * e x p ( t / x ) f ( x , t ) d t ] d x (5) 

where, A=EIh/b, EI= f l e x u r a l r i g i d i t y o f adherend, h= t h i c k n e s s 
o f a d h e s i v e , b= w i d t h o f specimen, f= f o r c e p e r u n i t l e n g t h , ε= 
s t r a i n o f adh e s i v e . The r i g h t s i d e o f eq.(4) i n d i c a t e s t h e 
v i s c o e l a s t i c e f f e c t . 

I f Υ(τ) i s equa l t o z e r o , eq.(4) becomes 
A ^ î i + f ( x , t )  0 (6) 

Th e r e f o r e , eq.(4) i s th  e q u a t i o  supporte
by v i s c o - e l a s t i c s p r i n g s . I f the time ( t ) i s equa l t o z e r o , 
eq.(4) a g a i n reduces t o e q . ( 6 ) . T h e r e f o r e , eq.(6) can be i n t e r 
p r e t e d t o show t h e i n i t i a l s t a t e o f the b a r supported by v i s c o 
e l a s t i c s p r i n g s . C o n s i d e r i n g the boundary c o n d i t i o n s , eq.(6) 
becomes 

f ( x , 0 ) = 2sP exp(-sx) c o s ( s x ) (7) 
where, s = V l / 4 A . T h i s r e s u l t c o i n c i d e s w i t h another r e s e a r c h 
er f s one( 7 ) . 

E q u a t i o n (5) i s not o n l y t h e f u n c t i o n o f χ and t , but a l s o 
t h e f u n c t i o n o f a p p l i e d l o a d , P. Steady p e e l i n g o c c u r s when th e 
r e d u c t i o n o f p o t e n t i a l energy o f the dead weight c o i n c i d e s w i t h 
the energy consumed t o make the f r a c t u r e s u r f a c e , t o bend t h e f o i l 
and so on. When the a p p l i e d l o a d i s h i g h , t h e p e e l i n g becomes 
unsteady. But i t i s p o s s i b l e t o c o n s i d e r t h a t t h e p e e l i n g i s 
a r r e s t e d by some r e a s o n , perhaps by t h e v i s c o e l a s t i c c h a r a c t e r o f 
the a d h e s i v e . T h e r e f o r e , i t may be p o s s i b l e t o e x p l a i n the t r a n 
s i t i o n phenomena by d i s c u s s i n g eqs. (4) and (5) i n d e t a i l and by 
i n t r o d u c i n g an a p p r o p r i a t e f a i l u r e c r i t e r i o n . But i t i s t h e 
s u b j e c t i n f u t u r e . 

E f f e c t o f P e e l Angle on P e e l S t r e n g t h 

E x p e r i m e n t a l . In t h i s s e c t i o n we w i l l d e s c r i b e t h e e f f e c t o f 
p e e l angle on p e e l s t r e n g t h under a c o n s t a n t p e e l speed. A t e s t 
p l a t e used here i s composed o f an aluminum base p l a t e w i t h a 3mm 
t h i c k n e s s , an aluminum f o i l w i t h a 0.1mm t h i c k n e s s and an ad h e s i v e 
( A r a l d i t e standard) which a t t a c h e s t h e f o i l t o t h e base p l a t e . 
The e x p e r i m e n t a l procedure i s s i m i l a r t o t h a t d e s c r i b e d i n t h e 
p r e v i o u s s e c t i o n a l t h o u g h t h e p e e l a n gle i s changed v a r i o u s l y i n 
the p r e s e n t s e c t i o n . The room temperature was about 25°C. 

Some raw d a t a a re shown i n F i g . 1 0 , where, t h e a b s c i s s a i n d i 
c a t e s t h e time r e q u i r e d t o p e e l t h e f o i l by 10mm. Dots and 
c i r c l e s a r e the e x p e r i m e n t a l v a l u e s . Two symbols are used o n l y 
t o d i s t i n g u i s h t h e v a l u e s o f the d i f f e r e n t p e e l i n g a n g l e . 
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Figure 9. Bending of elastic bar sup
ported by continuously distributed visco

elastic springs 

viscoelastic 
adhesive 

-elastic bar 
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As shown i n F i g . 1 0 , t h e p e e l s t r e n g t h shows a l a r g e time dependen
cy. T h e r e f o r e , i t i s n e c e s s a r y t o a s s i g n a p e e l time t o a con
s t a n t v a l u e because we don't d i s c u s s t h e e f f e c t o f p e e l speed 
but t h e e f f e c t o f p e e l a n g l e . A c c o r d i n g t o our e x p e r i e n c e , t h e 
time o f 30 sec f o r 10mm p e e l i n g was the most p r e f e r a b l e v a l u e f o r 
the experiment. T h e r e f o r e , the average l o a d a t t=30sec i s adopt
ed f o r the " p e e l s t r e n g t h " h e r e a f t e r . I t corresponds t o a p e e l 
speed o f v=0.33 mm/sec. In the case o f K e n d a l l ' s e x p e r i m e n t ( 5 ) , 
the p e e l speed was i n th e r e g i o n o f 10~5mm/sec t o 10 mm/sec; and 
the ASTM Standard f o r 180° p e e l t e s t s d e s c r i b e s a p e e l r a t e o f 
2.54 mm/sec. 

F i g u r e 11 shows the r e l a t i o n s h i p between t h e p e e l s t r e n g t h 
and t h e p e e l a n g l e . Experiments were c a r r i e d out f o r t h r e e 
specimens. A l t h o u g h som  d i s c r e p a n c  n oted  th  d a t
o f the t h r e e t e s t specimens
t i c o f the p e e l s t r e n g t g  p e e  angl
120° and o f the p e e l s t r e n g t h i n c r e a s i n g a g a i n when the p e e l angle 
becomes l a r g e r . T h i s phenomenon d i f f e r s from t h e e x p e r i m e n t a l 
r e s u l t s by Hata et al. ( 3 ) , ( 7 ) a n d t h e o r e t i c a l c a l c u l a t i o n s by the 
p r e s e n t a u t h o r s ( 8 ) . The i n c r e a s i n g o f the p e e l s t r e n g t h near 
180° seems t o be based on the f a c t t h a t some amount o f a p p l i e d 
energy ( r e d u c t i o n o f p o t e n t i a l energy o f dead load) i s consumed 
as th e p l a s t i c d e f o r m a t i o n energy o f the alumunum f o i l . 

E f f e c t o f P l a s t i c Deformation. In the p r e v i o u s p a p e r ( 8 ) , 
t h e adherend was assumed t o be e l a s t i c and t h e r e f o r e , i t was 
assumed t h a t t h e work done by the a p p l i e d l o a d was consumed as 
the e l a s t i c s t r a i n energy and the s u r f a c e energy f o r p e e l i n g . 
In t h a t c a s e , the c r i t i c a l c o n d i t i o n f o r p e e l i n g f r a c t u r e becomes 

dW+dU+dL=0 (8) 
where, dW, dU and dL i n d i c a t e the increments o f the s u r f a c e 
energy, the e l a s t i c s t r a i n energy and the p o t e n t i a l energy o f l o a d 
due t o a p e e l i n g o f l e n g t h dl {of. F i g . 1 2 ) , r e s p e c t i v e l y . These 
v a l u e s can be expressed as f o l l o w s : 

dW = 2ybdZ (9) 
dU = (P 2/2b)K QdZ (10) 

Θ 2 
dL = - [ P ( l - c o s 9 ) + (P /b) K e ] d Z ( Π ) 
K Q = 1/Et + cos 26/E t (12) U mm 

where, γ and b are the s u r f a c e energy o f the f r a c t u r e d s u r f a c e 
and t h e w i d t h o f the f o i l , r e s p e c t i v e l y . Other n o t a t i o n s are 
shown i n F i g . 1 2 . 

In the a c t u a l p e e l i n g p r o c e s s , however, the r a d i u s o f c u r v a 
t u r e o f the adherend i s v e r y s m a l l a t the r o o t o f the p e e l i n g . 
I t i n d i c a t e s t h a t the p l a s t i c d e f o r m a t i o n o c c u r s . T h e r e f o r e , 
the p l a s t i c d e f o r m a t i o n energy o f the adherend (alumunum f o i l ) 
must be tak e n i n t o c o n s i d e r a t i o n . The c r i t i c a l c o n d i t i o n o f 
eq.(8) i s thus m o d i f i e d t o : 
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Figure 11. Relationship between the 
peel strength and the peel angle; three 
kinds of symbols indicate three test speci-

! 3 

« 
% 2 
Q. 

1 

Ί Γ 

i I J L 
0 90 180 

peel angle $ (deg) 

Figure 12. Schematic view of peeling 
and notations of θ-degree peeling 

base plai 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



8. FUKUDA AND KAWATA Mechanics of Peeling 79 

dW+dU+dL+dS=0 ( 1 3 ) 

where, dS i s t h e increment o f p l a s t i c s t r a i n energy. When a f l a t 
p l a t e i s bent beyond t h e e l a s t i c l i m i t , i t needs some amount o f 
p l a s t i c s t r a i n energy. When the bent p l a t e i s rebent t o i t s f l a t 
p l a t e shape, i t a l s o needs some amount o f p l a s t i c s t r a i n energy. 
dS i s t h e t o t a l v a l u e o f the above amount o f energy. In o r d e r 
t o make a rough e s t i m a t i o n o f dS, t h e f o l l o w i n g assumptions a r e 
adopted here : ( i ) the shape o f the curved p a r t o f th e adherend i s 
assumed t o be a c i r c u l a r a r c o f r a d i u s o f p ( c f . F i g . 1 2 ) , ( i i ) t h e 
p l a s t i c s t r a i n energy absorbed d u r i n g bending i s assumed t o be 
equal t o t h a t absorbed d u r i n g r e b e n d i n g , ( i i i ) aluminum f o i l i s 
taken t o be e l a s t i c - p e r f e c t p l a s t i c body. 

Under t h e s e assumptions, t h e p r o c e s s o f p e e l i n g from ( i ) t o 
( i i ) o f Fig.12 i s d e s c r i b e
o r i g i n a l l y s t r a i g h t , i
r o t a t i o n and becomes B'C 1. The p a r t o f CD i s s t r a i g h t e n t o C fD f. 
Let t h e p l a s t i c s t r a i n energy absorbed d u r i n g t h e bending p r o c e s s 
from AB t o AB f be denoted as dS^. A c c o r d i n g t o the t h e o r y o f 
p l a s t i c i t y ( 9 ) , t h e bending moment o f the e l a s t o - p e r f e c t p l a s t i c 
bar i s : 

M/ME = ( 3 / 2 ) [ l - ( l / 3 ) ( p / p E ) 2 ] ( 1 4 ) 

where, the v a l u e s w i t h s u f f i x Ε i n d i c a t e t h e v a l u e s a t the e l a s t i c 
l i m i t . They a r e ( 1 0 ) : 

M E = b t 2 Y / 6 , p E = Et/2Y (15) 
where, Y i s the y i e l d s t r e s s . The r a d i u s o f c u r v a t u r e at t h e 
p e e l i n g i s v e r y s m a l l comparing t o ρ , t h a t i s , p / p E « l . T h e r e f o r e , 

M - b t 2 Y / 4 (16) 
ho l d s from eqs.(14) and (15 ) . The p l a s t i c s t r a i n energy i s t h e 
product o f the bending moment and the bending a n g l e , a: 

dS 1 = Ma = (M/p)dZ (17) 
A c c o r d i n g t o assumption ( i i ) , 

dS = 2dS = (2M/p)dZ = (bt 2Y/2p)dZ (18) 
I n t r o d u c i n g e q s . ( 9 ) , ( 1 0 ) , (11) and (18) i n t o e q . ( 1 3 ) , we can get 
the f o l l o w i n g e q u a t i o n : 

( K e / 2 b ) P 2 + ( l - c o s 0 ) P - (2yb + b t 2 Y / 2 p ) = 0 (19) 
S o l v i n g eq.(19) w i t h r e s p e c t t o P, 

Ρ = + / [ M i z c o s e ) 2 + 2b- b + b F Y 
Kg Kg Kg 2 P 

i s o b t a i n e d . At the l i m i t o f θ ->• 0, ρ becomes i n f i n i t y and 
eq.(20) becomes t o 

P/b = / 4γ/Κ θ (21) 
Equ a t i o n (21) i s i d e n t i c a l t o the r e s u l t o f the p r e v i o u s paper(8) 
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f o r 6=0. The above r e s u l t i s n a t u r a l because no p l a s t i c bending 
o c c u r s i n t h e case o f 9=0. In t h e case o f 9^0, t h e f o l l o w i n g 
e x p r e s s i o n i s o b t a i n e d by r e a r r a n g i n g e q . ( 2 0 ) : 

In t h e case o f 2 K Q / ( l - c o s 9 ) (l+t 2Y/4p)«l, the f o l l o w i n g r e s u l t i s 
υ 

o b t a i n e d by a p p l y i n g T a y l o r expansion t o eq.(15) and by t a k i n g 
the f i r s t o r d e r term: 

P/b = 2 y / ( l - c o s 9 ) ( I + t 2 Y / 4 p y ) (23) 
The v a l u e o f ρ i s t h e f u n c t i o n o f t h e p e e l a n g l e , 9 . A c c o r d i n g 
t o t h e a u t h o r 's experiments
though t h e p r e c i s e v a l u e
i m a t i o n , we assumed ρ as

ρ = s ( 7 r / 9 ) n t (24) 
Thus eq. (23) becomes the f u n c t i o n o f γ, s η and Y. I f we t a k e 
the combination o f y=0.05Kg/mm, s = l , n=3 and Y=10Kg/mm2, th e 
t h e o r e t i c a l v a l u e agrees f a i r l y w e l l w i t h t h e e x p e r i m e n t a l d a t a , 
a l t h o u g h t h e v a l i d i t y o f t h e s e v a l u e s are not c o n f i r m e d . Com
p a r i s o n o f t h i s t h e o r y w i t h e x p e r i m e n t a l d a t a i s shown i n F i g . 1 3 
t o g e t h e r w i t h t h e p r e v i o u s t h e o r y ( 8 ) . 

C o n c l u s i o n s 

U s i n g the p e e l t e s t e r developed on an e x p e r i m e n t a l b a s i s , 
some experiments were conducted t o make c l e a r t h e r e l a t i o n s h i p 
( i ) between the p e e l speed and the p e e l s t r e n g t h and ( i i ) between 
t h e p e e l angle and p e e l s t r e n g t h . I t was made c l e a r t h a t t h e 
p e e l s t r e n g t h has the g r e a t dependency on the p e e l speed. There 
were two p e e l i n g p a t t e r n s , t h a t i s , s t e a d y p e e l i n g and unsteady 
one. As f o r t h e s t e a d y p e e l i n g , t h e q u a l i t a t i v e e x p l a n a t i o n i s 
p o s s i b l e u s i n g t h e g e n e r a l i z e d V o i g t model. As f o r the t r a n s i 
t i o n from s t e a d y p e e l i n g t o unsteady one, however, we have not 
succeeded t o e x p l a i n y e t . But i t may be p o s s i b l e t o e x p l a i n the 
t r a n s i t i o n phenomenon by c o n s i d e r i n g f u r t h e r t h e fundamental 
e q u a t i o n s d e r i v e d i n the p r e s e n t paper. Concerning the second 
s u b j e c t , i t was made c l e a r t h a t the p e e l s t r e n g t h i n c r e a s e s a g a i n 
at a p e e l a n g l e near 180°. To e x p l a i n the above phenomenon, the 
p r e v i o u s t h e o r y was m o d i f i e d by i n t r o d u c i n g the p l a s t i c s t r a i n 
energy o f adherend. Although some u n e x p l a i n e d p o i n t s remain i n 
the m o d i f i e d t h e o r y , i t w i l l be u s e f u l i n p r e d i c t i n g t h e e f f e c t 
o f p e e l angle on the p e e l s t r e n g t h . 
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Waterborne Polymers for Aircraft Coatings 

LOREN W. HILL 
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Fargo, ND 58105 

DANIEL E. PRINCE 
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Wright-Patterson Air Force Base, OH 45433 

Exterior aircraft coat ing
po l lu t i on by emmision o
presen t as so lven t s . The Air Force has begun a three phase 
program for r educ t ion of emmisions. The program c o n s i s t s of 
r e p l a c i n g air sp ray app l i ca t i on by airless electrostatic s p r a y , 
use of high solids coa t i ngs , and development of wa te rborne 
p o l y m e r s for eventual use in aircraft coa t ings . The first phase 
is o p e r a t i o n a l . Airless electrostatic sp ray is be ing used to 
apply solventborne topcoats and primers w i t h subs tan t ia l r e d u c 
t ions in e m i s s i o n s resulting from elimination of m o s t of the 
ove rspray. The high solids and wa te rborne coat ings approaches 
a re be ing pu r sued th rough contractural p r o g r a m s and an inhouse 
research program at the Air Force Materials L a b o r a t o r y 
(AFML). 

The purpose of the w o r k repor t ed h e r e was to obta in a bet ter 
unders tanding of the b a s i c m e c h a n i c a l p r o p e r t i e s and curing 
behav ior of c u r r e n t aircraft coat ings so that eva lua t ion of 
potent ia l wa te rborne r ep l acemen t s cou ld be p e r f o r m e d on a 
m o r e r i g o r o u s b a s i s than u s i n g paint tes t methods a lone . 
Methods chosen i n c l u d e d characterization of un p igmented f r e e -
f i l m s by d y n a m i c m e c h a n i c a l a n a l y s i s ( D M A ) and use of F o u r i e r 
t r a n s f o r m i n f r a r e d spec t roscopy ( F T - I R ) for fo l l owing the d i s 
appearance of i socyana te groups d u r i n g polyurethane c u r e . A l 
though c h a r a c t e r i z a t i o n of the c u r r e n t topcoat i s e m p h a s i z e d , 
p r e l i m i n a r y r e s u l t s for s e v e r a l po ten t ia l wa te rborne r e p l a c e 
ment sys tems a r e a l so p r e sen t ed . 

B a c k g r o u n d 

C u r r e n t Solventborne C o a t i n g s . The topcoat i s a t w o -
package p o l y u r ethane c o n s i s t i n g of an a l ipha t i c i socyana te c o m -
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p o n e n t a nd a p o l y e s t e r p o l y o l c o m p o n e n t . T h e i m p e t u s f o r 
f i n d i n g a w a t e r b o r n e o r h i g h s o l i d s r e p l a c e m e n t i s , of c o u r s e , 
r e d u c t i o n o f t h e s o l v e n t c o n t e n t . U n p i g m e n t e d f o r m u l a t i o n s c o n 
t a i n a p p r o x i m a t e l y 6 5 % s o l v e n t by w e i g h t . T h e g l o s s w h i t e 
p i g m e n t e d f o r m u l a t i o n c o n t a i n s a p p r o x i m a t e l y 4 8 % s o l v e n t b y 
w e i g h t . T h e p o l y u r e t h a n e s y s t e m i s n o r m a l l y a p p l i e c M n t w o 
c o a t s , t o a t o t a l d r y f i l m t h i c k n e s s of 5 1 - 8 Mm ( 2 . 0 - 0 . 3 m i l s ) . 

T h e c u r r e n t p r i m e r i s a t w o - p a c k a g e e p o x y / p o l y a m i d e c o n 
s i s t i n g of a b i s p h e n o l A t y p e e p o x y a n d a n a m i n e t e r m i n a t e d 
d i m e r a c i d p o l y a m i d e c o m p o n e n t . T h e s o l v e n t c o n t e n t of the 
m i x e d c o m p o n e n t s i s a p p r o x i m a t e l y 6 1 % by w e i g h t i n f o r m u l a 
t i o n s c o n t a i n i n g c o r r o s i o n i n h i b i t i n g p i g m e n t s  N o r m a l l y one 
c o a t i s u s e d a t a d r y f i l
m i l s ) . 

P o t e n t i a l r e p l a c e m e n t s w i l l h a v e t o c u r e a t a m b i e n t t e m p e r 
a t u r e s a n d be s u i t a b l e f o r s p r a y a p p l i c a t i o n , p r e f e r a b l y a i r l e s s 
e l e c t r o s t a t i c s p r a y . T h e s i z e a n d i r r e g u l a r s hape o f a i r c r a f t 
m a k e o t h e r a p p l i c a t i o n m e t h o d s i m p r a c t i c a l . T h e s i z e a l s o 
e l i m i n a t e s o v e n c u r e , a n d t h e i r r e g u l a r shape e l i m i n a t e s 
r a d i a t i o n c u r e , at l e a s t w i t h c u r r e n t l y a v a i l a b l e t e c h n o l o g y . 

A i r c r a f t P e r f o r m a n c e R e q u i r e m e n t s . T h e m a i n f u n c t i o n of 
a i r c r a f t c o a t i n g s i s to m i n i m i z e c o r r o s i o n . H i g h l e v e l p e r 
f o r m a n c e i s r e q u i r e d t o i n s u r e t h a t the c o a t i n g s y s t e m r e m a i n s 
i n t a c t so t h a t i t c a n m a i n t a i n i t s p r o t e c t i v e f u n c t i o n i n a l l a i r 
c r a f t e n v i r o n m e n t s . F l e x i b i l i t y a t l o w t e m p e r a t u r e s a n d i m p a c t 
r e s i s t a n c e a r e r e q u i r e d . R e s i s t a n c e to s o f t e n i n g i n f l u i d s u s e d 
i n a i r c r a f t , s u c h a s h y d r a u l i c f l u i d s , l u b r i c a t i n g o i l s , a n d 
h y d r o c a r b o n s ( f u e l ) i s a l s o r e q u i r e d . T h e f l e x i b i l i t y a n d f l u i d 
r e s i s t a n c e r e q u i r e m e n t s a r e o f t e n i n c o n f l i c t b e c a u s e t h e f o r m 
e r i s f a v o r e d by a r e l a t i v e l y l o w l e v e l o f c r o s s l i n k i n g a n d the 
l a t t e r b y a h i g h l e v e l o f c r o s s l i n k i n g . T h u s , the c o m b i n a t i o n o f 
f l e x i b i l i t y a n d f l u i d r e s i s t a n c e , o b t a i n e d w i t h the c u r r e n t p o l y 
u r e t h a n e t o p c o a t , i s a d i f f i c u l t c h a l l e n g e f o r p o t e n t i a l r e p l a c e 
m e n t s . 

P a i n t t e s t m e t h o d s i n v o l v i n g p r o c e d u r e s w e l l d e s c r i b e d i n 
A S T M o r f e d e r a l t e s t m e t h o d p u b l i c a t i o n s a r e u s e d t o d e t e r m i n e 
f l e x i b i l i t y , f l u i d r e s i s t a n c e a n d o t h e r c o a t i n g s p e r f o r m a n c e 
c h a r a c t e r i s t i c s . T h e s e t e s t s a r e u s e d t o e s t a b l i s h a i r c r a f t 
c o a t i n g s s p e c i f i c a t i o n s . H o w e v e r , a s i s o f t e n t r u e , the s p e c i f i 
c a t i o n s t e n d t o r e f l e c t the p e r f o r m a n c e c h a r a c t e r i s t i c s o f the 
c u r r e n t s y s t e m r a t h e r t h a n a c t u a l i n - u s e p e r f o r m a n c e r e q u i r e 
m e n t s . T h e r e f o r e , e v a l u a t i o n o f p o t e n t i a l r e p l a c e m e n t s u s i n g 
p a i n t t e s t m e t h o d s a n d c u r r e n t s p e c i f i c a t i o n s c o u l d be m i s -
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l e a d i n g . U s e of D M A m a y p e r m i t m o r e v a l i d e v a l u a t i o n . D M A 
r e s u l t s m a y a l s o s u g g e s t how m o d i f i c a t i o n of p o l y m e r s t r u c t u r e 
m i g h t c o n t r i b u t e to i m p r o v e d p e r f o r m a n c e . 

P o l y u r e t h a n e C u r e . P a i n t t e s t r e s u l t s c a r r i e d out o v e r 
m a n y y e a r s f o r q u a l i f i c a t i o n p u r p o s e s i n d i c a t e t h a t c u r e c o n 
t i n u e s a t l e a s t f o r s e v e r a l d a y s a f t e r a p p l i c a t i o n o f the c u r r e n t 
t o p c o a t . Q u a l i f i c a t i o n t e s t s a r e r u n a f t e r a m i n i m u m of s e v e n 
d a y s a m b i e n t c u r e . I n t h i s s t u d y , F T - I R h a s b e e n u s e d to 
f o l l o w t h e r e a c t i o n of i s o c y a n a t e g r o u p s i n u n p i g m e n t e d f i l m s 
d u r i n g t h i s e x t e n d e d c u r e p e r i o d . A n a t t e m p t i s m a d e t o r e l a t e 
i s o c y a n a t e r e a c t i o n w i t h the d e v e l o p m e n t o f f i l m p r o p e r t i e s
T h e f e a s i b i l i t y o f u s i n
o f p o t e n t i a l r e p l a c e m e n t g i n v e s t i g a t e d

E x p e r i m e n t a l 

F o l l o w i n g I s o c y a n a t e R e a c t i o n by F T - I R . C l e a r c o a t i n g 
f i l m s of the t w o - p a c k a g e p o l y u r e t h a n e ( S u p e r D e s o t h a n e , DeSoto, 
I n c . ) w e r e p r e p a r e d f o r F T - I R a n a l y s i s by a i r s p r a y a p p l i c a t i o n 
onto e i t h e r a p o l y m e r i c s u b s t r a t e ( c l e a r p o l y e t h y l e n e , i . e . 
c o m m e r c i a l G l a d W r a p , U n i o n C a r b i d e ) o r a t i n f o i l s u b s t r a t e . 
T h e p o l y m e r i c s u b s t r a t e p e r m i t t e d r e c o r d i n g of s p e c t r a i m m e 
d i a t e l y a f t e r s p r a y a p p l i c a t i o n . S u b s t r a t e a b s o r p t i o n i n t h e 
r e g i o n of t h e i s o c y a n a t e b a n d a t 4.4 μπι w a s s l i g h t . T h e t i n f o i l 
s u b s t r a t e w a s u s e d to o b t a i n f r e e f i l m s . A f t e r 17 h r . a m b i e n t 
c u r e , t h e f i l m s w e r e s u f f i c i e n t l y c u r e d so t h a t f r e e f i l m s c o u l d 
be r e m o v e d b y m e r c u r y a m a l g a m a t i o n . — T h e f i r s t s p e c t r u m f o r 
s a m p l e s r e m o v e d f r o m t i n f o i l w e r e r e c o r d e d a b o u t 17 to 18 h r . 
a f t e r a p p l i c a t i o n . B o t h f r e e f i l m s a n d f i l m s on p o l y e t h y l e n e 
w e r e c u t (2.0 χ 2.0 c m ) an d m o u n t e d on c a r d b o a r d m a s k s s i z e d 
f o r i n s e r t i o n i n t o t h e I R s p e c t r o p h o t o m e t e r s a m p l e h o l d e r . 
M o u n t e d s a m p l e s w e r e s t o r e d u n d e r a m b i e n t c o n d i t i o n s o r i n a 
d e s s i c a t o r , a n d I R s p e c t r a w e r e r e c o r d e d a f t e r v a r i o u s c u r e 
t i m e s . T h e e x t i n c t i o n c o e f f i c i e n t o f the i s o c y a n a t e b a n d a t 4.4 
μπι w a s 144 l i t e r g " 1 c m " 1 a s d e t e r m i n e d b y η-butylacetate 
d i l u t i o n s o f t h e i s o c y a n a t e c o m p o n e n t . 

T h e F T - I R s p e c t r a w e r e r e c o r d e d u s i n g a W i l l e y M o d e l 318S 
F o u r i e r T r a n s f o r m S p e c t r o p h o t o m e t e r ( W i l l e y , I n c . , s e e r e f . 2). 
T h e m a i n a d v a n t a g e of F T - I R o v e r c o n v e n t i o n a l I R t o t h i s s t u d y 
w a s g r e a t e r a c c u r a c y i n a b s o r b a n c e d a t a a s s o c i a t e d w i t h 
a v e r a g i n g m u l t i p l e s c a n s . T h e c o m p u t e r s y s t e m a l s o f a c i l i t a t e d 
o b t a i n i n g d i f f e r e n c e s p e c t r a . 
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D y n a m i c M e c h a n i c a l A n a l y s i s ( D M A ) . Samples for D M A 
were cut (3.0 χ 0 .4 cm) f r o m t i n f o i l substrates approximate ly 
one hour before t e s t i n g . A f t e r separation by a m a l g a m a t i o n , the 
free f i l m s were mounted i n the jaws (1.5 c m between jaws) of 
the D M A i n s t r u m e n t . F i l m thickness ranged f r o m 43 to 56 μπι 
(1.7 to 2.2 m i l s ) . F o r c u r e studies the f i r s t p r o p e r t y / t e m p e r 
ature c u r v e s w e r e d e t e r m i n e d after 17 h r . ambient c u r e , and 
subsequent determinat ions w e r e made at approximately 24 h r . 
i n t e r v a l s with a different sample each t i m e . T h e effect of 
ambient v e r s u s d e s s i c a t o r storage between determinat ions was 
inves t iga ted . 

T h e effect of m o i s t u r e on D M A plots was also studied u s i n g 
s a m p l e s w h i c h had c u r e
sorpt ion was v a r i e d by s tor ing s a m p l e s at ambient re la t ive 
humidi ty (RH) , i n a dess ica tor ( R H = 0%), o r i n a d e s s i c a t o r 
containing l i q u i d water and no dess icant (RH = 100%). 

T h e t i n f o i l substrate sample p r e p a r a t i o n method was u s e d 
for the c u r r e n t polyurethane topcoat, the c u r r e n t epoxy p o l y -
amide p r i m e r , and one potential waterborne topcoat r e p l a c e 
m e n t , w h i c h was a polyurethane aqueous d i s p e r s i o n ( P o l y v i n y l 
C h e m i c a l ' s N e o R e z R-960) c r o s s - l i n k e d with 0.5 to 2. 0 wt % of 
polyfunctional a z i r i d i n e c r o s s - l i n k e r (Cordova C h e m i c a l 1 s 
X A M A 7). T h e s e samples were p r e p a r e d at the A F M L . C l e a r 
f i l m s of s e v e r a l potential waterborne replacement sys tems were 
supplied by DeSoto , Inc . Of the group of f i l m s s u p p l i e d , D M A 
c u r v e s w ere obtained for the fo l lowing : a second type of aqueous 
polyurethane d i s p e r s i o n ( W . R . G r a c e ' s H y p o l W B 4000), two 
coatings based on water soluble a c r y l i c c o p o l y m e r s ( B . F . 
G o o d r i c h ' s C a r b o s e t 514 and U n i o n C h e m i c a l ' s A M S C O R e s 200) 
and another sample p r e p a r e d with P o l y v i n y l C h e m i c a l ' s N e o R e z 
R - 9 6 0 . 

A R h e o v i b r o n D i r e c t Reading D y n a m i c V i s c oe l a s tomete r 
( T o y o - B a l d w i n , L t d . ) was u s e d for D M A . T h i s i n s t r u m e n t and 
i ts operat ion have been d e s c r i b e d . — B r i e f l y , the test consis ts 
of applying an o s c i l l a t i n g s t ra in to a rec tangular sample under 
t e n s i o n . T h e resul t ing s t r e s s and the l a g of peak s t ress behind 
peak s t r a i n (phase difference) are obtained. In this study the 
data are presented i n t e r m s of storage m o d u l u s , Ε ' , and the 
tangent of the angle c o r r e s p o n d i n g to the phase d i f f e r e n c e , tan k 
Ε ' i s a m e a s u r e of s tored energy o r e las t ic response whi le 
tan δ i s a m e a s u r e of energy l o s s e s through v i s c o u s response 
of a v i s c o e l a s t i c sample that i s subjected to an o s c i l l a t i n g 
s t r a i n . T h e o s c i l l a t i n g frequency was 11 H z f o r a l l data 
r e p o r t e d h e r e . 
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Resul ts and D i s c u s s i o n 

Polyurethane C u r e , F T - I R . C o m p a r i s o n of p e n c i l hardness 
resul ts before and after exposure of the polyurethane topcoat to 
f luids indicates that cure continues f o r s e v e r a l days after a p p l i 
ca t ion . T h e p o s s i b i l i t y that this change i s re la ted to continued 
c u r i n g involving isocyanate groups was investigated by F T - I R . 
A s indicated i n F i g u r e 1 A , the isocyanate band at 4 . 4 μιτι i s s t i l l 
prominent after 18 h r s . ambient c u r e . U s i n g the extinction c o 
efficient and f i l m t h i c k n e s s , the concentrat ion of isocyanate 
groups r e m a i n i n g after 18 h r s . i s calculated to be 1.56 e q u i 
v a l e n t s / l i t e r . A f t e r 41 h r s . and 65 h r s . the concentrat ion had 
d e c r e a s e d to 0.35 e q . /
ambient relat ive humidity (RH) dur ing this p e r i o d was h i g h , 
ranging f r o m 65 % to 75%. F i g u r e IB shows that when the f ree 
f i l m i s stored i n a d e s s i c a t o r fol lowing ambient cure f o r 18 h r s . , 
the d e c r e a s e i n isocyanate absorbance i s great ly r e d u c e d . A f t e r 
185 h r s . i n the d e s s i c a t o r , the 18 h r . concentrat ion of 1.56 
e q . /I has only d e c r e a s e d to 0 .87 e q . / I . 

T h e ambient exposure exper iment was repeated under l e s s 
h u m i d conditions as shown i n F i g u r e 2. In this case absorbance 
i s plotted on a l i n e a r scale so the re la t ionship to concentrat ion 
i s m o r e d i r e c t . T h e re la t ive h u m i d i t y was close to 50% through
out. A f t e r 17 h r . ambient c u r e the concentrat ion of isocyanate 
r e m a i n i n g was 1.88 e q . / l . A f t e r 45 h r s . and 65 h r s . the c o n 
centrat ion had d e c r e a s e d to 1.38 and 1.03 e q . / l , r e s p e c t i v e l y . 
A t a l l c o m p a r a b l e c u r e t i m e s , the concentrations were c o n 
s i d e r a b l y higher when the R H was lower (F igure 2). 

T h e dominant c u r i n g r e a c t i o n for the topcoat was p r e 
v i o u s l y a s s u m e d to be urethane f o r m a t i o n as shown i n s i m p l i f i e d 
f o r m i n reac t ion (1). T h e dependence of rate of isocyanate 

Η Ο 
P - N C O + P ! - O H - P - A - Ô - O P 1 urethane (1) 

disappearance on R H and the slow l o s s of isocyanate i n de s s i -
cated samples indicate that a m o i s t u r e c u r e reac t ion i s of m u c h 
greater importance than p r e v i o u s l y r e a l i z e d . It i s w e l l k n o w n " 
that isocyanate containing systems can undergo m o i s t u r e cure 
as shown i n reac t ion (2). B e r g e r - a lso noted a strong d e 
pendence of the rate of isocyanate l o s s on R H i n polyes ter 
polyol / isocyanate systems . React ion of isocyanate with water 
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Figure 1. F TIR spectra of a two-package solventborne polyurethane unpig-
mented film: (A) ambient cure for the indicated times, (B) comparison of 18-hr 
ambient cure and a film cured for 18 hr under ambient conditions and then stored 
in a dessicator until 185 hr after application; film thickness = 38 μΜ (1.5 mils); 

RH = 65-75% 
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Figure 2. FTIR spectra of a two-package solventborne polyurethane unpig-
mented film after various cure times under ambient conditions at an RH of 

approximately 50%; film thickness = 48 μπι (1.9 mils) 
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P - N C O + H 2 0 
" H O 
P - N - C - O H - P - N H 2 + C O z 

(2) 
Η Ο H 

P - N H 2 + P - N C O - P - N - C - r > r - P 

u r e a 

produces a c a r b a m i c a c i d intermediate w h i c h decomposes to 
f o r m an amine and c a r b o n d i o x i d e . In a second step the amine 
group reac ts with another isocyanate group to f o r m a s u b 
stituted u r e a c r o s s l i n k . Of c o u r s e , the actual cure i s m o r e 
c o m p l e x than indicated h e r e because both Ρ and P  are m u l t i 
functional and because
go secondary react ions at the r e m a i n i n g - N H - sites Λ R e 
c o m m e n d e d m i x i n g v o l u m e s are reported^ to resul t i n an excess 
of - N C O groups which could contribute to m o i s t u r e cure as 
shown i n reac t ion (2). 

A n estimate of the f r a c t i o n of isocyanate that reacts by 
m o i s t u r e c u r e ( react ion 2) can be obtained f r o m absorbance 
determinat ions for dess ica ted s a m p l e s . F o r e x a m p l e , the 
dess ica ted sample c o n s i d e r e d i n F i g u r e 1 had a concentrat ion 
of 0. 87 e q . /I after 185 h r s . Since it i s l i k e l y that a v e r y h i g h 
percentage of the h y d r o x y l groups o r i g i n a l l y present have r e 
acted after 185 h r s . (7 .7 days) , the isocyanate r e m a i n i n g i n the 
dess ica ted sample m u s t represent that w h i c h n o r m a l l y i s lost 
through reac t ion with ambient m o i s t u r e . B y u s i n g the r e s i n 
char acte r i stic s p r o v i d e d by the s u p p l i e r , one can calculate that 
the i n i t i a l concentrat ion of isocyanate i n the m i x e d components , 
c o r r e c t e d for solvent l o s s , i s a pp r oxi mate ly 2.7 e q . / l . T h e r e 
fore , the m i n i m u m percentage of isocyanate that reacts by 
m o i s t u r e c u r e i s approximately 32%. T h i s i s a lower l i m i t for 
m o i s t u r e cure because the sample was c u r e d under ambient 
conditions for 18 hr s. before r e m o v a l f r o m the t i n f o i l and was 
only dess ica ted thereaf te r . 

T o follow isocyanate l o s s by F T - I R beginning i m m e d i a t e l y 
after s p r a y i n g , a p o l y m e r i c f i l m was u s e d as the substrate i n 
place of t i n f o i l . A s shown i n F i g u r e 3, the absorbance of the 
4 . 4 μ ΐ η band d e c r e a s e d l i n e a r l y over the 6 h r . p e r i o d . T h e 
i n i t i a l rate of di s appe a r anc e of isocyanate obtained f r o m the 
slope was 0 .12 e q . I" 1 h r " 1 . L i n e a r i t y indicates that the rate 
is independent of isocyanate concentra t ion . T h i s re suit would 
be expected i f the slow step i s absorpt ion and diffusion of w a t e r . 
A t longer t ime s the rate d e c r e a s e d p o s s i b l y due to a c o m b i n -
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ation of: a d e c r e a s e i n dif fusion rate of water as c r o s s l inking 
i n c r e a s e s , a decrease in segmental m o b i l i t y so that the second 
step of r e a c t i o n (2) i s r e t a r d e d , and depletion of isocyanate 
g r o u p s . A f t e r 24 h r s . the isocyanate concentrat ion r e m a i n i n g 
was 0.20 e q . / l . T h e concentrat ion of 1.8 e q . / l obtained at 
z e r o t i m e i n F i g u r e 3 i s lower than 2.7 e q . /I calculated f r o m 
r e s i n c h a r a c t e r i s t i c s because some isocyanate reacts d u r i n g a 
one hour 11 digest ion p e r i o d " between m i x i n g and a p p l i c a t i o n . 

Polyurethane C u r e , D M A . Since we felt that the m o i s t u r e 
re la ted c r o s s l inking would be indicated by changes i n d y n a m i c 
m e c h a n i c a l p r o p e r t i e s , D M A determinat ions were made at 
approximate ly the sam
i n F i g u r e 1 A . C u r i n g conditions were not i d e n t i c a l however , 
because F T - I R s a m p l e s were exposed to the a tmosphere on both 
sides while the D M A samples were not r e m o v e d f r o m the t inf o i l 
substrates unti l about 1 h r . before each D M A r u n . Nevertheless , 
D M A r e s u l t s , shown i n F i g u r e 4 , are consistent with the 
o c c u r r e n c e of the c r o s s l inking r e a c t i o n . T h e change i n t e m p e r 
ature of the onset of the m a i n t r a n s i t i o n f r o m about - 5 ° C to 
about 1 0 ° C for samples c u r e d for 17 h r . as c o m p a r e d to those 
c u r e d f o r 41 h r . , and the shift i n posi t ion and height of the tan δ 
peak indicate that the addit ional cure which o c c u r s after 17 h r . 
has a s ignificant effect on p r o p e r t i e s . Samples c u r e d f o r 41 
and 65 h r . gave an E 1 plot with a r u b b e r y plateau at about 1 χ 
10 8 dyne s / c m 2 whereas the 17 h r . cure sample d i d not exhibit a 
p la teau . Since the lower l i m i t of m e a s u r e m e n t for s a m p l e s of 
the d i m e n s i o n s u s e d was about 5 χ 107 d y n e s / c m 2 , i t i s not 
known whether the 17 h r sample was suffic iently c r o s s l i n k e d to 
produce a r u b b e r y plateau below this detection l i m i t . Since i t i s 
w e l l es tabl ished that f lu id res is tance i s re la ted to c r o s s l i n k 
densi ty - and that the storage modulus i n the rubbery plateau 
region i n c r e a s e s with i n c r e a s i n g c r o s s l i n k density,""the 
i m p r o v e m e n t i n f l u i d res is tance of the topcoat over s e v e r a l days 
i s v e r y l i k e l y a resul t of the m o i s t u r e re la ted c r o s s l i n k i n g i n 
dicated by the appearance and i n c r e a s e i n modulus i n the 
rubbery r e g i o n . 

E f f e c t of A b s o r b e d Water on D M A C u r v e s . In addition to the 
effect of ambient m o i s t u r e on c u r e , there i s also a second 
m o i s t u r e effect which was o b s e r v e d for ful ly c u r e d polyurethane 
f i l m s (35 days o r m o r e ambient c u r e ) . In F i g u r e 5A resul t s are 
given f o r a sample exposed to 60% R H (ambient) while F i g u r e 
5 Β gives resul ts for a sample obtained f r o m the same substrate 
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Figure 3. Isocyanate absorbance, corrected for baseline absorbance, as a function 
of time after spray application for a two-package solventborne polyurethane 
applied as a clear on a polyethylene substrate; film thickness = 18 pm (0.7 mil); 

RH = 15-80% 
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Figure 4. DMA properties of a two-package solventborne polyurethane unpig-
mented film cured under ambient conditions for: (A) 17 hr, (B) 41 hr, and (C) 65 
hr; storage modulus (Ε') on left ordinate, loss tangent (tan 8) on right ordinate; 

film thickness = 38 pm (1.5 mils); RH = 65-75% 
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Figure 5. Effect of ambient moisture on DMA properties of a two-package 
solventborne polyurethane unpigmented film: (A) conditioned at 60% RH, (B) 

stored in a dessicator for 20 hr; film thickness = 58 μΜ (2.3 mil) 
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after storage for 20 h r s . i n a d e s s i c a t o r . T h e " p l a t e a u " that 
appears in 5A at about 3 0 ° C i s e l i m i n a t e d by d e s s i c a t i o n (5B). 
D e s s i c a t i o n also shifted the onset of the glass t ransi t ion to a 
sl ightly higher t e m p e r a t u r e . 

F i g u r e 6 a lso shows the effect of absorbed m o i s t u r e . The 
curve labeled " h u m i d i f i e d " was obtained after exposure to 100% 
R H for 20 h r s . In this case two plateaus were o b s e r v e d i n the 
f i r s t d e t e r m i n a t i o n . T h e second determinat ion was made with 
the same sample i m m e d i a t e l y after cool ing f r o m 100 °C to -30 ° C . 
A s t r e a m of d r y ni trogen gas was u s e d to prevent water a b s o r p 
tion d u r i n g c o o l i n g . D i f f e r e n c e s between the f i r s t and second 
determinat ions are attributed to loss of water at elevated 
tempera tures encountere
temperature c y c l i n g after the second d e t e r m i n a t i o n caused no 
further change. R e h u m i d i f i c a t i o n of the same sample caused 
the plateau regions to reappear (curve not shown). 

T h e o c c u r r e n c e of plateaus i n D M A c u r v e s for samples c o n 
taining absorbed water is thought to r e s u l t f r o m p l a s t i c i z a t i o n . 
Deanin and Nalepa^ observed somewhat s i m i l a r plateau regions 
i n storage modulus v e r s u s temperature plots for p l a s t i c i z e d 
p o l y v i n y l c h l o r i d e . B o l o n , — et a l , repor ted Tg dif ferences of 
2 0 ° C or m o r e for U V - c u r e d polyurethane f i l m s under " w e t " 
v e r s u s " d r y " condi t ions . A l t h o u g h one would expect a b s o r b e d 
water to have some effect on p r o p e r t i e s , the magnitude of the 
effect repor ted by B o l o n and the di f ferences i n storage modulus 
for the f i r s t and second runs shown i n F i g u r e 6 A are r e m a r k 
a b l e . F o r e x a m p l e , at 3 0 ° C the h u m i d i f i e d sample has a 
storage modulus of about 3 χ 10 9 dyne s / c m while the " d r y " 
second run gives a modulus of about 1.5 χ 10 1 0 d y n e s / c m 2 at 
30 °C . T h u s , r e m o v i n g m o i s t u r e causes the modulus to i n c r e a s e 
by a factor of five at 30 ° C . T h e strong dependence of p o l y 
urethane p r o p e r t i e s on absorbed water m a y be one of the causes 
of poor r e p r o d u c i b i l i t y i n c e r t a i n paint tests such as m a n d r e l 
bend tes t s . 

F o r polyur ethane s the combinat ion of low temperature 
f l e x i b i l i t y and f l u i d res is tance has been attributed to i n t e r c h a i n 
h y d r o g e n bonding as i n s tructure (3). 
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Figure 6. Effect of storage for 20 hr at 100% RH (humidified) on DMA results 
(first run). The second run was made on the same sample after cooling. The 

sample was the same as described in the caption of Figure 5. 
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T h e o c c u r r e n c e of two hydrogen bonds i n p r o x i m i t y p r o v i d e s an 
effective in terchain l i n k , somet imes r e f e r r e d to as a " p h y s i c a l 
c r o s s l i n k " . P h y s i c a l c r o s s l i n k s m a y contribute to f l u i d r e s i s 
tance without d e c r e a s i n g f lex ibi l i ty to the same extent as c o -
valent c r o s s l i n k s . Water absorption could resul t i n r e p l a c e 
ment of c r o s s l i n k s l ike s t ructure (3) by hydrogen bonds i n 
volving water , w h i c h would explain the strong dependence of 
p r o p e r t i e s on absorbed water o b s e r v e d i n this study and i n p r e 
vious r e p o r t s . — T h e amide l inks i n n y l o n can f o r m hydrogen 
bonds s i m i l a r to (3), and it i s w e l l known that nylon p r o p e r t i e s 
depend strongly on absorbed m o i s t u r e . T h i s dependence has 
been attributed— to interca tenary hydrogen bonds ( i . e . a f lexible 
l i n k between p o l y m e r chains
i n place of a s tructure s i m i l a r to (3). 

L o w T e m p e r a t u r e T r a n s i t i o n s . F i g u r e s 5 and 6 both show 
transi t ions at about -20 °C , w e l l below the g lass t ran sit ion 
w h i c h begins at about + 2 0 ° C . T h e s e low temperature t r a n s i 
tions m a y be re la ted to i m p a c t res is tance of polyurethane 
c o a t i n g s F u r t h e r study would be r e q u i r e d to e s t a b l i s h this 
re lat ion s h i p . 

One cause of low temperature t ransi t ions i s m i c r o - p h a s e 
s e p a r a t i o n . — K i m — et al repor t that c r o s s l i n k e d polyurethane 
i s p a r t i a l l y c r y s t a l l i n e within h a r d segments , and L a g a s s e — 
proposes that c r o s s l i n k e d urethane e l a s t o m e r s exhibit a t i m e -
dependent r o o m temperature modulus after t h e r m a l p r e t r e a t -
ment that resul ts f r o m densif ica t ion (but not c rys ta l l iza t ion) 
within h a r d segment d o m a i n s . The o c c u r r e n c e of m i c r o - p h a s e 
separat ion in the polyurethanes used i n coatings has not been 
e s t a b l i s h e d , h o w e v e r . 

T h e storage modulus values ( Ε ' ) ca lculated at low t e m p e r 
atures were subject to var ia t ion depending on the " i n s t r u m e n t 
constant c o r r e c t i o n " (called the 11 Κ v a l u e " i n the R h e o v i b r o n 
m a n u a l ) . T h i s c o r r e c t i o n was slight i n the t rans i t ion and 
rubbery plateau regions but la rge i n the g lassy r e g i o n . U s e of 
longer samples for the low temperature g lassy r e g i o n w i l l 
e l iminate this exper imenta l d i f f i c u l t y , and work of this type i s 
u n d e r w a y . 

Potent ia l Waterborne R e p l a c e m e n t s . S e v e r a l c l e a r f i l m s 
p r e p a r e d using a polyurethane aqueous d i s p e r s i o n ( P o l y v i n y l 
C h e m i c a l s N e o R e z R-960) a r e c o m p a r e d with the c u r r e n t s o l 
ventborne c l e a r topcoat i n F i g u r e 7. The d i s p e r s i o n was c r o s s -
l i n k e d with 0.5% (curve B ) , 1.0% (curve C) or 2% (curve D) by 
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Figure 7. Comparison of DMA results for: (A) two-package solventborne poly
urethane and an aqueous dispersion polyurethane (Polyvinyl Chemical's Neo Rez 
R-96U) crosslinked with (B) 0.5%, (C) 1.0%, and (D) 2.0% of polyfunctioned 
aziridine crosslinker (Cordovas XAMA 7); film thickness range = 40-66 μτη 

(1.6-2.6 mil). 
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weight (based on d i s p e r s i o n solids) of po ly f un c ti on al a z i r i d i n e 
c r o s s l i n k e r s . C a l a and L a p k i n 7 - h a v e reported i m p r o v e m e n t i n 
f luid res is tance when such c r o s s l i n k e r s are used even at these 
low l e v e l s . A shift i n the t r a n s i t i o n to higher temperatures is 
o b s e r v e d as c r o s s l i n k e r content i s i n c r e a s e d . H o w e v e r , the 
d i s p e r s i o n c u r v e s do not exhibit a rubbery pla teau . T h e absence 
of plateaus within the range of detection suggests that the d i s 
p e r s i o n s have a lower c r o s s l i n k density than the solventborne 
polyurethane (curve A ) . 

It i s interes t ing to note that at r o o m temperature the Ε 1 

values are not v e r y d i f ferent , whereas at most other t e m p e r 
atures the di f ferences are l a r g e . Paint tests of f lex ibi l i ty or 
h a r d n e s s c a r r i e d out a
c o r r e s p o n d i n g to the 11 H z o s c i l l a t i n g f requency u s e d h e r e 
would tend to give s i m i l a r resul ts for the two types of f i l m s . In 
contras t , the wide range of temperatures exper ienced by a i r 
c raf t coatings i s l i k e l y to produce conditions under which the 
response of the two systems to s t ra in would be quite d i f f e r e n t . 

It i s evident i n F i g u r e 7 that the t r a n s i t i o n region i s m u c h ^ 
b r o a d e r for the aqueous d i s p e r s i o n s . F o r a c r y l i c la texes , H o y " 
has shown that coatings having a b r o a d t r a n s i t i o n give an 
advantageous combination of low f i l m f o r m i n g temperature and 
b l o c k i n g r e s i s t a n c e . Whether or not the b r o a d t r a n s i t i o n of the 
aqueous d i s p e r s i o n s p r o v i d e s any advantages for a i r c r a f t 
coatings has not been es tabl i shed , h o w e v e r . 

Samples of s e v e r a l potential waterborne replacements were 
supplied by DeSoto , Inc . In o r d e r to check the val idi ty of c o m 
p a r i n g samples p r e p a r e d at different locations and on different 
substrates (tinfoil at the A F M L and polyethylene at DeSoto) , 
samples of N e o R e z R-960 c r o s s l i n k e d with polyfunctional 
a z i r i d i n e s were p r e p a r e d at both locat ions and analyzed by D M A 
with the resul ts shown i n F i g u r e 8. Data points are shown at 
1 0 ° C i n t e r v a l s f o r the A F M L sample ( - 2 5 ° C , - 1 5 ° C , e tc . ) and 
for the DeSoto sample ( - 3 0 ° C , -20 ° C , etc) . A single c u r v e 
could represent both sets of points between +10 °C and 160 ° C . 
T h e scatter of data points f r o m a smooth curve i s m i n i m a l . 
T h e s e observat ions are of fered as just i f ica t ion for c o m p a r i n g 
A F M L and DeSoto f i l m preparat ions and for showing other D M A 
c u r v e s without data points . T h e divergence below 1 0 ° C m a y 
ref lec t uncer ta int ies i n the " Κ v a l u e " c o r r e c t i o n noted p r e 
v i o u s l y . F i g u r e 8 also shows resul ts obtained with another 
polyurethane aqueous d i s p e r s i o n (W. R . G r a c e ' s H y p o l W B 
4000). In contrast to N e o R e z R-960 w h i c h contains amine 
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Figure 8. Comparison of DMA results for samples of Neo Rez R-960 prepared 
(0) at the AFML and (O) by DeSoto, Inc. using polyfunctional aziridine cross-
linkers, ( ) another polyurethane aqueous dispersion (W. R. Grace's Hypol 
WB 4000) crosslinked with an epoxy resin (Dow Chemical's DER 732); film 

thickness range = 38-51 ^m (1.5-2.0 mils) 
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n e u t r a l i z e d c a r b o x y l i c a c i d g r o u p s , H y p o l W B 4000 i s s o l u b i -
l i z e d by ac id n e u t r a l i z e d pendant amine g r o u p s . E p o x y r e s i n s 
were used as c r o s s l i n k e r s for the la t ter . It i s evident that the 
H y p o l f i l m has a m u c h lower t rans i t ion t e m p e r a t u r e . T h e 
r u b b e r y nature of the f i l m at r o o m temperature was obvious 
d u r i n g r e m o v a l f r o m the substrate and mounting i n the R h e o -
v i b r o n j a w s . T h i s c h a r a c t e r i s t i c i s not n e c e s s a r i l y a m a j o r 
drawback for use as a p r i m e r . F o r c e r t a i n a i r c r a f t a p p l i c a 
tions where f l e x i b i l i t y i s p a r t i c u l a r l y i m p o r t a n t , the epoxy 
polyamide p r i m e r has been r e p l a c e d by a poly sulfide p r i m e r 
which i s v e r y r u b b e r y . 

D M A resul ts for two water soluble a c r y l i c r e s i n s are given 
i n F i g u r e 9 . T h e s e r e s i n
poly functional a z i r i d i n e c r o s s l i n k e r s (Cordova ' s X A M A 7). 
T h e absence of a rubbery plateau i n the range of detection 
indicates that the c r o s s l i n k density of both i s l o w . T h e s e 
a c r y l i c s were not s p e c i f i c a l l y designed for ambient c r o s s l i n k i n g 
a c c o r d i n g to the suppl iers l i t e r a t u r e . T h e r e f o r e , modif ica t ions 
m a y be r e q u i r e d to obtain o p t i m u m response to ambient cure 
with polyfunctional a z i r i d i n e s . 

M o r e genera l ly it should be noted that a l l of the potential 
water borne replacements d e s c r i b e d h e r e i n are s t i l l under study, 
and i t should not be a s s u m e d that resul t s presented represent 
the o p t i m u m achievable with the r e s i n s i d e n t i f i e d . Select ion of 
these sys tems f o r study does not constitute endorsement by the 
A F M L , nor does o m i s s i o n of other waterborne sys tems ref lec t 
an unfavorable p r e l i m i n a r y evaluat ion . T h e h i g h reac t iv i ty 
r e q u i r e d f o r ambient cure r a i s e s the p o s s i b i l i t y of toxic e f fec ts . 
Since poss ible toxic effects are s t i l l being invest igated , i n c l u 
sion i n this study should not be interpreted as having any 
i m p l i c a t i o n s r e g a r d i n g toxicity of c r o s s l i n k e r s or r e s i n s . 

P a i n t T e s t Resul ts and D M A . A s noted p r e v i o u s l y , the 
storage modulus ( E ! ) i n the r u b b e r y plateau r e g i o n i s a m e a s u r e 
of c r o s s l i n k d e n s i t y . Unpigmented f i l m s of the c u r r e n t p o l y 
urethane have E ' values i n the plateau r e g i o n of sl ightly over 
1 χ 10 s dyne s / c m 2 ( F i g u r e s 5, 6 and 7). Unpigmented f i l m s of 
the c u r r e n t epoxy polyamide a lso have a w e l l defined r u b b e r y 
plateau at about 6.4 χ 107 d y n e s / c m 2 (curve not i n c l u d e d ) . In 
contras t , none of the potential waterborne replacements have a 
r u b b e r y plateau within our l i m i t s of detection ( F i g u r e s 7, 8 and 
9) . T h e low c r o s s l i n k density of the waterborne s y s t e m s , i n 
dicated by D M A , i s a lso apparent i n f lu id res is tance tes t ing . 
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Figure 9. DMA results for water-soluble acrylic resins crosslinked with poly-
functional aziridine crosslinkers: (A) Union Chemical's AMSCO Res 200, film 
thickness = 36 ^m (1.4 mils); (B) B. F. Goodrich's Carboset 514, film thickness = 

38 pm (1.5 mils) 
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T h e test u s e d f o r f l u i d res is tance i n A i r F o r c e specif icat ions 
i s reduction i n p e n c i l hardness following i m m e r s i o n . A c o m 
p a r i s o n of the p e n c i l h a r d n e s s resul ts of the c u r r e n t solvent
borne polyurethane with the two aqueous polyurethane d i s p e r 
sions indicates that the o r i g i n a l hardness of the d i s p e r s i o n s i s 
s l ightly l o w e r . T h e two water soluble a c r y l i c systems have 
o r i g i n a l h a r d n e s s e s s i m i l a r to that of the c u r r e n t solventborne 
polyurethane . G r e a t e r d i f ferences are noted after i m m e r s i o n . 
T h e waterborne systems a l l show m o r e sensi t ivi ty to water 
i m m e r s i o n than the solventborne polyurethane . T h e waterborne 
sys tems a l l have extreme sensi t ivi ty to S k y d r o l 5 0 0 Β f luids with 
changes of greater than four penci l h a r d n e s s e s fol lowing seven 
days i m m e r s i o n . It shoul
formulat ions of the c u r r e n t solventborne polyurethane also 
undergo substantial softening i n S k y d r o l 500B. N o signif icant 
d i f ferences exist between any of the waterborne sys tems and 
the solvent borne polyurethane i n sensi t ivi ty to other test f luids 
such as l u b r i c a t i n g o i l and h y d r a u l i c f l u i d . 

If the f l u i d res is tance tests are an accurate est imate of 
f luid res is tance r e q u i r e d in a i r c r a f t e n v i r o n m e n t s , i t i s evident 
that modif i ca t ions d i r e c t e d at i n c r e a s i n g c r o s s l i n k density of 
waterborne sys tems are n e c e s s a r y . T h e c o n t r a c t e r a i p r o g r a m 
has recent ly begun investgating such m o d i f i c a t i o n s . 

P i g m e n t e d formula t ions of the current topcoat and p r i m e r 
produced coatings having substantially higher Ε ' value s i n the 
r u b b e r y plateau r e g i o n than the c o r r e s p o n d i n g c l e a r f i l m s . T h e 
effect of pigment on the D M A c u r v e s of waterborne sys tems i s 
c u r r e n t l y being s tudied. 

Al though the aqueous polyurethane d i s p e r s i o n s do not exhibit 
the same f l u i d res is tance as the solventborne polyurethane , 
their i m p a c t res is tance and low temperature f l e x i b i l i t y are v e r y 
good. In g e n e r a l , a c r y l i c s are not c o n s i d e r e d to have good 
f l e x i b i l i t y o r i m p a c t r e s i s t a n c e ; h o w e v e r , some of the f o r m u l a 
tions based on the two water soluble a c r y l i c r e s i n s , mentioned 
p r e v i o u s l y , were better than expected i n this r e g a r d . 

S u m m a r y 

Solventborne polyurethane topcoats and epoxy polyamide 
p r i m e r s , c u r r e n t l y used on A i r F o r c e a i r c r a f t , contribute to 
a i r pol lut ion by e m i s s i o n of volat i le organic c o m p o u n d s . T h e 
p o s s i b i l i t y of r e p l a c i n g these coatings with waterborne coatings 
i s being inves t iga ted . A bas ic under standing of the c u r i n g r e 
actions and p r o p e r t i e s of the c u r r e n t systems is r e q u i r e d to 
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provide a b a s i s for evaluation of potential r e p l a c e m e n t s . 
T h e dependence of the rate of disappearance of the i s o 

cyanate IR band at 4 .4 μηι on relat ive humidi ty (RH) indicates 
that a substantial f r a c t i o n (> 32%) of isocyanate l o s s resul ts 
f r o m m o i s t u r e c u r e . T h e slow absorpt ion and diffusion of 
w a t e r , e s p e c i a l l y at low R H , l i m i t s the cure rate and resul ts i n 
quite long t e r m changes i n p r o p e r t i e s . D M A resul ts obtained 
over the same t ime i n t e r v a l (several days) as the F T - I R resul ts 
indicate that isocyanate l o s s is accompanied by an i n c r e a s e i n 
c r o s s l i n k d e n s i t y . 

A second m o i s t u r e re la ted effect was o b s e r v e d by D M A for 
ful ly cured (>35 days) f i l m s of the solventborne polyurethane . 
F i l m s conditioned unde
regions i n the m i d d l e of the glass t r a n s i t i o n . T h e s e plateaus 
were not o b s e r v e d for d r y s a m p l e s . The storage modulus of 
" w e t " v e r s u s 11 d r y " s a m p l e s i n some cases d i f f e r e d by a 
factor of five near r o o m t e m p e r a t u r e . Τ hi s effect of a b s o r b e d 
m o i s t u r e on p r o p e r t i e s could be a cause of poor r e p r o d u c i b i l i t y 
of paint test r e s u l t s . 

S e v e r a l potential waterborne replacements have a lso been 
studied by D M A . None of the c l e a r waterborne sys tems gave 
r u b b e r y plateaus within the range of detection whereas c l e a r 
f i l m s of both the c u r r e n t topcoat and c u r r e n t p r i m e r do exhibit 
such plateaus at 1 χ 10 8 and 6.4 χ 107 dyne s / c m 2 , r e s p e c t i v e l y . 
T h i s c o m p a r i s o n indicates that the waterborne systems have a 
r e l a t i v e l y low c r o s s l i n k d e n s i t y . One paint test which i s s e n 
sitive to c r o s s l i n k density i s f luid r e s i s t a n c e . The waterborne 
sys tems a r e a l l m o r e sensitive to softening d u r i n g f l u i d 
i m m e r s i o n i n S k y d r o l 5 0 0 Β and water than the solventborne 
polyurethane . W o r k d i r e c t e d at e l iminat ing this def ic iency i s 
u n d e r w a y . 

T h e re la t ionship of D M A resul ts to i m p a c t res is tance and 
f l e x i b i l i t y i s s t i l l being invest igated . U s e of longer samples 
w i l l p e r m i t obtaining m o r e accurate data at low t e m p e r a t u r e s . 
D M A c u r v e s for s e v e r a l of the f i l m s gave indicat ions of low 
t e m p e r a t u r e secondary t r a n s i t i o n s , w h i c h are often observed 
f o r m a t e r i a l s having high i m p a c t r e s i s t a n c e . P r e l i m i n a r y r e 
sults with pigmented f i l m s indicate that pigmentation of the 
c u r r e n t topcoat and p r i m e r causes substantial i n c r e a s e s i n E ' i n 
the rubbery plateau r e g i o n . 
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The Chemistry of Low-Energy Curable Coatings for 
Aerospace Applications 

A. FRANK L E O 1 

DeSoto, Incorporated, 1700 South Mt. Prospect, Des Plaines, IL 60018 

The chemistry of Lo
craft Industry is basically
-amine primers and i socyanate-polyol topcoats. Coatings based on 
these c lasses of raw mater ia l s are used by aircraft design 
engineers to re ta rd cor ros ion of the high s t rength , light weight 
alloys used in aircraft cons t ruc t ion . Unfortunately , these 
high s trength a l l o y s lose strength at a fas ter ra te than the 
lower s trength a l l o y s because they are more suscept ib le to 
co r ros ion , particularly s t ress corrosion.  (1) 

The fact that aircraft t r a v e l further and fas ter between 
periods of maintenance than ground t ranspor ta t ion equipment, 
through environments which are qui te extreme puts these 
p ro tec t ive coatings to severe t e s t s . Not only do these 
coatings have to endure cyclic and rap id temperature extremes, 
intense U . V . light, wind and rain abras ion, but they must do 
this in the presence of "stripper-like" fluids such as the 
phosphate ester hydrau l ic fluids, defros t ing fluids and jet 
fuels .  (2) 

Before the aliphatic polyurethane topcoats became avail
able in the mid 1960 's , epoxies were popular both for topcoats 
and pr imers . (3 )  Until then no coatings equaled the epoxies i n 
abrasion res i s t ance , hardness, chemical res is tance and adhesion. 
The in t roduc t ion of a l i p h a t i c isocyanates, however, allowed for 
the development of even more abrasion r e s i s t an t coat ings , wi th 
bet ter f l e x i b i l i t y be t ter res is tance to cha lk ing , d i s c o l o r a t i o n 
on exposure and be t te r ac id res is tance than amine cured 
epoxies. — Although the use of epoxies i n topcoats i s qui te 
l i m i t e d , amine cured epoxy veh ic l e s make up the bulk of the 
a i r c r a f t primers i n use today. These primers develop exce l l en t 
adhesion to the a i r c r a f t substrates and a l low the polyisocyanate 
cured p o l y o l topcoats to adhere to the meta l . Genera l ly , 
a l i p h a t i c polyurethanes have poor adhesion to unprimed metal . 

1Current address: Midland Division of Dexter, East Water S t ree t , 
Waukegan, IL 60085 
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Epoxy P r i m e r s 

Most epoxy p r i m e r s a r e prepared from the d i g l y c i d y l e t h e r 
of b i s p h e n o l A o r one o f i t s d e r i v a t i v e s . O c c a s i o n a l l y , o t h e r 
e p o x i e s such as the d i g l y c i d y l e t h e r o f r e s o r c i n o l and the 
Novalac e p o x i e s a r e used as m o d i f y i n g r e s i n s . 

o C H , o ;îf y c ii y l 

I 3 / ^ Λ ' * E t h e r o f 

CH 2-CH-CH 20- {^J} - c - - 0 - CH 2-CH-CH 2 B i s p h e n o l A 
CH 3 

A l l o f these e p o x i e
these a r e v e r y r e a c t i v
a t u r e s . N o r m a l l y , a r o m a t i c amines and c a r b o x y l i c a c i d s do not 
r e a c t w i t h t h ese e p o x i e s a t room temperature and a r e not used as 
c u r i n g a g ents. Some of the most a l k a l i n e amines such as d i -
e t h y l e n e t r i a m i n e and t r i e t h y l e n e t e t r a a m i n e must be used i n 
m o d i f i e d form, such as an amine f u n c t i o n a l amine epoxyj-adduct to 
prev e n t b l u s h i n g (carbonate f o r m a t i o n on the s u r f a c e ) — and 
improve c o m p a t i b i l i t y o f the admixed r e a c t a n t s . Other amines 
such as N-aminoethyl p i p e r a z i n e , dimethylaminopropylamine and 
polyamides a r e o f t e n used as p a r t i a l o r s o l e c u r i n g agents to 
reduce c r o s s l i n k , d e n s i t y and improve f l e x i b i l i t y and impact 
r e s i s t a n c e . — 

(CH 3)2 N-CH 2-CH 2-CH 2-NH 2 H N ^ ~ ^ N-CH 2-CH 2"NH 2 

Dimethylamino Propylamine η-Aminoethyl P i p e r a z i n e 

M i l i t a r y S p e c i f i c a t i o n P r i m e r s r e q u i r e the use of 
amino hydrogen f u n c t i o n a l polyamides ( d e r i v e d from dimer f a t t y 
a c i d s and m u l t i f u n c t i o n a l amines) and epoxy r e s i n s d e r i v e d from 
b i s p h e n o l A w i t h a m o l e c u l a r weight o f about 1000. 

The s t o i c h o m e t r y of the epoxy-amine r e a c t i o n s i s based on 
the t h e o r e t i c a l number of e q u i v a l e n t s of epoxy a v a i l a b l e f o r 
r e a c t i n g w i t h each amino hydrogen. So an amine such as e t h y l e n e 
diamine H 2N-CH 2-CH 2-NH 2 w i t h a m o l e c u l a r weight of 60 would 
have a t h e o r e t i c a l amino hydrogen e q u i v a l e n t weight of 15. A 
pr i m a r y amine w i l l r e a c t w i t h an epoxy to form a secondary 
a l c o h o l and secondary amine. T h i s newly formed secondary amine, 
a t l e a s t t h e o r e t i c a l l y , i s then c a p a b l e o f r e a c t i n g w i t h a 
second epoxy to form a t e r t i a r y amine and another secondary 
a l c o h o l . I n a c t u a l p r a c t i c e t h i s second r e a c t i o n i s q u i t e 
d i f f i c u l t a t room temperature; s t e r i c h i n d e r a n c e and poor 
m o b i l i t y of the p a r t i a l l y c u red epoxy-amine systems brought about 
by i n c r e a s i n g v i s c o s i t y works a g a i n s t ^ t h i s secondary amine 
r e a c t i o n from a c t u a l l y t a k i n g p l a c e . — 
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A t room temperature a l c o h o l s and phenols a r e o f t e n used to 
promote the epoxy-amine r e a c t i o n s . I t i s thought t h a t the 
hydrogen bonding e f f e c t s o f these hydroxy1 groups a s s i s t i n 
opening the epoxy r i n g . P h e n o l s , because o f the g r e a t e r a c t i v i t y 
of the., hydrogen speed the r e a c t i o n r a t e o f the amine-epoxy 
c u r e . 

T e r t i a r y a l i p h a t i c amines a r e used both as c a t a l y s t s f o r the 
epoxy amine r e a c t i o n and as s o l e c u r i n g agents; these amines 
c a t a l y z e the epoxy-epoxy r e a c t i o n .which r e s u l t s i n the g e n e r a t i o n 
o f e t h e r s and secondary a l c o h o l s . — 

Some of the common t e r t i a r y amines a r e t r i e t h y l a m i n e , 
b e n z y l d i m e t h y l a m i n e , and t r i s 2,4,6 - (dimethylaminomethyl)phenol 
(DMP-30 from Rohm & Haas). DMP-30 i s p a r t i c u l a r l y r e a c t i v e 
because o f the presence
groups p l u s the p h e n o l i
b i n a t i o n w i t h p r i m a r y an y a l i p h a t i
the c o n v e r s i o n o f the un r e a c t e d epoxy groups r e m a i n i n g a f t e r the 
a c t i v e hydrogen amine-epoxy r e a c t i o n has pr o g r e s s e d to the p o i n t 
where f u r t h e r r e a c t i o n i s preven t e d by the v i s c o s i t y b u i l d u p o f 
the p a r t i a l l y cured r e a c t a n t s o f the p r i m e r . I n the i n d u s t r y , 
combinations o f amines and amine adducts a r e commonly used to 
p r o v i d e a con v e n i e n t mix r a t i o and to o b t a i n a c c e p t a b l e l e v e l s o f 
water and h y d r a u l i c f l u i d r e s i s t a n c e . 

These epoxy p r i m e r s pigmented w i t h c a l c i u m , s t r o n t i u m , z i n c 
and l e a d chromâtes a r e the s t a p l e s of the i n d u s t r y . They y i e l d 
f i l m s w i t h low s h r i n k a g e , e x c e l l e n t a d h e s i o n , p r o t e c t the 
s u b s t r a t e from c o r r o s i o n and p r o v i d e a t e n a c i o u s bond f o r the 
i n t e r c o a t a d h e s i o n o f p o l y u r e t h a n e t o p c o a t s . 

P o l y u r e t h a n e Topcoats 

The i s o c y a n a t e s used i n c o a t i n g s c o n s i s t b a s i c a l l y o f two 
c l a s s e s : the a r o m a t i c and the a l i p h a t i c i s o c y a n a t e s . The 
aro m a t i c i s o c y a n a t e s tend to y i e l d hard f i l m s w i t h e x c e l l e n t 
a c i d and c h e m i c a l r e s i s t a n c e but poor r e s i s t a n c e to y e l l o w i n g 
and e m b r i t t l e m e n t on e x t e r i o r exposure, c o n s e q u e n t l y , they a r e 
r a r e l y used i n t o p c o a t s but sometimes f i n d t h e i r way i n t o 
s p e c i a l i t y p r i m e r s . 

The a l i p h a t i c i s o c y a n a t e s used i n e x t e r i o r t o p c o a t a p p l i 
c a t i o n s a r e n o n - y e l l o w i n g , s o f t e r , more f l e x i b l e , s l o w e r r e a c t i n g 
and s i g n i f i c a n t l y more ex p e n s i v e than the a r o m a t i c i s o c y a n a t e s . 
Some of the a l i p h a t i c i s o c y a n a t e s t h a t have been a v a i l a b l e and 
were used i n the study d e s c r i b e d l a t e r a r e : Isophorone d i i s o -
cyanate and i t s i s o c y a n u r a t e t r i m e r , T1890, Veba-Cbemie AG, 
B i u r e t o f hexamethylene d i i s o c y a n a t e (Desmodure Ν Mobay) and 
a L i n e a r d i f u n c t i o n a l a l i p h a t i c i s o c y a n a t e , K5-2333, from Mobay. 

Is o c y a n a t e s r e a c t w i t h a c t i v e hydrogen atoms a t ambient 
temperatures. G e n e r a l l y , the a l i p h a t i c i s o c y a n a t e s a r e somewhat 
s l u g g i s h a t room temperature and r e q u i r e c a t a l y s i s i n the form 
of t e r t i a r y amines and/or t i n compounds such as d i b u t y l t i n 
d i l a u r a t e t o e f f e c t an a c c e p t a b l e c u r e r a t e i n p a i n t f i l m s . 
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( 1 2 ) 
I n p a i n t f i l m s the most common r e a c t i o n s a r e these: — 

An i s o c y a n a t e r e a c t s w i t h an a c t i v e hydrogen to form an amide. 
When the a c t i v e hydrogen i s an a l c o h o l , the p r o d u c t i s a urethane. 
I f the a c t i v e hydrogen i s an amine a u rea i s formed. I f the 
a c t i v e hydrogen i s s u p p l i e d by atmospheric m o i s t u r e the 
i s o c y a n a t e decomposes to an u n s t a b l e carbamic a c i d which 
decomposes to form an amine ( w i t h the r e l e a s e of carbon d i o x i d e ) 
w hich u l t i m a t e l y r e a c t s q u i c k l y to form a u r e a . The c a r b o x y l i c 
a c i d s w i l l a l s o r e a c t w i t h i s o c y a n a t e s s l o w l y , u l t i m a t e l y 
f o r m i n g an amide w i t h the l o s s o f carbon d i o x i d e . These " s i d e 
r e a c t i o n s " w i t h CO^ r e l e a s e c o n t r i b u t e to the haze sometimes 
observed i n p o l y u r e t h a n e s a p p l i e d under humid c o n d i t i o n s . T h i s 
i s somewhat d i f f e r e n t than the b l u s h observed a t times i n the 
a p p l i c a t i o n o f amine-epox
a l k a l i n e amines cause carbonat

The types of a c t i v e hydrogen c o n t a i n i n g compounds d i f f e r 
c o n s i d e r a b l y i n t h e i r r e a c t i v i t y . Amines r e a c t many times f a s t e r 
w i t h i s o c y a n a t e s than do a l c o h o l s and d i f f e r e n t amines w i l l 
r e a c t a t r a t e s depending on t h e i r b a s i c i t y and l a c k of 
s t e r i c h i n d e r a n c e . 

G e n e r a l l y , the r e a c t i o n r a t e s o f a c t i v e hydrogen w i l l 
f o l l o w t h i s o r d e r : 

R-NH 2 y A R - N H 2 ^ R - O H ^ R - O H ^ H
2 ° ^ R ~ g H ^ AR-OH ̂  R-SH ^ R-COOH 

R e l a t i v e R e a c t i v i t i e s o f Amine w i t h P h e n y l I s o c y a n a t e i n 
D i e t h y l E t h e r a t Q VC (13) 

Amine R e l a t i v e R e a c t i v i t y 
E t h y l amine 9.72 
η-Butyl amine 9.17 
A n i l i n e 0.53 

Approximate R e l a t i v e R e a c t i v i t y o f P h e n y l I s o c y a n a t e 
w i t h A c t i v e Hydrogen Compounds i n Toluene a t 25 C (13) 

Compound R e l a t i v e R e a c t i v i t y 
A n i l i n e 10-20 
1 - B u t a n o l 2-4 
2 - B u t a n o l 1.0 
Water 0.4 
T e r t - B u t a n o l 0.01 
Phenol 0.01 
1 - B u t a n e t h i o l 0.005 
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Many of these f u n c t i o n a l groups r e a c t e i t h e r too s l o w l y 
( c a r b o x y l i c a c i d ) o r too q u i c k l y (amines) to be used i n p r a c t i c a l 
t o p c o a t s . Consequently, the most w i d e l y used c o r e a c t a n t s a r e 
the h y d r o x y l f u n c t i o n a l p o l y e s t e r s , p o l y e t h e r s and a c r y l i c s . 
These p o l y o l s o f f e r wide l a t i t u d e i n the p h y s i c a l and ch e m i c a l 
p r o p e r t i e s a t t a i n a b l e i n p o l y u r e t h a n e t o p c o a t s , as w e l l as 
o f f e r i n g a wide range i n f o r m u l a t i o n f o r p o t l i f e and d r y 
time. 

S i n c e p o l y e t h e r s do not r e s i s t U. V. exposure w e l l , they 
a r e r a r e l y used i n a i r c r a f t t o p c o a t s . H y d r o x y l f u n c t i o n a l 
a c r y l i c s and p o l y e s t e r s a r e the most common e x t e r i o r t o p c o a t s . 
A c r y l i c s a r e o f t e n f a v o r e d by p a i n t a p p l i c a t o r s because they 
a r e u s u a l l y h i g h m o l e c u l a r weight m a t e r i a l s which y i e l d f a s t 
apparent d r y t i m e s . T h i  m i n i m i z e  d u s t c o l l e c t i o  th t 
f i l m and a l l o w s f o r mor
the a i r c r a f t . However
not y i e l d the h i g h g l o s s t h a t many,customers demand. I f a 
monomer of h i g h r e f r a c t i v e i n d e x such as s t y r e n e i s used i n 
the p r e p a r a t i o n o f the a c r y l i c , the h i g h g l o s s i s a t t a i n a b l e 
but f l e x i b i l i t y and impact r e s i s t a n c e s u f f e r . 

P o l y e s t e r s o f v a r i o u s types a r e p r o b a b l y the most commonly 
used p o l y o l s f o r a i r c r a f t e x t e r i o r s . I n our l a b o r a t o r y on the 
or d e r of 100 d i f f e r e n t p o l y e s t e r s f o r use i n p o l y u r e t h a n e a i r 
c r a f t t o p c o a t s have been examined. S t u d i e s have been performed 
on the e f f e c t o f a c i d monomer on the p o l y e s t e r urethane p e r f o r 
mance p r o p e r t i e s , as w e l l as the e f f e c t s o f d i o l monomer, a c i d 
number, h y d r o x y l number, and c r o s s l i n k d e n s i t y . These p o l y e s t e r -
urethanes were examined f o r g l o s s , g l o s s r e t e n t i o n , h y d r a u l i c 
f l u i d r e s i s t a n c e , j e t f u e l r e s i s t a n c e , water r e s i s t a n c e , f l e x 
i b i l i t y and impact r e s i s t a n c e b e f o r j a n j a|^er^gxpç«sure to U. V. 
and low temperature f l e x i b i l i t y . —' — 9 — 5 —' — 

The g e n e r a l t r e n d s observed i n these c o a t i n g s was an 
i n c r e a s e i n g l o s s , g l o s s r e t e n t i o n , c h e m i c a l and water r e s i s t a n c e 
w i t h i n c r e a s i n g a r o m a t i c a c i d c o n t e n t . I f the a r o m a t i c a c i d s 
were r e p l a c e d w i t h a l i p h a t i c a c i d s , the c o a t i n g s o b t a i n e d had 
e x c e l l e n t impact f l e x i b i l i t y b o t h b e f o r e and a f t e r exposure t o 
u l t r a v i o l e t l i g h t . Of c o u r s e , the l e n g t h o f the d i o l monomer was 
v e r y i m p o r t a n t a l s o , but i t f o l l o w e d the p r e d i c t a b l e course o f 
i n c r e a s i n g f l e x i b i l i t y and d e c r e a s i n g c h e m i c a l r e s i s t a n c e w i t h 
i n c r e a s i n g monomer c h a i n l e n g t h . The a r o m a t i c a c i d s were some
what o f an anomaly s i n c e c o a t i n g s w i t h e x c e l l e n t i n i t i a l impact 
f l e x i b i l i t y were o b t a i n a b l e w i t h some combinations o f ar o m a t i c 
a c i d s and f l e x i b l e d i o l s but these same p a i n t f i l m s , a f t e r 
exposure to a r t i f i c i a l and n a t u r a l w e a t h e r i n g f a i l e d impact 
f l e x i b i l i t y c a t a s t r o p h i c a l l y . 

The c h o i c e o f i s o c y a n a t e f o r the work d e s c r i b e d above was 
the t r i f u n c t i o n a l , b i u r e t of he x a t h y l e n e d i i s o c y a n a t e . The 
o t h e r c o m m e r c i a l l y a v a i l a b l e a l i p h a t i c i s o c y a n a t e s examined, 
were the i s o c y a n u r a t e o f isophorone d i i s o c y a n a t e , 4,4 f 

d i e y e l o h e x y l m e t h a n e d i i s o c y a n a t e , and a l i n e a r a l i p h a t i c 
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d i f u n c t i o n a l i s o c y a n a t e w i t h an e q u i v a l e n t weight a p p r o x i m a t e l y 
e q u a l to Desmodur N. V a r i o u s a r o m a t i c i s o c y a n a t e s , were a l s o 
examined but were found to be u n s a t i s f a c t o r y because of poor 
f l e x i b i l i t y and poor c o l o r r e t e n t i o n on e x t e r i o r exposure. 

I n the study to f o l l o w , t h r e e i s o c y a n a t e s were examined. 
The p o l y o l was a p r o p r i e t a r y p o l y e s t e r . The p r i m e r used was the 
M i l P-23377C ty p e , epoxy-polyamide. The s u b s t r a t e was a l c l a d 
2024T3, aluminum b l a n k s , 20 m i l s t h i c k p r e t r e a t e d w i t h a 
chromate c o n v e r s i o n c o a t i n g A l o d i n e 1200S from Amchem P r o d u c t s , 
I n c o r p o r a t e d . T a b l e I a t t a c h e d summarizes our e x p e r i m e n t a l 
f i n d i n g s i n t h i s study o f i s o c y a n a t e s . 

The isophorone i s o c y a n u r a t e t r i i s o c y a n a t e cured system 
was found to have good g l o s s and g l o s s r e t e n t i o n when compared 
to the b i u r e t o f hexamethylen
impact f l e x i b i l i t y was l e s s
U. V.; the p a i n t f i l m s f r a c t u r e d a t 5 i n . - l b compared to 
80 i n . - l b w i t h the b i u r e t b o t h b e f o r e and a f t e r exposure to U. V.. 
R e s i s t a n c e t o a i r c r a f t f l u i d s was b e t t e r w i t h the isophorone 
i s o c y a n u r a t e t r i i s o c y a n a t e , but the r e a c t i o n r a t e was sub
s t a n t i a l l y l e s s than t h a t o f the b u i r e t t r i i s o c y a n a t e . Because 
of the v e r y slow r e a c t i o n o f the isophorone i s o c y a n a t e , i t i s 
v e r y d i f f i c u l t to o b t a i n r a p i d d r y , so d r y to tape time i n 
r e a s o n a b l y s h o r t i n t e r v a l s i s d i f f i c u l t . 

R e p l a c i n g the b i u r e t w i t h a d i f u n c t i o n a l i s o c y a n a t e of 
s i m i l a r e q u i v a l e n t weight produced a c o a t i n g w i t h s i m i l a r i n i t i a l 
g l o s s but g l o s s r e t e n t i o n was b e t t e r . Reverse impact f l e x i b i l i t y 
was as l e a s t as good, but the decrease i n c r o s s l i n k d e n s i t y 
r e s u l t e d i n i n f e r i o r r e s i s t a n c e to a i r c r a f t h y d r o l i c f l u i d , 
Monsanto 1 s S k y d r o l 500B. 

I t i s apparent t h a t o b t a i n i n g a l l the f i l m p r o p e r t i e s 
r e q u i r e d by the i n d u s t r y i s d i f f i c u l t . There a r e a number of 
a r e a s where t r a d e o f f s a r e n e c e s s a r y . P r o b a b l y , the most 
n o t a b l e a r e i n t h ese a r e a s : g l o s s and g l o s s r e t e n t i o n 
a f t e r w e a t h e r i n g , f l e x i b i l i t y and f l e x i b i l i t y r e t e n t i o n a f t e r 
w e a t h e r i n g and r e s i s t a n c e to a i r c r a f t f l u i d s . 

W e a t h e r a b i l i t y , g l o s s , c o l o r and f l e x i b i l i t y r e q u i r e the 
use o f a l i p h a t i c i s o c y a n a t e s . However, a l i p h a t i c i s o c y a n a t e s 
a r e not as f l u i d r e s i s t a n t as a r o m a t i c i s o c y a n a t e s , a l t h o u g h 
some o f t h i s l o s s can be compensated f o r by i n c r e a s i n g the 
i s o c y a n a t e content and/or the c r o s s l i n k d e n s i t y of the f i n a l 
cured f i l m . Of c o u r s e , i n c r e a s i n g the c r o s s l i n k d e n s i t y may 
cause adverse e f f e c t s i n f l e x i b i l i t y . 

The p o l y e s t e r p o l y o l component, which g e n e r a l l y c o n s t i t u t e s 
s i x t y to e i g h t y p e r c e n t o f the r e s i n content of the cured 
p o l y u r e t h a n e f i l m , a l s o p l a y s an i m p o r t a n t r o l e i n d e t e r m i n i n g 
f i l m p r o p e r t i e s . G e n e r a l l y , i t i s d i f f i c u l t to b a l a n c e the 
monomer co n t e n t o f the p o l y e s t e r to o b t a i n a l l the d e s i r a b l e 
f i l m p r o p e r t i e s . W i t h our p a r t i c u l a r p r o p r i e t a r y p o l y e s t e r 
and the b i u r e t o f hexamethylene d i i s o c y a n a t e we have been a b l e 
t o meet most of t h e r e q u i r e m e n t s . 
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However, i t i s not proper to r e p o r t on the p r o p e r t i e s 
o f the p o l y u r e t h a n e t o p c o a t s w i t h o u t m e n tioning the c o n t r i b u t i o n 
made to the t o t a l system by the p r i m e r . G e n e r a l l y , the 
more t i g h t l y c r o s s l i n k e d epoxy p r i m e r s w i l l improve the f l u i d 
r e s i s t a n c e o f the t o p c o a t . U n l e s s t h i s c r o s s l i n k d e n s i t y i s 
taken to the extreme o r primer f i l m t h i c k n e s s i s e x c e s s i v e , 
t h e r e i s no l o s s i n r e v e r s e impact f l e x i b i l i t y i n the f i l m 
t h i c k n e s s range n o r m a l l y t e s t e d % 

I n the i s o c y a n a t e s t u d y d e s c r i b e d above, the M i l i t a r y 
S p e c i f i c a t i o n P r i m e r was used. A l t h o u g h t h i s p r i m e r i s e x c e l l e n t 
f o r c o r r o s i o n r e s i s t a n c e , s t r i p p a b i l i t y and f l e x i b i l i t y , i t i s 
not v e r y r e s i s t a n t t o the phosphate e s t e r h y d r a u l i c f l u i d s 
encountered on commercial a i r c r a f t . Consequently, t h a t p r i m e r i s 
not commonly used on commercial a i r c r a f t s i n c  weaknes  i
c h e m i c a l r e s i s t a n c e o
system. I n o r d e r to o b t a i  p a i n  syste  ( p r i m e r - t o p c o a t
which w i l l show no s o f t e n i n g i n h y d r a u l i c f l u i d o r f u e l , the 
c r o s s l i n k d e n s i t y must be i n c r e a s e d o r the p o l y e s t e r must 
have i n c r e a s e d a r o m a t i c c h a r a c t e r which would decrease 
f l e x i b i l i t y - another t r a d e o f f . 

Summary and C o n c l u s i o n s 

The c h e m i s t r y o f c o a t i n g s f o r the a i r c r a f t i n d u s t r y i s 
b a s i c a l l y the c h e m i s t r y of the epoxy-amine p r i m e r and 
p o l y i s o c y a n a t e - p o l y o l t o p c o a t s . These m a t e r i a l s work 
s y n e r g i s t i c a l l y , i n t h a t the p r i m e r has e x c e l l e n t a d h e s i o n 
to a i r c r a f t s u b s t r a t e s and r e t a r d s the c o r r o s i o n o f these m e t a l s . 
The p o l y u r e t h a n e t o p c o a t p r o t e c t s the epoxy p r i m e r from the 
a f f e c t s o f w e a t h e r i n g and a b r a s i o n . Each component of the 
system has a v i t a l f u n c t i o n and would be almost u s e l e s s w i t h o u t 
the o t h e r . 

The p o l y u r e t h a n e t o p c o a t s a r e g e n e r a l l y prepared from 
p o l y e s t e r p o l y o l s and a r e cured w i t h p o l y i s o c y a n a t e s ; the 
b i u r e t of hexamethylene d i i s o c y a n a t e h a v i n g the b e s t b a l a n c e 
of p r o p e r t i e s o b t a i n a b l e w i t h c o m m e r c i a l l y a v a i l a b l e i s o c y a n a t e s . 
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High-Solids Coatings for Exterior Aircraft 

R. E. WOLF, C. J. RAY, G. McKAY, and J. M. BUTLER 
DeSoto Incorporated, 1700 South Mt. Prospect, Des Plaines, IL 60018 

R e c e n t l y , the effects o f numerous industrial 
effluents and waste materials which ultimately en te r 
the environment have become a major concern f o r e v e r y 
one. S o l v e n t emis s ions from the application o f l a r g e 
volumes o f c o a t i n g s and paints c o n t r i b u t e signifi-
cantly to this p rob lem. Additionally, economic p a r a 
meters and the t h r e a t o f energy shor tages have pu t 
enormous political p re s su re on the c o a t i n g s i n d u s t r y 
to reduce the total amount o f s o l v e n t e m i s s i o n s . 

The major g e n e r i c system types available to the 
industry are wa te r -bo rne , ultraviolet curable, and 
h i g h solids coatings. High solids c o a t i n g s systems 
can c o m p l e t e l y eliminate the use o f p h o t o c h e m i c a l l y 
reactive solvents, w h i l e c o n c o m i t a n t l y r e d u c i n g 
the total s o l v e n t emiss ions r e q u i r e d to deliver 
an e q u i v a l e n t amount o f paint. 

T h i s paper r e p o r t s partial results o b t a i n e d w i t h 
contract F-33615-77-C-5101 from the Air Force Materi-
als L a b o r a t o r y , W r i g h t - P a t t e r s o n Air Force Base.1 
The program is a continuing effort toward the de 
velopment o f a s p r a y a b l e , h i g h performance, 65% 
volume solids, two-package po lyure thane exterior 
coating f o r military aircraft. Typically two 
package, c o n v e n t i o n a l urethane sys tems, sprayed a t 
35% volume s o l i d s are used f o r t h i s a p p l i c a t i o n . 

T h e o r e t i c a l Approaches : 

A number o f t h e o r e t i c a l approaches are a v a i l a b l e 
to o b t a i n the program o b j e c t i v e . These i n c l u d e 
" s imp le" s o l v e n t r e d u c t i o n , s o l u b i l i t y parameter 
s t u d i e s , a p p l i c a t i o n equipment m o d i f i c a t i o n , r e a c t i v e 
d i l u e n t s , and polymer m o d i f i c a t i o n . 

0-8412-0567-l/80/47-132-115$05.00/0 
© 1980 American Chemical Society 
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TABLE I 

Four methods of measuring 

1 . #2 Zahn Cup 

v i s c o s i t y were employed. 

This u s e f u l , but un
s o p h i s t i c a t e d instrument 
provides a constant low 
shear measurement. 

2 . B r o o k f i e l d Viscometer This instrument provides 
a low, non-uniform shear 
over a surface. Useful 
shear rate range i s 
0 . 5 2 - 4 9 . 2 s e c " 1

3 . W e l l s - B r o o k f i e l
a p l a t e and cone, medium 
range shear r a t e , u s e f u l 
a t 1.15 to 230 s e c " 1 . 

4. Haake Rotovisco A p l a t e and cone atta c h 
ment i s used, which pro
vides a shear rate range 
of 74-12,000 s e c " 1 . A 
Bob and cup attachment i s 
a l s o a v a i l a b l e and was 
u t i l i z e d f o r pigmented 
formulations. 

In order to achieve the 65% volume s o l i d s r e 
quirement, solvent reduction studies were conducted 
employing a number of i n d i v i d u a l p o l y o l and i s o 
cyanate components of the polyurethane coating. In 
t h i s study, various solvents were examined to t e s t 
t h e i r a b i l i t y to provide a low v i s c o s i t y , high s o l i d s 
v e h i c l e system f o r use i n a high performance e x t e r i o r 
a i r c r a f t enamel. 

2 3 4 
V i s c o s i t y - C o n c e n t r a t i o n P r o f i l e s — 

The ultimate a p p l i c a t i o n technique of the coating 
w i l l be e i t h e r conventional a i r spray or a i r l e s s 
e l e c t r o s t a t i c spray. The e f f e c t of polymer-solvent 
i n t e r a c t i o n s on s o l u t i o n v i s c o s i t y at high polymer 
concentration i s important f o r both a p p l i c a t i o n tech
niques . Accordingly, the v i s c o s i t y - c o n c e n t r a t i o n 
p r o f i l e s of several polymer-solvent combinations were 
made. This paper w i l l r eport data obtained on one 
p o l y o l component of the two-package urethane system. 

V i s c o s i t y - c o n c e n t r a t i o n p r o f i l e s were obtained 
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f o r A c r y l o i d AU-568, an oxazolidine containing mater
i a l from Rohm and Haas, supplied at 85% volume s o l i d s 
i n ethoxy e t h y l acetate. A b r i e f d i s c u s s i o n of t h i s 
component i s required i n order to b e t t e r understand 
the t o t a l system. The oxazolidine was o r i g i n a l l y 
supplied under the developmental code QR-568. The 
b a s i c chemistry, while simple i n nature, i s a c t u a l l y 
quite complex when consideration i s given to the ex
tensive équilibra which accompany the e n t i r e r e a c t i o n 
sequence producing the f i n a l cured f i l m . The r e a c t i o n 
sequence i s i n i t i a t e d by atmospheric water. Without 
t h i s water, the two-package system i s stable almost 
i n d e f i n i t e l y . 

STEP REAGENT PRODUC

1. a. Oxazolidine a. B-alkanol-

The B-alkanolamine reacts with two equivalents of 
isocyanate to produce the cured f i l m . Note should be 
made that an equivalent of carbonyl m a t e r i a l i s l o s t 
to the atmosphere during the cure c y c l e . The fate of 
these cure v o l a t i l e s may be a major concern where 
large q u a n t i t i e s of coating are a p p l i e d i n a c l o s e d 
s t r u c t u r e . Consequently, proper v e n t i l a t i o n must be 
provided during the e a r l y period of cure. 

Over the range of i n t e r e s t of volume s o l i d s , the 
v i s c o s i t y of the oligomer s o l u t i o n s ranges from 20 to 
over 100 sec. on a #2 Zahn Cup. This measurement 
y i e l d s a kinematic v i s c o s i t y which i s the r a t i o of the 
a c t u a l v i s c o s i t y to the density of the f l u i d . 

The data obtained i s the e f f l u x times, i n seconds, 
and monographs are a v a i l a b l e f o r converting these 
e f f l u x times of the v i s c o s i t y cup to c e n t i p o i s e u n i t s . 
T y p i c a l spray v i s c o s i t i e s reported f o r the #2 Zahn 
Cup range between 18 and 25 seconds. 

Using the Zahn Cup, various solvents were tested 
to determine the e f f e c t i v e n e s s i n reducing the v i s 
c o s i t y of the oligomeric s o l u t i o n (Figure 1). Of the 
solvents tested, methyl e t h y l ketone (MEK) appears to 
be the most e f f e c t i v e solvent f o r reducing the v i s 
c o s i t y of these s o l u t i o n s . Also, the i n d i v i d u a l 

b. Water amine 
b. Carbonyl 

2. a. B-alkanol
amine 

b. Isocyanate 

"cured" 
polymer 
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Figure 1. Viscosity-concentration profile: Rohm ir Haas QR 568; 32 Zahn Cup; 
77°F; (O) cellusolve acetate, ( 0 ) MIBK, (+) MEK 

10 20 30 40 50 60 70 80 90 100 
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Figure 2. Viscosity-concentration profile: Rohm ir Haas QR 568; #2 Brookfield 
Spindle; 20 rpm; 77°F; (O) cellusolve acetate, ( Q ) MIBK, (+) MEK 
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s o l u t i o n s appear to increase i n v i s c o s i t y exponen
t i a l l y as the percent volume s o l i d s increases. 

S i m i l a r l y , a p l o t of the v i s c o s i t y - c o n c e n t r a t i o n 
p r o f i l e f o r the same s o l u t i o n measured on a B r o o k f i e l d 
Viscometer i s shown i n Figure 2. 

Again, the data i n d i c a t e s that MEK i s the solvent 
of choice f o r t h i s s o l u t i o n f o r the purpose of ob
t a i n i n g the highest s o l i d s at the lowest v i s c o s i t y . 
These s o l u t i o n s also appear to e x h i b i t an exponential 
increase i n v i s c o s i t y with i n c r e a s i n g volume s o l i d s . 
These p l o t s are displayed on a semi-log graph so the 
range i n v i s c o s i t y over the region of i n t e r e s t l i e s 
between 10 and 500 cps. T y p i c a l l y , the spray v i s 
c o s i t y of spray applied material  betwee  40 
and 150 cps. 

V i s c o s i t y i s a func t i o n of the shear force 
exerted on the mat e r i a l i n question d i v i d e d by the 
shear r a t e . A d d i t i o n a l l y , the v i s c o s i t y v a r i e s as a 
funct i o n of the shear r a t e . Newtonian f l u i d s d i s p l a y 
a l i n e a r r e l a t i o n s h i p on a shear rate versus shear 
s t r e s s p l o t , i . e . , the v i s c o s i t y i s independent of 
the shear r a t e . D i l a t a n t f l u i d s e x h i b i t an increase 
i n v i s c o s i t y with an in c r e a s i n g shear r a t e , while 
pseudoplastic and t h i x o t r o p i c f l u i d s d i s p l a y a de
crease i n v i s c o s i t y upon in c r e a s i n g shear r a t e . 
Therefore, emphasis should be placed on materials 
which e x h i b i t shear thinning at high shear rates 
because the spray process imposes a shear r a t e rang
ing from 1000 to 40,000 sec~"i on these coatings. The 
coating should e x h i b i t p s e u d o p l a s t i c i t y during the 
spraying stage, and d i l a t a n c y immediately upon contact 
with the surface of the object being coated. Ob
v i o u s l y , a r a p i d increase i n v i s c o s i t y a t r e s t i s 
required because reduced sagging i s d e s i r a b l e . 

V i s c o s i t y - C o n c e n t r a t i o n P r o f i l e s At Varying Shear 
Rates 

The v i s c o s i t y - c o n c e n t r a t i o n p r o f i l e s of the 
AU-568 oligomer s o l u t i o n s i n three d i f f e r e n t solvents 
a t various shear rates are display e d i n Figure 3. 
From t h i s data, obtained with a B r o o k f i e l d v i s c o 
meter, the v i s c o s i t y of the oligomer s o l u t i o n s a t 
lower concentrations appear to increase as a f u n c t i o n 
of an increase i n shear r a t e . This apparent d i l a t a n t 
behavior i s unusual since shear thinning would nor
mally be expected to occur f o r these s o l u t i o n s . 
A d d i t i o n a l l y , the v i s c o s i t y behavior a t higher volume 
s o l i d s approaches Newtonian behavior at i n c r e a s i n g 
shear r a t e s . Methyl e t h y l ketone i s again the solvent 
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SHEAR RATE ( S E C - 1 ) 

Figure S. Viscosity shear rate: Rohm ir Haas QR 568; #2 Brookfield Spindle; 
77°F; ( Ο ) cellusolve acetate, (O) MIBK, (+) MEK 

M 
Ο 
Ο 
ΙΛ 

5 9 % WS 
5 3 % WS 
4 8 % WS 

140 180 

SHEAR RATE (SEC""1) 

Figure 4. Viscosity shear rate: Rohm ir Haas QR 568; cellusolve acetate; Wells 
Brookfield; 77°F 
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of choice. 
T y p i c a l l y , Newtonian behavior i s observed i n the 

low volume s o l i d s concentration systems. But, as 
solvent i s removed, these materials generally r e v e r t 
toward a pseudoplastic behavior. From these i n i t i a l 
data, the lack of s u f f i c i e n t shear rate range i n t h i s 
study becomes apparent. Data from a B r o o k f i e l d v i s 
cometer alone was not enough to be able to p r e d i c t 
the Newtonian or p s e u d o p l a s t i c i t y c h a r a c t e r i s t i c s of 
these s o l u t i o n s . 

Examining the v i s c o s i t y - c o n c e n t r a t i o n p r o f i l e s 
of the AU-568 so l u t i o n s at higher shear rates y i e l d s 
i n t e r e s t i n g r e s u l t s . Data obtained from the Wells-
B r o o k f i e l d viscomete  sho  th  expected behavior  I
both c e l l o s o l v e acetat
thinning (pseudoplasticity)
tended shear range of the instrument. At the high 
s o l i d s concentration, AU-568 oligomer s o l u t i o n s e x h i b i t 
a pseudoplastic behavior which a t low volume s o l i d s 
the d i l u t e d s o l u t i o n s e x h i b i t Newtonian behavior. See 
Figures 4 and 5. 

To obtain data at even more extended shear r a t e s , 
a Haake Rotovisco Viscometer was employed. See 
Figure 6. Because of the extended shear rate range of 
t h i s instrument, and the p a r t i c u l a r p l o t t i n g charac
t e r i s t i c s , the r e s u l t i n g pseudoplastic behavior does 
not appear as dramatic as d i d p a r a l l e l behavior with 
the Wells-Brookfield instrument. However, even at 
the extended shear r a t e , considerable p s e u d o p l a s t i c i t y 
i s a c t u a l l y observed. Again, the high volume s o l i d s 
appear more pseudoplastic than the lower volume 
s o l i d s s o l u t i o n s . 

This type of information may be used advanta
geously i n the formulation of spray a p p l i c a t i o n sys
tems. Formulations that would normally be r e j e c t e d 
on the basis of Zahn Cup or B r o o k f i e l d v i s c o s i t y data 
alone could p o s s i b l y be found u s e f u l when examined 
with a l a r g e r shear rate instrument. In f a c t , 
p a r t i a l l y as a r e s u l t of t h i s data, many systems 
i n v o l v i n g the AU-568 oligomeric material have been 
f u l l y formulated i n t o a polyurethane enamel, and 
s u c c e s s f u l l y spray applied at 65% volume s o l i d s . 

Casson P l o t s 

In 1969, Casson developed an equation to r e l a t e 
the v i s c o s i t y of a polymer s o l u t i o n to a l i m i t i n g 
high shear v i s c o s i t y , e.g., the v i s c o s i t y of the 
s o l u t i o n at i n f i n i t e shear. See Figure No. 7. 
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Figure 5. Viscosity shear rate: Rohm ir Haas QR 568; MEK; Wells Brookfield; 
77°F 
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Figure 6. Viscosity shear rate: Rohm ir Haas QR 568; cellusolve acetate; Haake 
Rotovisco; 67°F 
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η / 2 = η œ + γ ο
, ζ

 γ 

This equation states that a p l o t of the square 
root of the v i s c o s i t y versus the r e c i p r o c a l of the 
square root of the shear rate produces a s t r a i g h t l i n e 
with an i n t e r c e p t equal to η α , the l i m i t i n g high shear 
v i s c o s i t y , and with the slope equal to y-lA, the 
square root of the y i e l d p o i n t . The l i m i t i n g high 
shear parameter, , has been used as a measure of 
b r u s h a b i l i t y or ease of coating a p p l i c a t i o n at high 
shear r a t e s . In a d d i t i o n , the y i e l d p o i n t parameter, 
γ 0 , can be used as f  r e s i s t a n c e  Fo
example, t h i s paramete
the f i l m thickness a p p l i c a b l
without the coating sagging. 

The reported l i m i t a t i o n of the Casson equation 
i s that some coatings deviate from l i n e a r i t y at very 
high and low shear r a t e s . However, despite t h i s 
l i m i t a t i o n , the Casson equation does represent a 
simple two parameter v i s c o s i t y - s h e a r rate equation 
with parameters which can be r e l a t e d to d i r e c t l y 
measurable properties of the coatings composition. 

A family of Casson p l o t s of AU-568 oligomer 
s o l u t i o n s i n c e l l o s o l v e acetate at various weight 
s o l i d s concentrations using data from the Wells-
B r o o k f i e l d viscometer was made (Figure No. 8) 

As one would p r e d i c t , the l i m i t i n g high shear 
v i s c o s i t y increases with i n c r e a s i n g s o l i d s concen
t r a t i o n . Of a d d i t i o n a l i n t e r e s t i s the s l i g h t i n 
crease i n T Q with i n c r e a s i n g volume s o l i d s , i n d i c a t i n g 
an improved p r o b a b i l i t y f o r higher f i l m b u i l d without 
sagging (Figure No. 9). 

Casson Plots with Pigmented Systems 

A number of Casson p l o t s were generated using 
T1O2 d i s p e r s i o n s i n various p o l y o l components. A 
somewhat anomalous behavior was i n d i c a t e d with the 
v i s c o s i t y data a t 55% volume s o l i d s of an AU-568 d i s 
p e r s i o n . The m i l l charge y i e l d i n t h i s d i s p e r s i o n 
at 60% volume s o l i d s was 96%, while, at 65% volume 
s o l i d s , the y i e l d a f t e r g rinding was 92%. This data 
i s c o n s i s t e n t with the obtained slope, Τ , i n d i c a t i n g 
improved sag r e s i s t a n c e . The high shear rate l i m i t i n g 
v i s c o s i t y , η^, i s s i m i l a r f o r both C a r g i l l 5760 and 
AU-568, with the C-5760 showing a much greater shear 
thinning behavior. The y i e l d p o i n t parameter i s 
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Figure 8. Viscosity shear rate: Rohm à- Haas QR 568; cellusolve acetate; Wells 
Brookfield; 77° F ; Casson plot 
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Figure 9. Viscosity shear rate: Rohm & Haas QR 568; cellusohe acetate; Haake 
Rotovisco; 67°F 
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Figure 10. Viscosity shear rate: Rohm ir Haas QR 568; Ti02 dispersion; Casson 
plot 
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c o n s i s t e n t w i t h t h e f a c t t h a t t h e m i l l y i e l d was 65% 
a t 60% v o l u m e s o l i d s . (See F i g u r e 10 ) . 

C o n c l u s i o n s 

A s m e a s u r e d w i t h h i g h s h e a r i n s t r u m e n t a t i o n , t h e 
v i s c o s i t y o f t h e s e h i g h v o l u m e s o l i d s o l i g o m e r s o l u 
t i o n s e x h i b i t a r e v e r s a l i n t h e i r r h e o l o g i c a l p r o p e r 
t i e s r e l a t i v e t o t h e v i s c o s i t i e s o b t a i n e d a t l o w s h e a r 
r a t e a n d l o w v o l u m e s o l i d s . A l t h o u g h t h e p o s s i b i l i t y 
e x i s t s t h a t a c e r t a i n d e g r e e o f t h i s r e v e r s a l may be 
due t o an a r t i f a c t o f t h e i n s t r u m e n t a t i o n , a t r e n d 
t o w a r d s h e a r t h i n n i n g a t h i g h s h e a r r a t e s f o r t h e s e 
h i g h v o l u m e s o l i d s o l i g o m e r s i s c l e a r . 

The d a t a f r o m t h
y i e l d p o i n t and h i g h s h e a r l i m i t i n g v i s c o s i t y , may be 
u s e d t o p r e d i c t c e r t a i n f i n a l f i l m p r o p e r t i e s , i . e . , 
s a g g i n g a n d i n d i c a t e i m p o r t a n t i n f o r m a t i o n a b o u t 
m a t e r i a l s p r o c e s s i n g o f h i g h s o l i d s s y s t e m s . I f t h e 
p r e s e n t d a t a i s t r u l y i n d i c a t i v e o f t h e t i m e b e h a v i o r 
o f t h e s e o l i g o m e r s o l u t i o n s , t h e r h e o l o g i c a l c h a r a c 
t e r i s t i c s o f h i g h s o l i d s s y s t e m s may be o n a s e r p e n 
t i n e v i s c o s i t y - c o n c e n t r a t i o n p r o f i l e d i s p l a y , a n d t h e 
s p e c i f i c b e h a v i o r f o r a d e s i r e d a p p l i c a t i o n must be 
c o n s i d e r e d b e f o r e a n o l i g o m e r - s o l v e n t s y s t e m i s made . 
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Solvent-Removable Coatings for Electronic Applications 

J. J. LICARI and B. L. WEIGAND 

Rockwell International Corporation, Electronic Devices Division, 
P.O. Box 4192, Anaheim, CA 92803 

A la rge variety of mate r ia l s and processes are cu r ren t ly 
employed in the manufacture of hybr id microcircuits. Because of 
this, it is often difficult t o completely remove the last t races 
of processing mater ia l s through normal c leaning prior t o hermetic 
s e a l i n g . A s ing le electrically-conductive particle, even in the 
micron s ize range, can cause an electrical short and result i n 
a missile or spacecraft failure. In sp i t e of the precautions 
taken by the e l ec t ron ic s indus t ry , it is extremely difficult to 
completely remove all particles, some being electrostatically 
attached to the surface of the circuit. One approach to r e s o l v 
ing this problem — coat ing the en t i r e circuit w i th a thin l aye r 
of organic polymeric coat ing in order to immobilize the parti-
cles — has been evaluated and has been success fu l . On a limited 
b a s i s , coatings of high purity such as some semiconductor grade 
silicones and parapolyxylylenes have been used and are genera l ly 
compatible w i th the ac t ive and passive devices and wire bonds of 
a high densi ty circuit. However, these high molecular weight 
polymer coatings once appl ied and cured are d i f f i c u l t t o remove 
for c i r c u i t rework. Because of the high cost of m i l i t a r y and 
space grade m i c r o c i r c u i t s (ranging from severa l hundred to 
severa l thousand d o l l a r s ) , rework i s important. Any p a r t i c l e 
immobi l iz ing coat ing should therefore be e a s i l y removed t o 
permit the r e p a i r s . The high molecular weight and h i g h l y c ros s -
l i n k e d polymers are inheren t ly d i f f i c u l t t o remove. They are 
inso lub le i n the normal organic so lvents . Removal by abrading, 
scraping, or c u t t i n g i s operator dependent and often r e s u l t s i n 
further damage to adjacent devices and in terconnect ions . The 
object ive of t h i s work was therefore t o evaluate and select a 
c l a s s of organic coatings that could e a s i l y be removed by a 
"hands-off" process by d i s s o l v i n g them i n organic solvents that 
are commonly used i n a manufacturing environment. This work was 
supported by the A i r Force Ma te r i a l s Laboratory, Wright-Pat terson 
A i r Force Base, Ohio, Contract No. F336l5-77-C-5lkL. 
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P o l y d i m e t h y l s i l o x a n e 

Figure J. General molecular structures for solvent-soluble coatings 

Table I . D e s c r i p t i o n o f S i 1icone C o a t i n g s S e l e c t e d f o r E v a l u a t i o n 

C o a t i n g Type 
P e r c e n t 
S o l i d s 

(as r e c ' d ) 
V i s c o s i t y 

( C e n t i s t o k e s ) F i l m D e s c r i p t i o n 

P o l y d i m e t h y l -
s i l o x a n e I 27.1 49 C l e a r , waxy, does not m e l t 

o r f l o w below 1 5 0 ° C , f l o w s 
under p r e s s u r e a t 8 5 ° C . 

P o l y d i m e t h y l -
s i l o x a n e II 1 6 . 0 570 

C l e a r , t a c k y , f l o w s under 
p r e s s u r e a t room tempera
t u r e . 

B l o c k Co-polymer 
o f α - m e t h y l s t y r e n e 
& d i m e t h y l s i l o x a n e 

2 5 . 5 506 C l e a r , h a r d , tough c o a t i n g , 
m e l t i n g p o i n t 2 8 5 - 2 8 9 ° C . 
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S e l e c t i o n o f Candidate C o a t i n g s 

The f i v e key re q u i r e m e n t s t h a t t he c o a t i n g had t o meet were: 
(1) Easy a p p l i c a t i o n by sp r a y , d i p o r f l o w c o a t i n g i n 

t h i n l a y e r s , 0.5 t o 2 m i l s . 
(2) High degree o f p u r i t y c o n t a i n i n g low l e v e l s o f sodium 

and c h l o r i d e i o n s and no o t h e r c o r r o s i v e c o n s t i t u e n t s such as 
amines. 

( 3 ) Easy removal by s o l v e n t d i s s o l u t i o n . 
(k) T h e r m a l l y s t a b l e t o 150°C t o w i t h s t a n d b u r n - i n temper

a t u r e s used f o r h y b r i d c i r c u i t s . 
(5) No s t r e s s e s on f i n e - w i r e bonds and no d e l e t e r i o u s 

e f f e c t s on a c t i v e d e v i c e s . 
C o a t i n g s were s e l e c t e  l o w - t o - i n t e r m e d i a t

m o l e c u l a r weight u n c r o s s l i n k e
were s o l u b l e i n Freon TF, x y l e n e , g 
s o l v e n t s w i d e l y used i n t h e e l e c t r o n i c s i n d u s t r y . S p e c i f i c a l l y , 
t h r e e s i l i c o n e s f o r m u l a t e d by Dow C o r n i n g , f o u r h a l o c a r b o n waxes 
from Halocarbon C o r p o r a t i o n and m i x t u r e s o f t h e s i l i c o n e s and 
halocarbons were e v a l u a t e d . The g e n e r a l m o l e c u l a r s t r u c t u r e s 
and c h a r a c t e r i s t i c s o f t h e s e c o a t i n g s a r e g i v e n i n F i g u r e 1 and 
Tabl e s I and I I . E a r l y i n t h e program, t h r e e o f t h e f o u r h a l o 
carbon waxes were e l i m i n a t e d from f u r t h e r c o n s i d e r a t i o n . H a l o 
carbons 6-00 and 12-00 were t o o low i n m e l t i n g p o i n t t o w i t h s t a n d 
t h e c i r c u i t b u r n - i n temperatures o f 125 t o 150°C. Halocarbon 
19-00 was i n s o l u b l e i n t o l u e n e and d i f f i c u l t l y s o l u b l e i n o t h e r 
s o l v e n t s so t h a t a c o a t i n g s o l u t i o n c o u l d not be f o r m u l a t e d . 
Two o f t h e s i l i c o n e s , t h e l i n e a r p o l y d i m e t h y l s i l o x a n e t y p e s ( I 
and I I ) were a l s o e l i m i n a t e d a f t e r p r e l i m i n a r y s t u d i e s showed 
t h a t r e s i d u e s remained on t h e c i r c u i t a f t e r Freon TF e x t r a c t i o n , 
t h a t one of t h e s i l i c o n e s remained t a c k y throughout p r o c e s s i n g , 
and t h a t t h e o t h e r s i l i c o n e had a h i g h r a t e of o u t g a s s i n g . 

T a b l e I I . D e s c r i p t i o n o f Halocarbon Waxes 
S e l e c t e d f o r E v a l u a t i o n 

Halocarbon Corp. 
S e r i a l No. 

M e l t i n g P o i n t 
or Pour P o i n t S o l u b i l i t y 

6-00 60°C Freon TF, Toluene 
12-00 120°C Freon TF, Toluene 
15-00 lkk°C Toluene 
19-00 210-220°C I n s o l u b l e 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Chemical and Thermal C h a r a c t e r i z a t i o n o f C o a t i n g s 

131 

The s i l i c o n e and h a l o c a r b o n m a t e r i a l s were c h a r a c t e r i z e d 
c h e m i c a l l y and t h e r m a l l y by p e r f o r m i n g : i n f r a r e d s p e c t r o g r a p h i c 
a n a l y s i s , atomic a b s o r p t i o n s p e c t r o s c o p y f o r sodium and potassium 
i o n s , e m i s s i o n s p e c t r o s c o p y f o r o t h e r m e t a l i o n s , m e r c u r i c 
n i t r a t e t i t r a t i o n f o r c h l o r i d e i o n s , g e l permeation chromatog
raphy f o r m o l e c u l a r w e i g h t s , and t h e r m a l g r a v i m e t r i c a n a l y s i s 
(TGA). Sodium i o n c o n c e n t r a t i o n ranged from 33 t o 60 ppm by 
weight w h i l e potassium i o n c o n c e n t r a t i o n s were between 8 and 18 
ppm. The measured c h l o r i d e c o n c e n t r a t i o n s ranged from 60 t o 209 
ppm. Other m e t a l s were found i n t r a c e amount s (Table I I I ) but 
are not c o n s i d e r e d s i g n i f i c a n t . The m o l e c u l a r weight f o r t h e 
s i l i c o n e cο-polymer wa
s o l u b l e p o r t i o n o f Halocarbo
t h r e e s i l i c o n e s a r e g i v e n i n F i g u r e 2. The s i l i c o n e co-polymer 
and s i l i c o n e I I c o a t i n g s were s t a b l e t o 2kO°C. S i l i c o n e I 
showed l o s s o f weight from 80°C. TGA curve s f o r t h e h a l o c a r b o n s 
showed s t a b i l i t y up t o 220°C and e s s e n t i a l l y i d e n t i c a l weight 
l o s s e s w i t h i n c r e a s i n g temperature ( F i g u r e 3). As a r e s u l t of 
th e s e c h a r a c t e r i z a t i o n s , t h e s i l i c o n e cο-polymer, s i l i c o n e I I , 
and Halocarbon 15-00 were s e l e c t e d f o r f u r t h e r évaluât i o n . 

E l e c t r i c a l C h a r a c t e r i z a t i o n o f C o a t i n g s 

E l e c t r i c a l p r o p e r t i e s t h a t a r e important t o t h e performance 
o f a c o a t i n g used as an i n s u l a t i o n or d i e l e c t r i c i n c l u d e i n s u 
l a t i o n r e s i s t a n c e (volume r e s i s t i v i t y , s u r f a c e r e s i s t a n c e ) , 
d i e l e c t r i c s t r e n g t h , d i e l e c t r i c c o n s t a n t , and d i s s i p a t i o n f a c t o r . 
Measurements o f t h e s e e l e c t r i c a l p r o p e r t i e s were made a c c o r d i n g 
t o e s t a b l i s h e d ASTM and M i l i t a r y s p e c i f i c a t i o n s a t b o t h 1 0 2 and 
105 Hz, where p o s s i b l e . E l e c t r i c a l v a l u e s f o r Dow Co r n i n g 6l01 
and DC-90-711 and G.E. EJC - 2 6 1 , r e p r e s e n t a t i v e o f s t a t e - o f - t h e -
a r t semiconductor j u n c t i o n c o a t i n g s , a r e g i v e n f o r comparison 
(Table I V ) . The r e s u l t s ( T a b l e IV) show t h a t t h e h a l o c a r b o n 
waxes had e l e c t r i c a l p r o p e r t i e s o f t h e same o r d e r o f magnitude, 
except f o r d i e l e c t r i c s t r e n g t h , as t h e DC-6101. The d i e l e c t r i c 
s t r e n g t h s were s i m i l a r t o t h o s e f o r Dow Corni n g f l u o r o s i l i c o n e 
c o a t i n g s (3^0-380 v o l t s / m i l ) which a r e recommended f o r e l e c t r i c a l 
i n s u l a t i o n f o r c o n n e c t o r s . I t was d i f f i c u l t t o pre p a r e dimen-
s i o n a l l y a c c u r a t e t e s t samples f o r s i l i c o n e I I because o f i t s 
i n h e r e n t t a c k i n e s s . Samples had t o be prep a r e d and measured 
s e v e r a l t i m e s . The somewhat lower d i e l e c t r i c s t r e n g t h and 
volume r e s i s t i v i t y may be a t t r i b u t e d t o t h e s e sample p r e p a r a t i o n 
problems. G e n e r a l l y , t h e e l e c t r i c a l p r o p e r t i e s f o r t h e o t h e r 
c o a t i n g m a t e r i a l s were c o n s i d e r e d e x c e l l e n t and c l o s e t o t h o s e 
of t h e be s t semiconductor j u n c t i o n and c i r c u i t c o a t i n g s . 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 3. TGA curves for halocarbon waxes after vacuum bake-out for 4 hr at 
135°C at < 1.0 torr pressure: (Q) halocarbon 15-00, (A) halocarbon 12-00 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Wire Bond S t r e s s E v a l u a t i o n 

One o f t h e main d e t e r r e n t s t o t h e use o f c o a t i n g s on h i g h 
d e n s i t y e l e c t r o n i c c i r c u i t s has been t h e s t r e s s e s t h a t c o a t i n g s 
can impart t o t h e f i n e i n t e r c o n n e c t w i r e s and w i r e bonds. To 
measure t h e s e s t r e s s e f f e c t s , a w i r e bond t e s t m a t r i x was 
d e s i g n e d which c o n s i s t e d of an aluminum m e t a l l i z e d s i l i c o n d i e 
( 0 . 2 χ 0 . 2 " ) t o which o n e - m i l diameter g o l d w i r e s were u l t r a - ' 
s o n i c a l l y bonded. Each d i e c o n t a i n e d k2 bond p a i r s (Qk bonds) 
and was mounted i n a i+ 2-lead ceramic package. T h i s c o n f i g u r a t i o n 
p r o v i d e d f o r easy e l e c t r i c a l measurement of each bond p a i r and 
d i a g n o s t i c e v a l u a t i o n o f t h e bonds. E i g h t packages were p r e 
p a r e d f o r each c o a t i n g . Bonds were n o n d e s t r u c t i v e l y p u l l t e s t e d 
t o two grams b e f o r e c o a t i n g  t e s t commonl d t  t h e i
i n i t i a l i n t e g r i t y . E l e c t r i c a
a l l bonds p r i o r t o c o a t i n g
c y c l e s from - 6 5 t o 1 5 0°C, and a f t e r h u m i d i t y exposure. The 
c o a t i n g s were a p p l i e d by b o t h f l o w c o a t i n g and s p r a y i n g . The 
s i l i c o n e co-polymer and Halocarbon 1 5 - 0 0 were s e l e c t e d as t h e 
best c a n d i d a t e s t o f o r m u l a t e m i x t u r e s and were f o r m u l a t e d i n 
1 : 1 , 2 : 1 , and 3 : 1 r a t i o s , r e s p e c t i v e l y . 

R e s u l t s o f Wire Bond S t r e s s T e s t s 

C o n s i d e r a b l e d i f f e r e n c e s were found between t h e f l o w c o a t e d 
and spray c o a t e d packages. Flow c o a t i n g s r e s u l t e d i n b r i d g i n g 
between w i r e s and between w i r e s and t h e base o f t h e package, 
whereas spray c o a t i n g c o n t r o l l e d t h e t h i c k n e s s b e t t e r and b r i d g 
i n g was a v o i d e d . A f t e r 1 0 0 temperature c y c l e s , 2k w i r e bond 
f a i l u r e s out o f 5 7 6 (~k%) were noted i n t h e f l o w c o a t e d samples 
and a l l f a i l u r e s o c c u r r e d i n l e a d s b r i d g e d by t h e c o a t i n g . No 
f a i l u r e s were noted i n t h e spray c o a t e d packages. Upon comple
t i o n o f t h e temperature c y c l i n g t e s t s , t h e c o a t e d packages and 
uncoated c o n t r o l s were s u b j e c t e d t o a 1 0-day c y c l i c h u m i d i t y 
t e s t and a g a i n bond r e s i s t a n c e s were measured. No changes i n 
e l e c t r i c a l r e s i s t a n c e s o c c u r r e d , nor were t h e r e changes i n t h e 
appearance o f t h e c o a t i n g s o r evidenc e o f c o r r o s i o n . 

E f f e c t s o f C o a t i n g s on D e v i c e s 

Because unpackaged a c t i v e and p a s s i v e d e v i c e s i n c h i p form 
a r e used i n h y b r i d m i c r o c i r c u i t s , t h e y a r e v e r y s e n s i t i v e t o 
i o n i c c o ntaminants, a c i d i c o r a l k a l i n e i m p u r i t i e s , and m o i s t u r e . 
C o a t i n g s a p p l i e d t o such s u r f a c e s must be o f a h i g h e r p u r i t y 
t h a n t h o s e f o r t h e more c o n v e n t i o n a l e l e c t r o n i c a s s e m b l i e s . I t 
was t h e r e f o r e n e c e s s a r y t o a s s e s s t h e e f f e c t s o f t h e c o a t i n g s 
on t h e e l e c t r i c a l parameters o f a v a r i e t y o f e l e c t r o n i c d e v i c e s . 
F o r t h i s purpose, a t e s t c i r c u i t was d e s i g n e d which c o n t a i n e d a 
v a r i e t y o f d e v i c e s e s p e c i a l l y s e l e c t e d f o r t h e i r s e n s i t i v i t y t o 
s u r f a c e c o n t a m i n a t i o n ( F i g u r e h). The c i r c u i t was d e s i g n e d t o 
p e r m i t b i a s i n g and t e s t i n g o f t h e i n d i v i d u a l d e v i c e s . I n t h e 
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c i r c u i t , r e s i s t o r s R l t h r o u g h B.k are PdAg-Pd o x i d e t h i c k - f i l m 
c h i p r e s i s t o r s . Two of t h e t h i c k f i l m r e s i s t o r s a r e g l a s s i v a t e d 
and two a r e u n g l a s s i v a t e d . R e s i s t o r s R5 t h r o u g h R8 a r e t h i n - f i l m 
nichrome c h i p r e s i s t o r s . Two o f th e s e a r e a l s o g l a s s i v a t e d and 
two u n g l a s s i v a t e d . T r a n s i s t o r s Q l and Q2 are mesa t r a n s i s t o r s , 
2NC5975 5 w i t h u n p a s s i v a t e d j u n c t i o n s . T r a n s i s t o r s Q3 t h r o u g h Q6 
are j u n c t i o n f i e l d e f f e c t t r a n s i s t o r s , 2N^391. Z l and Z 2 a r e 
o p e r a t i o n a l a m p l i f i e r s , LM7^1. The two op amps a r e g l a s s i v a t e d . 
Two o f t h e JFETs a r e g l a s s i v a t e d and two are u n g l a s s i v a t e d . The 
i n t e r d i g i t a t e d c a p a c i t o r has 2.5 m i l s p a c i n g s and was used f o r 
i n s u l a t i o n r e s i s t a n c e and breakdown v o l t a g e measurements. T h i n 
f i l m m e t a l l i z a t i o n i s n i c h r o m e / n i c k e l / g o l d . P a r t s and d e v i c e s 
used i n t h e t e s t c i r c u i t a r e g i v e n below: 

- PdAg/Pd o x i d e t h i c k f i l m r e s i s t o r s (1+50 ohms +20$  500 
ohms/square, g l a s s i v a t e

- T h i n - f i l m nichrom
u n g l a s s i v a t e d , c h i p t y p e , H y b r i d Systems P a r t No. UHR-5E-
500-3-N). 

- J u n c t i o n f i e l d e f f e c t t r a n s i s t o r s , 2N^391 5 g l a s s i v a t e d 
and u n g l a s s i v a t e d . 

- O p e r a t i o n a l a m p l i f i e r s , IMjkl, g l a s s i v a t e d . 
- Mesa t r a n s i s t o r s , 2 N C 5 9 7 5 , w i t h u n p a s s i v a t e d j u n c t i o n s . 
- I n t e r d i g i t a t e d t h i n f i l m g o l d c a p a c i t o r , 2.5 m i l s p a c i n g — 

f o r i n s u l a t i o n r e s i s t a n c e measurements. 
- Complementary m e t a l o x i d e semiconductor, CDUOOl. 
- Package, 63 p i n , Tekform P a r t Nos. 35019, 35021 and 

35029-2, seam s e a l e d . 
- S u b s t r a t e , 1.600" χ 0.775" x 0.027", MRC S u p e r s t r a t e , 

99% a l u m i n a . 
- Wire bonds, aluminum and g o l d w i r e s , u l t r a s o n i c and/or 

t h e r m a l l y bonded. 
High S t r e s s A c c e l e r a t e d T e s t s 

S i x t e e n c o a t e d t e s t c i r c u i t s ( e i g h t per c o a t i n g ) p l u s e i g h t 
uneoated c o n t r o l s were s u b j e c t e d t o h i g h s t r e s s a c c e l e r a t e d t e s t 
c o n d i t i o n s c u r r e n t l y s p e c i f i e d i n MIL-STD-883B. One-half of t h e 
coate d c i r c u i t s were p u r p o s e l y seeded w i t h c o n d u c t i v e p a r t i c l e s . 
The samples were s e r i a l l y s u b j e c t e d t o m e c h a n i c a l shock (1500 g, 
5 t i m e s ) , c o n s t a n t a c c e l e r a t i o n (10,000 g ) , h i g h temperature 
s t o r a g e (lOOO h r s / l 5 0 ° C ) , and th e n e l e c t r i c a l l y t e s t e d a t 25°C 
and 125°C. E l e c t r i c a l measurements i n c l u d e d : t h i c k and 
t h i n f i l m r e s i s t a n c e ; mesa t r a n s i s t o r s ( b e t a , l e a k a g e ) ; JFETs 
( z e r o g a t e d r a i n c u r r e n t ) ; op amps (V___, 0 1_ m, I -) ; CMOS ( q u i e s -

cent c u r r e n t ) ; i n s u l a t i o n r e s i s t a n c e ; breakdown v o l t a g e . 

Burn-In and O p e r a t i n g L i f e T e s t s 

A second set of t e s t specimens were s u b j e c t e d t o t h e b u r n - i n 
t e s t per MIL-STD-883B, Method 1015-2, C o n d i t i o n A, f o r 2k0 hours 
at 125°C f o l l o w e d by t h e o p e r a t i n g l i f e t e s t per MIL-STD-883B, 
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Method 1005.2, C o n d i t i o n A, 1000 hours a t 125°C. A l l o f t h e 
a c t i v e d e v i c e s were r e v e r s e b i a s e d d u r i n g t h e t e s t s and t h e t h i c k 
and t h i n f i l m r e s i s t o r s were s u b j e c t e d t o a co n t i n u o u s v o l t a g e 
t o e v a l u a t e e l e c t r o l y t i c e f f e c t s o f t h e c o a t i n g s . E l e c t r i c a l 
t e s t s were performed a f t e r t h e b u r n - i n t e s t and a t l 6 8 , 50U, and 
1000 hours f o r t h e o p e r a t i n g l i f e t e s t . Leak t e s t s and p a r t i c l e 
t e s t s were a l s o conducted a f t e r t h e b u r n - i n and o p e r a t i n g l i f e 
t e s t s . 

R e s u l t s o f E l e c t r i c a l T e s t s 

The e l e c t r i c a l parameters f o r a l l d e v i c e s measured a f t e r 
m e c h a n i c a l shock, c o n s t a n t a c c e l e r a t i o n , and h i g h temperature 
s t o r a g e were w i t h i n s p e c i f i c a t i o
Pd/Ag/Pd o x i d e r e s i s t o r s
uncoated c o n t r o l samples so changes c o u l d not be a t t r i b u t e d t o 
t h e c o a t i n g . F o r t u n a t e l y , t h i s t y p e o f r e s i s t o r i s no l o n g e r 
w i d e l y used i n h y b r i d m i c r o c i r c u i t s . There was no evidence o f 
p a r t i c l e induced s h o r t s i n any o f t h e h y b r i d s . 

Summary o f R e s u l t s 

1. Low-to-medium m o l e c u l a r w e i g h t , u n c r o s s l i n k e d s i l i c o n e s 
and h a l o c a r b o n s were e v a l u a t e d as s o l v e n t s o l u b l e c o a t i n g s t o 
i m m o b i l i z e p a r t i c l e s on h y b r i d m i c r o c i r c u i t s . C h e m i c a l , t h e r m a l , 
and e l e c t r i c a l c h a r a c t e r i z a t i o n of t h r e e s i l i c o n e s , f o u r h a l o -
c a r b o n s , and t h r e e m i x t u r e s r e s u l t e d i n t h e s e l e c t i o n o f a b l o c k 
co-polymer of d i m e t h y l s i l o x a n e w i t h α-methylstyrene and a 3:1 
m i x t u r e of t h i s w i t h a h a l o c a r b o n wax as t h e be s t c o a t i n g s f o r 
th e a p p l i c a t i o n . 

2. The c o a t i n g s d i d not degrade f i n e w i r e bonds, p r o v i d e d 
t h a t b r i d g i n g between t h e w i r e s or from t h e w i r e s t o t h e package 
or d e v i c e d i d not oc c u r . The c o a t i n g s s h o u l d be s p r a y a p p l i e d 
t o a d r i e d f i l m t h i c k n e s s o f 0.001 t o 0.0038 cm (O.OOOt t o 0.0015 
i n c h ) t o a v o i d b r i d g i n g . 

3. The c o a t i n g s had no adverse e f f e c t s when p r o p e r l y a p p l i e d 
as c o a t i n g s t o t h e h y b r i d m i c r o c i r c u i t d e v i c e s t e s t e d i n t h i s 
study. Coated e l e c t r o n i c d e v i c e s a f t e r 12U0 hours o f b u r n - i n 
at 125°C showed no e l e c t r i c a l f a i l u r e s due t o e i t h e r t h e presence 
of m o b i l e i o n s o r o t h e r i m p u r i t i e s i n t h e c o a t i n g s . 

k. The c o a t i n g s c o u l d be e a s i l y removed w i t h t r i c h l o r o t r i -
f l u o r o e t h a n e (Freon TF) i n a two-chamber, immersion degreaser or 
i n a S o x h l e t e x t r a c t o r . The use of t h e s e c o a t i n g s f o r p a r t i c l e 
i m m o b i l i z a t i o n i n m i c r o c i r c u i t s p e r m i t s " h a n d s - o f f " removal f o l 
lowed by s t a n d a r d rework and r e c o a t i n g p r o c e d u r e s . 

5. The c o a t i n g s e f f e c t i v e l y i m m o b i l i z e d p a r t i c l e s i n t r o d u c e d 
i n t o packages e i t h e r b e f o r e or a f t e r c o a t i n g a p p l i c a t i o n . 

R E C E I V E D A p r i l 8, 1980. 
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Acetylene-Substituted Polyimides as Potential High-
Temperature Coatings 

N. BILOW 
Hughes Aircraft Company, Culver City, CA 90230 

Early in 1969, research was initiated, under U.S. A i r Force 
Materials Laboratory sponsorship1, aimed at the development of a 
new concept for chain extending and curing high temperature 
polymers, v ia an addition process. The need for such a process 
was apparent since u n t i l that time high temperature polymers such 
as polyimides, polyquinoxalines, polybenzimidazoles, e tc . , were 
all produced by condensation reactions which liberated large 
quantities of volatile byproducts during the polymerization, or 
cure. When prepolymers of these condensation polymers were used 
as molding compounds or laminating resins, they yielded porous 
structures with strengths and thermal oxidative stabilities wel l 
below that which would be expected from theoretical considerations 
and wel l below that which would have been observed with nonporous 
structures. Furthermore, high molecular weight polyheterocyclics 
invariably were too intractable to fabricate into thick structures. 

After evaluating several potential cure concepts, it was 
found that uncatalyzed acetylene-terminated polyimide prepolymers 
could be chain extended and cured at temperatures of 200°C or 
above. I t was furthermore discovered that high strength poly
imides could be produced having thermal s t ab i l i t i e s at least 
equivalent to those of conventional condensation type polyimides; 
thus, the polymerized acetylene groups had a high degree of 
thermal s t a b i l i t y . This suggested that aromatic moieties were 
being produced. Support for this conclusion was provided at 
Hughes i n a cursory study of one model compound which trimerized 
when heated in the absence of catalysts, producing a benzenoid 
structure. However, an in-depth study of this homopolymerization 
was f i r s t conducted by P. Hergenrother 

0-8412-0567-l/80/47-132-139$05.00/0 
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In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



140 RESINS F O R A E R O S P A C E 

Having made t h i s d i s c o v e r y , v a r i o u s types o f e t h y n y l -
s u b s t i t u t e d p o l y i m i d e prepolymers were s y n t h e s i z e d , molded i n t o 
v o i d - f r e e neat r e s i n specimens, and e v a l u a t e d as t o t h e i r mechani
c a l p r o p e r t i e s . G l a s s and g r a p h i t e - f a b r i c r e i n f o r c e d composites 
were a l s o f a b r i c a t e d and t e s t e d and shown t o r e t a i n h i g h s t r e n g t h s 
a t temperatures up t o 370°C I n g r a p h i t e f i b e r r e i n f o r c e d compos
i t e s , up t o 75% o f the f l e x u r a l s t r e n g t h was r e t a i n e d a f t e r a g i n g 
i n a i r f o r 1000 hours a t 320°C 

E a r l y d e s c r i p t i o n s o f t h i s work were f i r s t p u b l i s h e d i n a 
s e r i e s o f l i m i t e d d i s t r i b u t i o n U.S. A i r Force c o n t r a c t summary 
r e p o r t s , ! but the f i r s t p u b l i c d i s c l o s u r e d i d not o c c u r u n t i l 
1974.3. Subsequent papers were p r e s e n t e d a t meetings of the S o c i 
e t y f o r the Advancement o f M a t e r i a l s and Pr o c e s s E n g i n e e r i n g 
(SAMPE) .-4*5>6 Subsequently updated papers were p r e s e n t e d a t the 
American Chemical S o c i e t
H a w a i i . These papers p r o v i d e
V a r i o u s U.S. and f o r e i g n p a t e n t s have a l s o been issued^- and subse
q u e n t l y have been l i c e n s e d t o the G u l f O i l Chemical Company, 
Hous t o n , Texas. 

D i s c u s s i o n 

Two s e r i e s o f p o l y i m i d e prepolymers w i t h t e r m i n a l a c e t y l e n e 
groups were s y n t h e s i z e d from monomers such as those i l l u s t r a t e d i n 
C h a r t s I and I I . Both i m i d i z e d prepolymers and t h e i r amic a c i d p r e 
c u r s o r s are s o l u b l e i n dimethy1formami de or n - m e t h y l p y r r o l i d i n o n e 
and the s o l u t i o n s can be used as v a r n i s h e s f o r the p r e p a r a t i o n of 
c o a t i n g s , a d h e s i v e s , composite s o l i d l u b r i c a n t s , and g l a s s o r 
g r a p h i t e f a b r i c r e i n f o r c e d l a m i n a t e d s t r u c t u r e s . S o l v e n t s such as 
t e t r a h y d r o f u r a n and acetone can o f t e n be used when the p a r e n t d i a n 
h y d r i d e c o n t a i n s c e n t r a l groups such as 0, CH2, S, C(CF3>2 and 
c e r t a i n o t h e r m o i e t i e s (see C h a r t s I and I I ) . Prepolymer of the 
g e n e r a l t y p e , i l l u s t r a t e d i n F i g u r e 1 (wherein n = l ) , m e l t s a t 
195°C -198°C, and when cured a t 250°C, and subs e q u e n t l y p o s t c u r e d 
f o r 10 hours a t 370°C, has a g l a s s t r a n s i t i o n temperature (Tg) as 
h i g h as 370°C. Less severe p o s t c u r e s g i v e lower Tg r e s i n s as 
shown i n Table I . M e c h a n i c a l p r o p e r t i e s of the cured polymer I 
(wherein n=l) a r e shown i n Table I I . (compound I (wherein n=l) 
o r i g i n a l l y was d e s i g n a t e d HR600 by t h e au t h o r b u t the polymer i s 
c u r r e n t l y marketed under the G u l f O i l Chemical Co. t r a d e name 
"Thermid 600". When n=2, the o l i g o m e r i s d e s i g n a t e d HR602. 
Higher telomere have been d e s i g n a t e d i n an analogous mannerJ 

Thermogravimetric a n a l y s i s i n a i r i n d i c a t e s t h a t the cured 
polymer i s s t a b l e t o over 400°C a l t h o u g h l o n g term (1000 hour) a i r 
exposure of g r a p h i t e f i b e r r e i n f o r c e d l a m i n a t e s a t 316 C shows 
t h a t s t r e n g t h r e t e n t i o n i s a t b e s t 75%, depending upon the s p e c i 
f i c type o f g r a p h i t e f i b e r r e i n f o r c e m e n t used. T h i s i s evidenced 
i n F i g u r e 3. 
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TABLE I . GLASS TRANSITION TEMPERATURES OF POLYIMIDE (FIG 1» 
η =1) CURED UNDER VARIOUS CONDITIONS 

P o s t c u r e C o n d i t i o n s 
Time, h r m ο Λ Temp., C Tg, °C 

40 290 285 
40 320 295 
40 340 310 
40 370 320 
40 400 340 

These v a l u e s , o b t a i n e d by thermomechanical a n a l y s i s , were somewhat 
lower (20-25°C) than those o b t a i n e d by dynamic methods. 

TABLE I I . MECHANICAL 
POLYIMIDE 

PROPERTIES OF CURED 
I (n=l) (5) 

P r o p e r t y 

T e n s i l e S t r e n g t h 14,000 p s i 
T e n s i l e Modulus 550,000 p s i 
E l o n g a t i o n 2.6% 
F l e x u r a l S t r e n g t h 18,000-21,000 p s i 
F l e x u r a l Modulus 650,000 p s i 
Compressive S t r e n g t h Up t o 66,000 p s i 
Hardness ( B a r c o l ) 85 

SAMPE 

D i f f e r e n t i a l thermal a n a l y s i s i n d i c a t e s a two s t e p p o l y m e r i 
z a t i o n , s i n c e a s m a l l exotherm i s observed a t about 200 C and a 
major exotherm a t 240-260°C. T h i s c o n c l u s i o n i s s u p p o r t e d by 
p o l y m e r i z a t i o n mechanism s t u d i e s o f E.G. Jones, e t . a l . 2 - P r e p o l y 
mers have g e n e r a l l y been molded and cured a t the l a t t e r tempera
t u r e , and s u b s e q u e n t l y p o s t c u r e d i n a i r f o r 8-10 hours a t 370 C. 
The l a t t e r treatment has been found d e s i r a b l e when optimum l o n g 
term h i g h temperature s t a b i l i t y i s t o be r e a l i z e d . 

H i g h e r degree o f p o l y m e r i z a t i o n prepolymers o f the type i l l u 
s t r a t e d i n F i g u r e 1 ( t o n=14) have T g f s which a r e p r o g r e s s i v e l y 
lower as the degree o f p o l y m e r i z a t i o n i n c r e a s e s (see Table I I I ) ; 
t h u s , t h e i r maximum p o t e n t i a l h i g h temperature c a p a b i l i t y i s com
promised depending upon the a p p l i c a t i o n . Polymers w i t h the h i g h e r 
η v a l u e s ( e . g . , n=5) have p r o v i d e d f i l m s i n s t u d i e s conducted 
to d a t e . 
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(Polymide I) 

Figure 1. Prepolymer of the general type 

o ô 

Polyimide II 

Figure 2. Four acetylene-substituted polyimide oligomers 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



13. B i L o w Acetylene-Substituted Polyimides 145 

TABLE I I I . T g f s AS A FUNCTION OF η 
(HR 600 TYPE PREPOLYMERS) 

η Tg, °c 
1 320 
2 268 
3 254 
5 240 

P o s t c u r e s a t 340°C i n a i r 

The a c e t y l e n e - s u b s t i t u t e
gous to t h a t o f F i g u r e
of 4 di a m i n e s , 6 d i a n h y d r i d e s , and 2 a m i n o a r y l a c e t y l e n e s . S t r u c 
t u r e s of the monomers used a r e i l l u s t r a t e d i n C h a r t s I and I I . 
S e v e r a l o f the a c e t y l e n e - s u b s t i t u t e d p o l y i m i d e o l i g o m e r s ( C h a r t I ) 
were made w i t h o u t a diamine. Four o f these a r e i l l u s t r a t e d i n 
F i g u r e 2. Prepolymers o f t h i s l a t t e r type a r e s o l u b l e i n acetone 
and t e t r a h y d r o f u r a n , thus a l l o w i n g them to be used i n acetone-
based v a r n i s h e s o r c o a t i n g s . 

D i e l e c t r i c p r o p e r t i e s o f the p o l y i m i d e o f F i g u r e l ( n = l ) were 
a l s o measured and found to be v i r t u a l l y c o n s t a n t over the tempera
t u r e range o f 20-320°C and frequency range o f 9.0-12 GHZ. The 
d i e l e c t r i c c o n s t a n t was 3.13 +0.01 and the d i s s i p a t i o n f a c t o r was 
0.5 +0.1. 

Prepolymers o f s t r u c t u r e I were a l s o found u s e f u l as adhe s i v e s 
f o r t i t a n i u m . T y p i c a l T i - T i l a p shear s t r e n g t h s depended upon the 
s p e c i f i c s t r u c t u r e , b ut t y p i c a l v a l u e s were as f o l l o w s : 

Lap Shear 
Temperature Range, °C S t r e n g t h s , p s i 

n = 1 20-260°C 1200-2100 
n = 2 20-260°C 1600-3600 
* 20-260°C 2700-4200 

[^ F i g u r e 1, n = l , w i t h the t e r m i n a l ethynylpheny groups r e p l a c e d ! 
by 3,3'-ethynylphenoxyphenyl. J 

A comprehensive r e v i e w o f the adhe s i v e r e s e a r c h r e s u l t s has 
r e c e n t l y been s u b m i t t e d f o r p u b l i c a t i o n . l u 

The s t r e n g t h range i n d i c a t e d i n c l u d e s i n i t i a l ambient temper
a t u r e v a l u e s as w e l l as v a l u e s o b t a i n e d a f t e r 1000 h r s . aging a t 
260 C. Long term use a t the l a t t e r temperature thus i s h i g h l y 
p r a c t i c a l . 

F l e x u r a l s t r e n g t h s o f g r a p h i t e f i b e r r e i n f o r c e d composites 
were measured b e f o r e , d u r i n g , and a f t e r p r olonged t h e r m a l a g i n g i n 
a i r a t 316 C. R e s u l t s o f these t e s t s a r e shown i n F i g u r e s 3 and 4. 
The study demonstrated t h a t u s e f u l p r o p e r t i e s a r e m a i n t a i n e d over 
the l o n g term. 
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HRS IN AIR AT316°C 

SAMPE 
Figure 3. Flexural strength retention of graphite fiber-reinforced laminates made 

from prepolymer I (n = 1) (6). Refer to Figure 1. 

200 
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P o l y i m i d e I (n=l) n ot o n l y has been used to prepare h i g h 
s t r e n g t h g l a s s and g r a p h i t e f i b e r r e i n f o r c e d l a m i n a t e s , but a l s o 
has p r o v i d e d v e r y h i g h compressive s t r e n g t h m o l d i n g s , and h i g h 
performance composite s o l i d l u b r i c a n t s . 

I n t e r l a m i n a r shear s t r e n g t h s o f C e l i o n 3000 g r a p h i t e f i b e r 
r e i n f o r c e d l a m i n a t e s made from P o l y i m i d e I (n=l) were measured as 
a f u n c t i o n o f b o t h t h e r m a l a g i n g and h u m i d i t y exposure a t 70 C and 
95% R.H. R e s u l t s o f these t e s t s a r e shown i n F i g u r e 5. I t i s e v i 
dent from t h i s study t h a t even a f t e r 1000 hours o f continuo u s expo
s u r e , over 50% o f the i n i t i a l s t r e n g t h i s r e t a i n e d . 

M e c h a n i c a l p r o p e r t i e s o f o t h e r c u r e d p o l y i m i d e s o f the type 
i l l u s t r a t e d i n F i g u r e 1 v a r y w i t h the degree o f o l i g o m e r i z a t i o n as 
shown i n Ta b l e s IV, V, and V I . Table IV l i s t s m e c h a n i c a l p r o p e r t i e s , 
T a b l e V shows the v a r i o u s g l a s s t r a n s i t i o n t emperatures, and Ta b l e 
VI shows t y p i c a l g e l t i m e s
i t i s a n t i c i p a t e d t h a t polymer
be most s a t i s f a c t o r y , s i n c e such m a t e r i a l s have a lower c r o s s l i n k 
d e n s i t y and tend to be tougher. 

TABLE IV. MECHANICAL PROPERTIES AS A FUNCTION OF η 

HR600 TYPE PREPOLYMERS (STRUCTURE I) 

T e n s i l e 
S t r e n g t h , Modulus, 

KPSI MPSI E l o n g a t i o n , 7 

η 20°C 200°C 20°C 200°C 20°C 200°C 250°C 

1 14 14.0 0.55 0.5 2.6 
2 17 6.6 0.55 0.3 3.6 3.5 8.6 
3 14 6.1 0.55 0.3 2.8 3.0 10.4 
4 19 6.0 0.55 0.3 4.8 4.8 8.4 

TABLE V. Tg f s AS A FUNCTION 
OF η 

TABLE V I . GEL TIME AS A FUNCTION 
OF η 

η Tg, °c 
1 320 
2 268 
3 254 
5 240 

P o s t c u r e s a t 340°C, 
S t r u c t u r e I 

η Time, Sec 

1 180 
3 275 
5 399 

14 288 

G e l time a t 250°C, 
S t r u c t u r e I 

American Chemical 
Society Library 

1155 1Cth S t U. l¥. 
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CELION 3000
REINFORCE

400 600 
THERMAL AGING PERIOD, HRS. 

Figure 5. Interhminar shear strength as a function of air and humidity aging 

Figure 6. Structure I polymer adherent coatings on selected equipment 
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Research conducted t o date a l s o has i n c l u d e d an i n v e s t i g a t i o n 
o f f l u i d i z e d bed c o a t i n g o f aluminum w i r e . T h i s i n v e s t i g a t i o n was 
performed w i t h Polymer I (n=l) by drawing heated w i r e through a 
T e f l o n TFE d i e w h i l e h e a t i n g the prepolymer a t 188 C. The c o a t i n g 
produced was o f u n i f o r m t h i c k n e s s and adhered w e l l t o the aluminum 
w i r e . Another s t u d y i n v o l v e d the c o a t i n g o f i r o n p i p e w i t h a 5% 
s o l u t i o n o f polymer I (n=l) i n dimethylformamide. C o a t i n g s were 
a i r d r i e d , then cured a t 250°C, and s u b s e q u e n t l y p o s t c u r e d up t o 
320 C. Adherent c o a t i n g s produced from the polymer of s t r u c t u r e I 
(n=l) have a l s o been a p p l i e d t o both c o n t r o l v a l v e s and pump i m p e l 
l e r s as shown i n F i g u r e 6; however, the e v a l u a t i o n o f these c o a t 
i n g s has n o t y e t been completed. 

S y n t h e s i s Procedure 

I m i d i z e d prepolymer
s o l u t i o n o f d i a n h y d r i d e i n N - m e t h y l p y r r o l i d i n o n e (NMP) w i t h a 10% 
s o l u t i o n o f the diamine i n the same s o l v e n t . A f t e r s t i r r i n g f o r 
1/2-1 hour a t ambient temperature, the e t h y n y l a t e d amine i n NMP 
was added, and the r e a c t i o n was a l l o w e d t o c o n t i n u e f o r 1/2 hour. 
The m i x t u r e s were heated and s u f f i c i e n t benzene was added t o a d j u s t 
the b o i l i n g p o i n t t o 150 C. When water e v o l u t i o n ceased (4-6 
h o u r s ) , the m i x t u r e s were c o o l e d , s o l v e n t was removed on a r o t a r y 
e v a p o r a t o r , and the r e s i d u a l o l i g o m e r was s u b s e q u e n t l y t r i t u r a t e d i n 
e t h a n o l , then d r i e d . 

Summary 

Fo u r t e e n t h e r m o s e t t i n g a c e t y l e n e - s u b s t i t u t e d p o l y i m i d e p r e 
polymers were s y n t h e s i z e d and e v a l u a t e d as t o t h e i r t h e r m a l p r o p e r 
t i e s , s o l u b i l i t y , and i n some cases m e c h a n i c a l p r o p e r t i e s . Cured 
r e s i n T g f s ranged from 212-410°C Low b o i l i n g s o l v e n t s such as 
acetone and t e t r a h y d r o f u r a n were u s e a b l e i n some c a s e s , opening up 
the p o s s i b i l i t y of p r o d u c i n g s o l v e n t based c o a t i n g s f o r 300-370 C 
a p p l i c a t i o n s . C o a t i n g s prepared t o date have shown c o n s i d e r a b l e 
promise a l t h o u g h the f i r s t comprehensive paper on t h e i r p r o p e r t i e s 
w i l l not be p u b l i s h e d u n t i l mid 1980. 
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Development of Launch-Tube-Mounted Polyurethane 
Seals for Missile Launch Systems 

JOSEPH F. MEIER, GEORGE E. RUDD, ALBERT J. MOLNAR, 
DONALD D. JERSON, and MORRIS A. MENDELSOHN 

Westinghouse Research and Development Center, Pittsburgh, PA 15235 

GIRARD Β. ROSENBLATT 
Marine Division, Westinghouse Electric Corporation, Sunnyvale, CA 94086 

Over the l a s t 15 years , s c i e n t i s t s and engineers at West
inghouse Electric Corporation have been involved with polymer 
developments for m i s s i l e launch systems. The subject areas in
vestigated are flexible urethane foam (1,2), rigid-ductile p o l y 
urethane foam (3), rigid-brittle phenolic foam (4-8), neoprene 
launch tube l i n e r pads (9,10,11,12), cast polyurethane launch 
tube l i n e r pads (13,14,15,16), cast polyurethane launch seals 
(17,18,19), and creep res is tant EPDM m i s s i l e support pads (20). 
A schematic of a t y p i c a l launch system giving the locat ion of 
some of these materials i s shown i n Fig. 1. 

A recent area of invest igat ion deals with both launch tube
-mounted and missile-mounted seals . These seals span the annular 
space between m i s s i l e and launch tube and re ta in eject gases dur
ing launch. The eject system may be ei ther a "cold launch" i n 
which a gas generator or rocket motor accelerates the miss i le to 
launch v e l o c i t y . 

This paper concerns launch tube-mounted seals and defines 
seal performance i n terms of the EI charac ter i s t i cs of candidate 
materials (E = modulus and I = moment of i n e r t i a ) . We also i n t r o 
duce the concept of push-through test ing of nominal o n e - i n . wide 
r a d i a l s t r i p s of seals , describe pressure test ing of two-ft . d i a 
meter seals of various cross sect ion, discuss the importance of 
seal cross sect ional shape to include the humped-notched design, 
and show the inter re la t ionships of theory and experimental r e s u l t s . 
The preparation of f u l l scale 77 - in . diameter seals for simulated 
launch tests is also described. 

0-8412-0567-l/80/47-132-151$06.25/0 
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Figure 1. Location of polymeric components in the hunch tube environment 

(-.375 in. 

Figure 2. Nominal configuration of pres
ent lip-type hunch seals without pressure 

(seal cross-section A) 

t = .50 i n . 

W= 1.625-.375-o 
W = 1.000 i n . 
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E x p e r i m e n t a l Procedures 

F u n c t i o n a l Requirements o f Se a l s 

1. During launch the s e a l must n o t i n v e r t ( i . e . , f l i p ) un
t i l the m i s s i l e passes the s e a l . 

2. The s e a l must not m e c h a n i c a l l y o v e r l o a d the m i s s i l e s k i n , 

3. The s e a l must not bottom b e f o r e the shock pads ( i . e . , the 
bottomed t h i c k n e s s o f the shock pads i n the a n n u l a r gap 
between m i s s i l e and launch tube must be > than the b o t 
tomed s e a l t h i c k n e s s ) . 

4. E x c e s s i v e f r i c t i o
the s e a l . 

5. Launch p r e s s u r e o f the e x i s t i n g system i s ~100 p s i , but 
a t h e o r y s h o u l d be cap a b l e o f p r e d i c t i n g s e a l b e h a v i o r 
a t v a r i o u s launch p r e s s u r e s and gaps. 

T h e o r e t i c a l Developments. I n c o n s i d e r i n g a s e a l o f the c r o s s 
s e c t i o n shown i n F i g . 2, molded from the neoprene f o r m u l a t i o n g i v 
en i n Table I , two fundamental dimensions a r e d e f i n e d , WQ and X. 
WD i s the a n n u l a r gap between m i s s i l e and launch tube minus the 
d i s t a n c e from the launch tube bonding s u r f a c e t o the hinge p o i n t 
i n the t h r o a t o f the s e a l ( i . e . , 0.375-in.) minus the t h i c k n e s s 
o f the beam ( 0 . 5 - i n . ) d i v i d e d by 2, o r : 

W = 1.625-0.375-0.5 = 1.0 i n . 

For the system o f i n t e r e s t , the nominal WQ i s o n e - i n c h . X i s de
f i n e d as the e f f e c t i v e l e n g t h o f the l i p s e a l n e u t r a l a x i s i n 
terms o f bending (OT i n F i g . A o f Appendix 1 ) . Note t h a t X i s 
c o n s i d e r a b l y g r e a t e r than the a n n u l a r gap b e f o r e p r e s s u r i z a t i o n . 
A f t e r p r e s s u r i z a t i o n X becomes s m a l l e r , the s e a l deforms, takes on 
a humped η shape, and approaches WQ. 

Un i f o r m Beam A n a l y s i s . A u n i t r a d i a l s t r i p o f s e a l was ana
l y z e d as a u n i f o r m beam w i t h n e c e s s a r y e q u i l i b r i u m f o r c e s a t the 
p o i n t o f tangency where the s e a l i s assumed to be p a r a l l e l to the 
m i s s i l e . The d e r i v a t i o n i s g i v e n i n Appendix 1. These c o n d i t i o n s 
a r e met when a n u m e r i c a l l y o r g r a p h i c a l l y s o l v e d t r a n s c e n d e n t a l 
f u n c t i o n g(J?) e q u a l s z e r o , where A i s t r e a t e d as the independent 
v a r i a b l e . 

S o l u t i o n s o b t a i n e d by simu 1 t a n e o u s l y s a t i s f y i n g the above 
c o n d i t i o n s ( i . e . , when g(J^) = 0) a r e shown i n F i g . 3. I t i s i n 
t e r e s t i n g to note from F i g . 3 how th e o r y p r e d i c t s , f o r a t y p i c a l 
s e t o f d a t a , and a s t a t i o n a r y m i s s i l e , t h a t between 160 and 165 
p s i l aunch p r e s s u r e , the no s o l u t i o n case ( i . e . , a f l i p c o n d i t i o n ) 
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TABLE I 
NEOPRENE L I P SEAL FORMULATION 

I n g r e d i e n t 
Neoprene W 100 49.2 
S t e a r i c A c i d 1.0 0.49 
A k r o f l e x CD 2.0 0.98 
MgO 4.0 1.96 
Andrez 8000AE 40.0 19.56 
H i S i l 233 40.0 19.56 
ZnO 5.0 2.45 
Carbon B l a c k N-326 5.0 .245 
C i r c o L i g h t P r o c e s s O i l 2.5 1.23 
Cumar P-10 2.5 1.23 
B e n z o t h i a z y l D i s u l f i d e 0.5 0.25 
T e t r a m e t h y l t h i u r a m M o n o s u l f i d e 0.5 0.25 
S u l f u r 1.0 0.49 

204.0 100.1% 

P r o d u c t i o n 
Cure C o n d i t i o n s 90 mins @ 302°F (150°C) 
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i s reached p r i o r t o the t h e o r e t i c a l b u c k l i n g l o a d . (For a moving 
m i s s i l e , the v a l u e would be 1/2 o f these v a l u e s . ) 

Taking s o l u t i o n s from F i g . 3, i t i s p o s s i b l e t o c o n s t r u c t a 
p l o t o f launch p r e s s u r e , p^ v s . W , as shown i n F i g . 4. I t sho u l d 
be noted t h a t p£ i s v e r y dependent on the " e f f e c t i v e E I c h a r a c t e r 
i s t i c " . S ince modulus v a r i e s w i t h s t r a i n and s t r a i n r a t e , some 
u n c e r t a i n t y e x i s t e d as to which modulus i s a p p r o p r i a t e . However, 
the c u r v e s o f F i g . 4 were c o n s t r u c t e d u s i n g an e f f e c t i v e Ε o f 
3,000 p s i as a lower l i m i t and Ε o f 27,000 p s i as an upper l i m i t . 
T e s t s i n d i c a t e the e f f e c t i v e modulus i s v e r y near the lower v a l u e 
f o r t h i s a n a l y s i s to compare f a v o r a b l y w i t h t e s t r e s u l t s a t s l i g h t 
l y g r e a t e r than nominal gaps (W Q«1.25 i n . ) . Furthermore, the 
a n a l y s i s i n d i c a t e d a sharper r i s e i n the i n v e r t p r e s s u r e c h a r a c t e r 
i s t i c s than t e s t r e s u l t

Non-uniform Beam A n a l y s i s . More r e c e n t work has been com
p l e t e d u s i n g a l a r g e bending a n a l y s i s which i n c l u d e s e q u a t i o n 12 
of Appendix 1 w i t h a v a r i a b l e I (non-uniform beam) t o r e f l e c t the 
actua1 s e a l c r o s s - s e c t i o n a l geometry. T h i s procedure i n v o l v e s a 
double n u m e r i c a l i n t e g r a t i o n o f e q u a t i o n 12 a l o n g w i t h an i t e r a 
t i v e scheme to s a t i s f y the e x t e r n a l f o r c e e q u i l i b r i u m and s l o p e 
c o n s t r a i n t a t the tangent p o i n t , T, on the m i s s i l e . R e s u l t s from 
t h i s a n a l y s i s a r e a l s o compared to the s t a t i o n a r y m i s s i l e t e s t 
r e s u l t s (on the t w o - f t . diameter p r e s s u r i z e d s e a l ) i n F i g . 5. 
A l s o , the c o r r e s p o n d i n g i n v e r t p r e s s u r e f o r a launch c o n d i t i o n 
where the f r i c t i o n f o r c e (μΝ i n F i g . A o f Appendix 1) between the 
m i s s i l e and s e a l r e v e r s e s d i r e c t i o n and reduces the i n v e r t p r e s 
sure i s shown. T h i s improved a n a l y s i s p r e d i c t s the s e a l i n v e r t 
p r e s s u r e throughout the f u n c t i o n a l range o f the m i s s i l e - s e a l gap 
w i t h o u t any v a r i a t i o n o f the modulus, Ε ( i . e . , an e f f e c t i v e o r 
v a r i a t i o n o f modulus i s n o t n e c e s s a r y as i n the u n i f o r m beam meth
od) . The r e q u i r e d m a t e r i a l modulus used i n t h i s a n a l y s i s i s v e r y 
near t o t h a t which wouId be o b t a i n e d from s t a n d a r d procedures 
( i . e . , from t e n s i l e o r bending t e s t specimen). 

Two-Foot Diameter S e a l T e s t i n g . To o b t a i n p r e s s u r e t e s t 
d a t a on t w o - f t . diameter s e a l s , i t was ne c e s s a r y to c o n s t r u c t 
s p e c i a l s e a l t e s t equipment. T h i s apparatus i s shown i n F i g s . 6 
and 7. 

The t e s t e r c o n s i s t s o f two c y l i n d e r s s e p a r a t e d by an a n n u l a r 
gap. The o u t s i d e c y l i n d e r corresponds to the launc h tube and the 
i n n e r c y l i n d e r corresponds to the m i s s i l e . The t e s t s e a l i s bond
ed to the launch tube u s i n g Chemlok 304 o r 305 ad h e s i v e (Hughson 
Chemical Co.). High p r e s s u r e N 2 gas from an accumulator i s dumped 
by a q u i c k r e l e a s e v a l v e through a m a n i f o l d to the a n n u l a r gap be
tween the s i m u l a t e d m i s s i l e and launch tube to p r e s s u r i z e the s e a l . 
U n l i k e a t r u e l a u n c h , the t e s t m i s s i l e remains s t a t i o n a r y d u r i n g 
the t e s t . D i f f e r e n t diameter " m i s s i l e s " a r e a v a i l a b l e to v a r y the 
a n n u l a r gap i n a c o n c e n t r i c manner, and the " m i s s i l e " can be l o -

In Resins for Aerospace; May, C.; 
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Figure S. Graphical illustration as the 
hunch pressure is increased and the no 

solution condition occurs 

Figure 4. Summary of seal invert con
ditions for a stationary missile using force 
equilibrium and simph uniform beam 

theory d y / d x = 0 

Figure 5. Theoretical pressure invert 
characteristics using hrge rotations and 
nonuniform beam theory for tapered 
beam hunch seal: (@) pressure tests of 
2-ft-diameter urethane seal (tapered 

beam) with stationary missile 

U r g e Rotations Non-Uniform Beam 

" m a x ' 2 0 0 * - 1 " 2 

Ε ~ 20,000 psi modulus 

Gap = W + .625 i n . 
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Direction Control Vaivt 
Parker-Hannifin 

4MD20AB10 

1 pint 
Accumulator ων! 
GE>-T-

tmosphere / ~ 

r 

Solenoid Valve 
Jackes-Evans 
Type D2FL3 

8-Way Manifold to 
Seal Test Section 

P j - Py Pressure Gages 

V . - V 7 : Manual Valves 

J LipSea 

è 

Parker-Hannifin Valve 
R C B F - 2 4 0 0 - S 

To Oscillograph 

ay, R I L L 
1 1.5vdc 

Atmosphere) 

L Compressed 
Nitrogen Gas 

1. Pressuriz
2. Pressuriz
3. Start oscillograph recorder 
4. Depress PB which simultaneously: 

a - energizes C I releasing A 2 against C 2 valve spool which releases 
A l into seal test section 

b - energizes S to release residual A2 pressure 
c - energizes R to give start-oHest marker on oscillogram 

5. Open V7 if seal hasn't flipped to read static seal pressure 
6. Open V6 to vent system 

Figure 6. Schematic of the 2-ft lip seal pressure test facility 

Figure 7. Two-foot-diameter seal test facility 
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Figure 8. Push-through test fixture mounted in an Instron Universal testing 
machine 

In Resins for Aerospace; May, C.; 
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c a t e d e c c e n t r i c a l l y to g i v e a non-uniform gap. S e a l v e r t i c a l de
f l e c t i o n was measured by an LVDT mounted i n c o n t a c t w i t h the top 
o f the s e a l . 

Push-Through T e s t i n g . A l t h o u g h good agreement was o b t a i n e d 
between t h e o r y and t w o - f t . diameter t e s t s , the expense o f the mold 
and time requirements n e c e s s i t a t e d the development o f a s i m p l e r 
t e s t method. To serve t h i s need, the push-through apparatus shown 
i n F i g . 8 was developed. Push-through t e s t s were conducted on 
nominal o n e - i n . wide r a d i a l s t r i p s o f neoprene l i p s e a l s bonded to 
a s t e e l mounting p l a t e and d e f l e c t e d a t 2-5 i n . / m i l a t any 
d e s i r e d gap. From these e x p e r i m e n t s , l o a d - d e f l e c t i o n d a t a were 
rec o r d e d a t v a r i o u j gaps, the peak loads c o n v e r t e d to p r e s s u r e by 
the formula ρ = — (se  R e s u l t d D i s c u s s i o  s e c t i o n ) d
pared to the t h e o r ^ whic
through t e s t s were a l s
p o l y u r e t h a n e s A and B, the f o r m u l a t i o n s o f which a r e g i v e n i n 
Table I I . T h i s m a t e r i a l was s e l e c t e d as the pri m a r y c a n d i d a t e 
m a t e r i a l because o f i t s o u t s t a n d i n g performance c h a r a c t e r i s t i c s 
and ease o f procurement and p r o c e s s i n g . 

Neoprene S e a l M a t e r i a l . The neoprene s e a l m a t e r i a l used i n 
much o f the e a r l y s e a l work was molded from the f o r m u l a t i o n g i v e n 
i n Table I . I t s p r o p e r t i e s a r e l i s t e d i n Table I I I . 

Cast P o l y u r e t h a n e S e a l M a t e r i a l s . Due to the expense r e l a t e d 
to molding t w o - f t . diameter neoprene s e a l s , we de c i d e d to prepare 
both s e a l segments and t w o - f t . diameter s e a l s from c a s t p o l y u r e 
thane. A l t h o u g h many p o l y r u e t h a n e f o r m u l a t i o n s were e v a l u a t e d , 
most work c e n t e r e d on the t h r e e p o l y u r e t h a n e f o r m u l a t i o n s g i v e n i n 
Table I I . These r e p r e s e n t a v e r y s o f t f o r m u l a t i o n , A, used p r i 
m a r i l y to check out the s e a l t e s t e r a t low p r e s s u r e s ; B, a m a t e r i 
a l w i t h a much h i g h e r modulus, c l o s e to the neoprene m a t e r i a l and 
C, a co m m e r c i a l l y a v a i l a b l e p o l y e t h e r prepolymer and cur e system 
from DuPont - Adip r e n e L-167/M0CA. 

P r o p e r t i e s o f these p o l y u r e t h a n e m a t e r i a l s a r e c o n t r a s t e d 
w i t h the neoprene p r o p e r t i e s i n Table I I I . 

S e a l Bottoming C h a r a c t e r i s t i c s . An im p o r t a n t c o n s i d e r a t i o n 
i n s e a l d e s i g n i s the f o r c e t h a t the s e a l e x e r t s on the m i s s i l e 
s k i n as the m i s s i l e - l a u n c h tube gap changes d u r i n g l a u n c h , h i g h 
seas, d o c k i n g , e t c . To measure t h i s f o r c e , a l a t e r a l e x c u r s i o n 
t e s t was employed. I n t h i s t e s t , a o n e - i n . wide s t r i p o f s e a l ma
t e r i a l i s bonded to a p l a t e and d e f l e c t e d i n an I n s t r o n as shown 
i n F i g . 9. A l t h o u g h conducted a t a low r a t e (2-5 i n . / m i n . ) , 
the l o a d v s . d i s p l a c e m e n t d a t a c o l l e c t e d a r e u s e f u l i n comparing 
m a t e r i a l s and geo m e t r i e s . More d e t a i l e d experiments have been 
conducted where the d i s t r i b u t i o n o f the t o t a l l a t e r a l f o r c e i s 
determined, but these measurements a r e not d e s c r i b e d i n t h i s pa
per. 

In Resins for Aerospace; May, C.; 
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Figure 9. Seal bottoming test: top, seal completely bottomed; bottom, seal posi
tion at nominal gap of 1.62 in. 

Figure 10. Peak push-through load as a 
function of annular gap for neoprene 
seal segments: (Φ) first cycle data; (A) 

second cycle data 

1.625 2.125 2.625 3.125 
Annular Gap, inch 

1.525 2.00 
W_, inch 
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T e f l o n Bonding P r o c e d u r e s . Ten m i l t h i c k Na et c h e d , s k i v e d 
T e f l o n tape i s bonded to the upper p o l y u r e t h a n e s e a l s u r f a c e u s i n g 
the p r o p r i e t a r y a d h e s i v e DP8363 from Conap, I n c . , Olean, NY. The 
purpose o f the T e f l o n i s to reduce the c o e f f i c i e n t o f f r i c t i o n be
tween the s e a l and the m i s s i l e s k i n d u r i n g m i s s i l e u n l o a d i n g and 
laun c h . 

R e s u l t s and D i s c u s s i o n 

Push-Through T e s t i n g 

I n f l u e n c e o f Gap. U t i l i z i n g the push-through t e s t e r shown i n 
F i g . 8 and r a d i a l s t r i p s o f neoprene s e a l s w i t h the c r o s s - s e c t i o n 
shown i n F i g . 2, m u l t i p l  push-through c y c l e  conducted
f u n c t i o n o f gap. A v i r g i
ed d a t a a r e shown i n F i g  neopren
t y p i c a l push-through curves showing a c t u a l s e a l d e f o r m a t i o n a r e 
pres e n t e d i n F i g . 11. From F i g . 10 s e v e r a l e f f e c t s a r e o b v i o u s . 
Namely, the push-through l o a d e x h i b i t s a l a r g e decrease from f i r s t 
to second c y c l e ; i n some cases t h e r e i s a l a r g e v a r i a t i o n i n push-
through l o a d ; a t l a r g e gaps, the push-through v a l u e s converge. I t 
i s e v i d e n t t h a t launch s e a l performance would be degraded by mul
t i p l e p r e s s u r e c y c l i n g and t h a t the launch p r e s s u r e r e t a i n e d by a 
s e a l would a l s o be expected to decrease as the a n n u l a r gap i n 
c r e a s e s . 

I n f l u e n c e o f Test Temperature. The neoprene l i p s e a l formu
l a t i o n g i v e n i n Table I c o n t a i n s a t h e r m o p l a s t i c m a t e r i a l - Andrez 
8000AE (Anderson Chemical Co.) - which i s a h i g h s t y r e n e c o n t e n t 
copolymer o f s t y r e n e and bu t a d i e n e . Because o f t h i s i n g r e d i e n t , 
i t c o u l d be a n t i c i p a t e d t h a t s e a l performance would be degraded as 
a f u n c t i o n o f temperature. T h i s i s shown i n F i g . 12. I t sh o u l d 
be noted t h a t the d a t a i n F i g . 12 were o b t a i n e d on s e a l segments 
t h a t had a .010 i n . T e f l o n f i l m bonded to the upper s u r f a c e . We 
have observed t h a t the T e f l o n f i l m i n c r e a s e s the push-through l o a d 
by about 10%. 

In a s i m i l a r manner, the push-through l o a d o f c a s t p o l y u r e 
thane s e a l s , s p e c i f i c a l l y f o r m u l a t i o n C, have been determined over 
the same temperature range and do not show n e a r l y the temperature 
range and do not show n e a r l y the temperature s e n s i t i v i t y t h a t the 
t h e r m o p l a s t i c c o n t a i n i n g neoprene f o r m u l a t i o n does. 

I n f l u e n c e o f P o l y u r e t h a n e F o r m u l a t i o n . S i m i l a r l y , two p o l y 
urethanes (A and Β o f Table I I ) were c a s t i n t o o n e - i n . wide s e a l 
segments o f the c r o s s - s e c t i o n shown i n F i g . 2 and push-through 
t e s t e d . P o l y u r e t h a n e A was fo r m u l a t e d to be a r e l a t i v e l y f l e x i b l e 
m a t e r i a l t h a t c o u l d be used i n the t w o - f t . diameter s e a l t e s t e r t o 
check out the equipment a t low p r e s s u r e s . P o l y u r e t h a n e Β was de
vel o p e d to be s i m i l a r i n s t r e n g t h to the neoprene m a t e r i a l whose 
f o r m u l a t i o n i s g i v e n i n Table I . Push-through d a t a f o r the p o l y -

In Resins for Aerospace; May, C.; 
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Figure 11. Correlation of push-through load-deflection curve characteristics with 
neoprene seal segment distortions 
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urethane m a t e r i a l s a r e summarized i n F i g . 13. A l s o shown i n F i g . 
13 a r e p r e s s u r e i n v e r t d a t a c a l c u l a t e d by c o n v e r t i n g peak push-
through loads to p r e s s u r e loads u s i n g the e q u a t i o n P f = 2 Ρ f o r 
( f o r m u l a d i s c u s s e d i n S e c t i o n B ) . WQ 

Two-Foot Diameter S e a l T e s t s . Subsequent to d e v e l o p i n g the 
push-through d a t a i n F i g . 13, t w o - f t . d i a m e t e r s e a l s o f p o l y u r e 
thane A and Β were f a b r i c a t e d and t e s t e d i n the s e a l t e s t f a c i l i t y 
shown i n F i g . 7. The r e l a t i o n s h i p between a c t u a l p r e s s u r e t e s t s 
and the push-through v a l u e s f o r r a d i a l s t r i p s o f p o l y u r e t h a n e , 
a l s o shown as the numbered p o i n t s i n F i g . 13 i s e x c e l l e n t . A f t e r 
s e v e r a l o f these t e s t s were completed, a d d i t i o n a l p r e s s u r e t e s t s 
were conducted on t w o - f t . diameter s e a l s o f p o l y u r e t h a n e Β which 
i s o f comparable s t i f f n e s
r e s u l t s a r e a l s o p l o t t e
w i t h p o l y u r e t h a n e Β d i d not agree w e l l w i t h the p r e d i c t e d v a l u e s 
computed from the push-through l o a d s . I t sh o u l d be k e p t i n mind, 
however, t h a t i n push-through t e s t i n g , the r a t e i s 2-5 in/min 
and i n the p r e s s u r e t e s t s , the s e a l goes from a no p r e s s u r e 
s i t u a t i o n to a f l i p p e d p o s i t i o n i n 0.5 sec. 

As a r e s u l t o f these t e s t s , i t was found t h a t b e t t e r agree
ment between push-through l o a d and p r e s s u r e i n v e r t t e s t s c o u l d be 

1 75 Ρ 
o b t a i n e d by u s i n g P f = — ~ and s i n c e we were i n t e r e s t e d i n 

w o 
s e a l s w i t h h i g h p r e s s u r e c a p a b i l i t i e s , t h i s r e l a t i o n s h i p was a-
dopted f o r f u r t h e r e x p e r i m e n t a l work. I f the i n t e g r a t e d moments 
o f a u n i f o r m l y ( p r e s s u r e ) loaded and p o i n t loaded beam a r e equated 

1 5 Ρ 
the r e s u l t i s P f = — . I f the maximum moments a r e equated f o r 

t Wp 2 ρ 
the two c o n d i t i o n s , the r e s u l t i s P f = — — . Test r e s u l t s a r e be
tween the two. ° 

Scale-up to 77-In. Diameter S e a l s . One s i g n i f i c a n t d i f f e r * * 
ence between the t w o - f t . d iameter s e a l t e s t i n g and a c t u a l m i s s i l e 
launch t e s t s i s t h a t the m i s s i l e i s moving i n a lau n c h . T h i s 
c o u l d not be t e s t e d e x p e r i m e n t a l l y i n our l a b o r a t o r y experiments 
w i t h p o l y u r e t h a n e s e a l s . However, launch t e s t s u s i n g the neoprene 
s e a l had been conducted p r e v i o u s l y and i t was p o s s i b l e t o c o r r e 
l a t e a c t u a l l a u n c h data and s e a l p r e s s u r e performance w i t h push-
through v a l u e s o f segments c u t from l a r g e s e a l s . T h i s was done 
f o r a number o f experiments and i t was found t h a t the a c t u a l i n 
v e r t p r e s s u r e o f neoprene s e a l s was about 90-100 p s i a t a nominal 
1.6-in. gap which was e q u a l to about h a l f o f the v a l u e p r e d i c t e d 
from push-through t e s t i n g . T h i s makes q u a l i t a t i v e sense as the 
p r e s s u r e r e q u i r e d to i n v e r t a s e a l under la u n c h c o n d i t i o n s would 
be expected t o be l e s s than under s t a t i o n a r y c o n d i t i o n s due t o 
the i n f l u e n c e o f f r i c t i o n between the s e a l and the m i s s i l e . That 
i s , as the m i s s i l e b e g i n s t o move, the s e a l tends to be dragged 
w i t h the m i s s i l e and the p r e s s u r e r e q u i r e d t o i n v e r t the s e a l 
would be l e s s . 

In Resins for Aerospace; May, C.; 
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Figure 12. Peak push-through load of 
neoprene seal segments as a function of 
test temperature at a constant annular 
gap of 1.625 inch (Φ) first cycle data, (A) 

fifth cycle data 

84 95 110 
Test Temperature, ° F 

24 29 35 43 
Test Temperature, ° C 

1 I 1 Γ 

W 0 , Inches 

Figure 13. Summary of point load invert tests of 1-in. radial seal strips and actual 
pressure invert tests of 2-ft-diameter seals for both polyurethane A and B: (O) 
first cycle push-through; (Q) second cycle push-through; (@) η—pressure invert 

tests of a complete 2-ft-diameter seal, τι-cycle number 
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The t h e o r e t i c a l i n f l u e n c e o f f r i c t i o n f o r b oth the s t a t i o n 
a r y and the moving m i s s i l e on s e a l i n g p r e s s u r e i s shown i n F i g . 
14. Superposed on the f i g u r e a r e e x p e r i m e n t a l d a t a f o r b o t h two-
f t . d iameter urethane s e a l s , urethane segments, and f u l l s c a l e 
neoprene s e a l s . 

S e a l Geometry C o n s i d e r a t i o n s . S i n c e i t appears t h a t the max
imum launch p r e s s u r e w i t h tapered beam s e a l s i s l i m i t e d b o t h w i t h 
the neoprene m a t e r i a l s and p o l y u r e t h a n e B, i t was de c i d e d to e v a l 
u a t e s e a l geometry as a means o f a t t a i n i n g h i g h e r s e a l i n g p r e s 
s u r e . 

To approach t h i s g o a l , i t i s p o s s i b l e t o develop m a t e r i a l s 
w i t h h i g h e r modulus ( i . e . , h i g h e r push-through l o a d ) , but one i s 
l i m i t e d i n t h i s approac
l o a d t r a n s m i t t e d t o the
t o s t r e t c h the s e a l d u r i n g m i s s i l e o n l o a d i n g . 

As a r e s u l t o f numerous push-through t e s t s on a v a r i e t y o f 
m a t e r i a l s , we s e l e c t e d a c o m m e r c i a l l y a v a i l a b l e m a t e r i a l (Adiprene 
L-167/MOCA), d e s i g n a t e d p o l y u r e t h a n e C, as our m a t e r i a l o f c h o i c e 
and v a r i e d s e a l geometry. A number o f s e a l shapes and t h i c k n e s s 
were c o n s i d e r e d as shown i n F i g . 15, but b a s i c a l l y a s e a l c r o s s -
s e c t i o n shown as Β o r C i n F i g . 15 was s e l e c t e d as b e i n g the most 
v i a b l e shape ( 1 9 ) . 

To demonstrate the o u t s t a n d i n g performance o f the humped-
notched (H-N) s e a l , two molds were prepared and 1 0 - i n . l o n g seg
ments o f p o l y u r e t h a n e C were c a s t and cure d t o the shape shown i n 
F i g . 2 and H-N c o n f i g u r a t i o n Β o f F i g . 15. I n both c a s e s , the 
s e a l beam was a nominal 0.5 i n . t h i c k . Both molds were heated t o 
70°C, and a s i n g l e b a t c h o f p o l y u r e t h a n e C was mixed, c a s t sequen
t i a l l y , and cured i n the preheated molds f o r two hours a t 70°C. 
A f t e r demolding, the samples were c u t i n t o o n e - i n . wide segments 
and a l l o w e d to r e s t a t room temperature f o r a p p r o x i m a t e l y one 
week. During t h i s p e r i o d the samples were bonded to s t e e l p l a t e s 
and s u bsequently push-through t e s t e d w i t h the r e s u l t s shown i n 
F i g . 16. These d a t a show t h a t the f i r s t and f i f t h c y c l e H-N push-
through loads a r e s i g n i f i c a n t l y h i g h e r than the tapered beam shape 
a t a l l gaps t e s t e d . I t f o l l o w s t h a t f u l l s c a l e s e a l s w i t h c r o s s -
s e c t i o n C f a b r i c a t e d from p o l y u r e t h a n e C sh o u l d g i v e s i g n i f i c a n t l y 
h i g h e r launch p r e s s u r e r e s u l t s than s i m i l a r s e a l s f a b r i c a t e d to 
the t a p e r e d beam shape shown i n F i g . 2. 

F u l l s c a l e A d i p r e n e L-167/MOCA s e a l s o f c r o s s - s e c t i o n C have 
been f a b r i c a t e d and ar e scheduled f o r launch t e s t s i n 1979. 

S e a l Bottoming C h a r a c t e r i s t i c s . I n a d d i t i o n to s e a l i n g 
c h a r a c t e r i s t i c s , the s e a l must a l s o meet a c e r t a i n bottoming r e 
quirement - as the m i s s i l e moves toward the launch tube, the s e a l 
must not bottom o r compress f u l l y b e f o r e the shock pads bottom o r 
i t w i l l p l a c e a h i g h and c o n c e n t r a t e d l o a d on the m i s s i l e and dam
age the m i s s i l e s k i n . The degree o f d e f l e c t i o n t h a t a s e a l w i l l 
undergo b e f o r e i t bottoms can be measured by the t e s t apparatus 
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Figure 14. Seal invert pressure as a 
function of friction: ( ) theory; test 
data: ( Q ) full scale neoprene, (O) 2-ft-
diameter urethane, (Φ) urethane seg

ments 0.1 α ζ 
μ . Friction Coefficient 

Figure 15. Various seal configurations 
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1.625 1.875 2.125 2.375 2.625 
Gap, inch 

Figure 16. Push-through load vs. gap 
for tapered beam and shape Β seal seg
ments prepared from polyurethane C 

under controlled conditions 

Figure 17. Seal segment lateral excur
sion tests for polyurethane C: ( ) 
tapered beam shape A, (·) H-N shape 
Β, (Ο) H-N shape C, ( ) H-N shape 
D, ( ) H—N shape E; see Figure 2 
for Seal A cross-section, see Figure 15 

for Seals B-E cross-sections 
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shown i n F i g . 9. T y p i c a l d a t a a r e shown i n F i g . 17 f o r a tap e r e d 
beam s e a l segment and H-N s e a l s o f v a r i o u s shapes (see F i g . 15 f o r 
the s e a l c r o s s - s e c t i o n s ) c a s t from p o l y u r e t h a n e C. O b v i o u s l y , C 
i s the most d e s i r a b l e H-N shape from a bottoming c o n s i d e r a t i o n . 

F u t u r e A p p l i c a t i o n s 

U t i l i z i n g b o t h t h e o r y and e x p e r i m e n t a l t e c h n i q u e s d e s c r i b e d 
i n t h i s paper, launch s e a l technology can be extended to h i g h 
launch p r e s s u r e s a t l a r g e r gaps. The i n f l u e n c e o f f a b r i c r e i n 
forcement on s e a l performance can be i n v e s t i g a t e d and the a p p l i c a 
t i o n o f t h i s t e c hnology to r o t a t i n g and r e c i p r o c a t i n g s h a f t s may 
be a p o s s i b i l i t y . 
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Abstract 

Lip-type launch seals have been used in submarine based mis-
sile systems since the 1960's. The seals, rings of neoprene rub
ber t h a t span the annular space between the missile and launch 
tube, a r e bonded to the launch tube. They have functioned ade-
quately, but their mechanism of performance has not been well un
d e r s t o o d . 

In this paper we summarize the development of launch tube 
mounted seals, outline a t h e o r y to describe seal performance, in-
troduce the concept o f push-through testing of seal segments, dis-
cuss material selection and seal d e s i g n to include the p a t e n t e d 
humped-notched seal, p r e s e n t test d a t a on two-ft. diameter c a s t 
p o l y u r e t h a n e seals, and show the correlation between t h e o r y , push 
-through tests, and pressure tests on two-ft. diameter seals. 

Preparation o f full scale launch seals is described and pos
sible future applications a r e discussed. 
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APPENDIX 1 

ANALYSIS OF MISSILE SEAL DURING PRESSURIZATION AND LAUNCH 

From F i g . A the f o r c e e q u i l i b r i u m a t Τ i s 

P, s i n α + ρ I cos α + Ν = 0 ( H o r i z o n t a l ) (1) b 2 
P t cos α - ρ 4 s i n α - μΝ = 0 ( V e r t i c a l ) (2) b 2 

then 

and 

and 

and 

Ν = - ( P b s i n α + ρ  c o s °0 (3) 

P f e cos α - ρ y s i n α + μ (Ρ^ s i n α + ρ — cos α)= ο (4) 

P b - ρ γ t a n α + μ (P f e t a n α + ρ |) = 0 (5) 

ρ -| ( t a n α - μ) 
ρ = — ( S t a t i o n a r y M i s s i l e ) (6) 
b (1 + μ t a n α) ν ' 

ρ — ( t a n α + μ) 
ρ = — (Moving M i s s i l e ) (7) 
b (1 + μ t a n α) Β κ / ) 

L e t Μ Α = moment t o the l e f t o f p o i n t A (x,y) of the beam 

then 2 

M A - <-p I χ + ρ » ) (1 i n . ) - P b y (8) 

From e l a s t i c beam t h e o r y 

M = f - (9) 

where R, the r a d i u s o f c u r v a t u r e , i s 

2 3/2 

R = 2 ^ ( 1 0 ) 
d y 
d x 2 
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Ε = Young's modulus (psi) 
I = Area moment of inertia ( in*) 
I = Beam length OT(in) 
ρ = Pressure (psi) 

(x,y) = Coordinate axis for defining uniform beam equations 
μ = Coefficient of friction 

P b = Axial load on beam (lbs) 
N= Normal force on missile at tangent point, Τ (lbs) 

μ Ν = Friction force (lbs) 
Ma = Moment to the left of point A(x, y) 

Figure A. Nomenclature and equilib
rium forces used in the analysis of the 
missile seal for the pressurized and 

launch condition 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



174 RESINS F O R A E R O S P A C E 

then 
2 3/2 

,2 H + 4* ] « 
. 2 EI U ; 

dx 

Sub. of Eq. (8) i n Eq. (11) the beam equation i s 

2 3/2 
2 [χ + ΕΣ ] 2 

= ^ _ (- ρ Α χ + ρ I - P b y) (Large Defl.) (12) 
dx 

Fo r s m a l l d e f l e c t i o n s - 0 and Eq. (12) becomes 

, 2 Ρ 2 
2 + E l y = l f ( ~ P 2 X p f ) ( S m a l l D e f l . ) (13) 

dx 

The c l o s e d form s o l u t i o n o f Eq. (13) can be found and the peak 
d e f l e c t i o n a t χ = 1/2 i s 

y , « Ρ* 4 -̂2 sec u — 2 — u 2 , { 4 ) 
y(x=£/2) 32 EI 4 ; 

u 

where 

also the slope at χ = i s 

3 
dy pit ,tan u - u x / Ί , x 

to , = t a n 6 - 8 Ê Ï ( 3 > ( 1 6 ) 

x=& u 
Since a portion of the seal l i e s against the missile during 
higher launching pressures, the following constraint equation 
must be s a t i s f i e d at the tangent point Τ between the missile 
and s e a l : 

tan 3 = tan α çil) 

In Resins for Aerospace; May, C.; 
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where 

t a n α = W ° (18) 

or d e f i n i n g a f u n c t i o n 

g(l) = t a n 3 - t a n α = 0 (19) 

when g(£) = 0 the e q u i l i b r i u m a t T, the u n i f o r m beam e q u a t i o n and 
the s l o p e c o n s t r a i n t a t p o i n t Τ a r e s i m u l t a n e o u s l y s a t i s f i e d . 

A summary o f the a c t u a l e q u a t i o n s as they appear i n the com
p u t e r a n a l y s i s u s i n g Eq. (13) a r e : 

t a n α Wo 

V7T Wo 

£ t a n α -f u 
8EI 1-u t a n α 

( 2 0 ) 

(21) 

p£ ,tan u - u N t a n β = | ^ ( ^ ) a t χ = I 
u 

g(£) = t a n Β - t a n α * 0 

( 2 2 ) 

( 2 3 ) 

The maximum di s p l a c e m e n t a t the m i d - p o i n t and the a x i a l l o a d 
P, a r e a l s o c a l c u l a t e d i n the computer program. 

R E C E I V E D M a y 20, 1980. 
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Development of Missile-Mounted Polyurethane Seals for 
Missile Launch Systems 

JOSEPH F. MEIER, GEORGE E. RUDD, ALBERT J. MOLNAR, 
DONALD D. JERSON, and MORRIS A. MENDELSOHN 

Westinghouse Research and Development Center, Pittsburgh, PA 15235 
DAVID F. WEIR 
Marine Division, Westinghouse Electric Corporation, Sunnyvale, CA 94088 

In the previous paper (Meier et al., 1980) the subject of 
launch seals for submarine based missi les was discussed and the 
advantages of the humped-notched (H-N) seal shape were enumerated. 
In this paper we describe the development of m i s s i l e mounted H-N 
seals for a land-based miss i le system. A miss i le mounted seal i s 
shown schematically i n Figure 1. 

Seal requirements for the two seal mounting geometries are 
considerably d i f f e r e n t as summarized below: 

Launch Tube Mounted Seals 

Friction promotes seal 
inversion 

Cold launch 
(~300°F for <1 sec.) 

Seal inside diameter 
stretched during m i s s i l e 
onloading. 

Near vertical launch. 

Operates in <5 pphm ozone 
for ~10 years. 

Mul t ip le launch requirement 
(seals retained i n launcher). 

M i s s i l e Mounted Seals 

Friction i n h i b i t s seal 
invers ion . 

Hot launch 
(~4,800°F for <1 sec) . 

Seal outside diameter 
reduced during m i s s i l e 
onloading. 

Launch at angles <45° 
from vertical. 

Operates in 25 pphm ozone 
for at least 15 years. 

One launch life (seal exi ts 
canister with the m i s s i l e ) . 

These parameters required that a new seal be developed, but 
the basic humped-notched (H-N) seal (Molnar et al., 1977) was 
directly t ransferrable from previous work. 

0-8412-0567-l/80/47-132-177$06.00/0 
© 1980 American Chemical Society 
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Figure 1. Missile-mounted seal 

Figure 2. Flexing of cast-poly urethane buckled web models 
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The new s e a l development c o n c e n t r a t e d on the f o l l o w i n g 
a reas : 

©Selecting a s e a l e l a s t o m e r and geometry to meet laun c h p r e s 
sure and l a t e r a l e x c u r s i o n o r bottoming re q u i r e m e n t s . 

°Designing a s e a l t o a l l o w o u t s i d e diameter r e d u c t i o n d u r i n g 
m i s s i l e u n l o a d i n g . 

°Evaluating the e f f e c t o f 4,800°F flame ( t o s i m u l a t e launch) 
f o r p e r i o d s up to 1 sec. 

°Casting t w o - f t . diameter model p o l y u r e t h a n e s e a l s . 
°Modifying the t w o - f t . diameter s e a l s i n the m o d i f i e d p r e s s u r e 
t e s t a p p a r a t u s . 

° C a s t i n g 5 4 - i n . diameter s e a l s f o r l a r g e r - s c a l e m i s s i l e l a u n c h 
t e s t s . 

° E v a l u a t i o n o f the
t e s t s . 

E x p e r i m e n t a l Procedures 

Buc k l e d Web S e c t i o n Model. The f i r s t t a s k o f t h i s develop
ment was to i n v e s t i g a t e methods o f accommodating the r e d u c t i o n i n 
s e a l o u t s i d e diameter f o r u n l o a d i n g . F l a t b u c k l e d web s e c t i o n s 
were c a s t and f l e x e d as shown i n F i g . 2. The d e s i g n seemed ade
quate and gave us c o n f i d e n c e t h a t s i m i l a r s e c t i o n s c o u l d be de
si g n e d and i n t e g r a l l y c a s t i n t o s e a l s to take up the compressive 
hoop s t r a i n . A l t e r n a t e s l i t t i n g o r wedge removal p a t t e r n s were 
a l s o envisaged as shown i n F i g . 3. 

P r e p a r i n g Model S e a l s f o r Push-Through and L a t e r a l 
E x c u r s i o n Tests and Two-Ft. Diameter S e a l s f o r P r e s s u r e T e s t i n g . 
P r o c e s s i n g the DuPont A d i p r e n e L-167/M)CA was a w e l l understood 
technique by the time we s t a r t e d on t h i s new development. I n i 
t i a l samples f o r push-through t e s t i n g and l a t e r a l e x c u r s i o n 
measurements were made by sawing the d e s i r e d shape from u n i f o r m 
t h i c k n e s s s e a l s e c t i o n s s i m i l a r to those shown i n F i g . 4. Two-
f t . diameter s e a l s were c a s t i n a mold made f o r t h i s p r o j e c t and 
shown i n F i g . 5. Two s e a l s c a s t i n t h i s mold, one w i t h e i g h t 
b u c k l e d web s e c t i o n s (mold i n s e r t s were u s e d ) , and one w i t h e i g h t 
f l a p s , a r e shown i n F i g . 6. The f l a p s were band-sawed i n t o the 
s e a l u s i n g a wood f i x t u r e f o r a l i g n i n g and g u i d i n g the saw c u t s . 

Polymer P r e p a r a t i o n - A d i p r e n e L-167. A d i p r e n e L-167 
(Athey, 1967) i s a l i q u i d p o l y e t h e r urethane prepolymer which can 
be cured t o a s t r o n g , rubbery s o l i d by r e a c t i o n o f the t e r m i n a l 
i s o c y a n a t e groups w i t h polyamine or p o l y o l compounds. I t i s a 
honey c o l o r e d v i s c o u s l i q u i d (4,700-6,500 cps a t 30°C) w i t h an 
a v a i l a b l e i s o c y a n a t e c o n t e n t o f 6.35% (6.15-6.55%). T h i s p r e 
polymer i s based on poly o x y te trame t h y l e n e and t o l y l e n e d i i s o c y a 
n ate and has an e q u i v a l e n t w e i g h t o f about 670. 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



180 RESINS F O R A E R O S P A C E 

Figure 4. Uniform thickness seal sec
tions 
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Figure 5. Two-foot-diameter H-N seal 
mold 

Figure 6. Buckled web and flap-type seals cast from L-167/MOCA polyurethane 
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MOCA. M3CA 4 , 4 ' - m e t h y l e n e - b i s ( 2 - e h l o r o a n i l i n e ) , a diamine 
c u r i n g agent f o r i s o c y a n a t e - c o n t a i n i n g polymers, has a m o l e c u l a r 
w e i g h t o f 267. I t i s a l i g h t tan s o l i d , i n p e l l e t form, h a v i n g 
a s p e c i f i c g r a v i t y o f 1.44 and a m e l t i n g range o f 100°-109°C. 
MOCA i s c o n s i d e r e d to be a C l a s s I c a r c i n o g e n and has m i l d 
t o x i c i t y . B e f o r e u s i n g t h i s m a t e r i a l the vendor s h o u l d be con
s u l t e d f o r the l a t e s t s a f e h a n d l i n g procedures. 

S e a l P r e p a r a t i o n . B u l k q u a n t i t i e s o f A d i p r e n e L-167 were 
preheated to 40°-45°C. Two batches o f Ad i p r e n e L-167, 3,000 g 
each, were weighed i n t o t w o - g a l l o n c o n t a i n e r s and degassed under 
vacuum u n t i l the v i g o r o u s b u b b l i n g stopped. Two 1/2 g a l . cans, 
each c o n t a i n i n g 600 g o f MOCA were opened, covered w i t h aluminum 
f o i l , and heated to 120°-160°C i n a s m a l l oven  One can o f hot 
MOCA was poured i n t o a
c o o l i n g f o r an hour or
s t i r r e r a t low speed. The NCO/NH2 r a t i o was 1:1 throughout t h i s 
work. Mixed r e s i n was g e n t l y poured i n t o the preheated (70°C) 
t w o - f t . diameter s e a l mold w h i l e the second b a t c h was b e i n g mixed 
Then the second b a t c h was poured i n t o the mold. The f i l l e d mold 
was p l a c e d i n the oven s i x to e i g h t minutes a f t e r the f i r s t MOCA 
was blended i n t o the A d i p r e n e L-167, cured i n the mold f o r two 
hours a t 60°-65°C, demolded and a l l o w e d t o remain a t room temper
a t u r e f o r a t l e a s t t h r e e days b e f o r e use. 

Push-Through and L a t e r a l E x c u r s i o n T e s t s . Push-through 
t e s t s on s e a l segments were used to p r e d i c t the p r e s s u r e perform
ance o f l i p type s e a l s . The t e s t i s conducted i n an I n s t r o n 
machine a t 5 in . / m i n . crosshead speed w h i l e an a u t o g r a p h i c r e c o r d 
o f l o a d v ersus d i s p l a c e m e n t i s made. F i g u r e 7 shows a sequence 
o f photos taken d u r i n g the push-through t e s t on s e v e r a l s e a l seg
ments . 

L a t e r a l e x c u r s i o n t e s t s a r e a l s o conducted on s e a l segments 
i n the I n s t r o n u s i n g a d i f f e r e n t f i x t u r e (Meier e t a l . , 1979). 
These t e s t s p e r m i t measuring the e x c u r s i o n o f a p a r t i c u l a r d e s i g n 
to see i f i t w i l l meet requirements f o r i n c l i n e d launch o r shock. 
A b a s i c performance guide f o r any s e a l d e s i g n i s t h a t the shock 
i s o l a t i o n pads must bottom out b e f o r e the s e a l s do. 

Oxy-Acetylene Torch T e s t s . D u r i n g l a u n c h , the u n d e r s i d e o f 
the s e a l i s b r i e f l y exposed to a 4,800°F gas g e n e r a t o r flame. 
N a t u r a l l y , i t i s r e q u i r e d t h a t the s e a l not degrade to the p o i n t 
where i t can no l o n g e r r e t a i n p r e s s u r e throughout the launch. A 
sim p l e bench t e s t was d e v i s e d u s i n g an o x y - a c e t y l e n e t o r c h to 
s i m u l a t e t h i s exposure. A tungsten-rhenium thermocouple was used 
to measure the exposed s u r f a c e temperature and a chrome1-alumel 
thermocouple to measure e i t h e r the temperature 0.02-in. below the 
s u r f a c e when a bare coupon was t e s t e d o r the temperature a t the 
p o l y u r e t h a n e / p r o t e c t i v e c o a t i n g i n t e r f a c e when a p r o t e c t e d s p e c i 
men was t e s t e d . Photographs o f t h i s setup a r e shown i n F i g . 8. 

In Resins for Aerospace; May, C.; 
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Figure 7. Push-through test on L-167/MOCA H-N seal segments 

Figure 8. Test apparatus for flame testing polyurethane coupons and recording 
temperatures 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



184 RESINS FOR AEROSPACE 

S e a l O u t s i d e Diameter Reduction With an Instrumented Clamp. 
The o u t s i d e diameter o f the s e a l must be reduced from 2 6 . 7 - i n . 
to 2 4 . 0 - i n . f o r i n s t a l l a t i o n i n t o the t e s t c a n i s t e r . To accom
p l i s h t h i s a clamp was designed to f i t i n t o a groove c a s t i n t o 
the s e a l (see F i g . 3 ) . The clamp assembly c o n s i s t s o f f o u r mod
i f i e d commercial clamps j o i n e d t o g e t h e r by 0.125-in. diameter 
s t a i n l e s s s t e e l a i r c r a f t c a b l e . S t r a i n gages were a p p l i e d to one 
o f the clamps and the assembly c a l i b r a t e d i n a u n i v e r s a l t e s t i n g 
machine so t h a t the t e n s i l e l o a d i n the c a b l e c o u l d be measured 
as the s e a l o u t s i d e diameter was reduced. F i g u r e 9 shows s e v e r a l 
views o f the clamps i n use. 

M o d i f i c a t i o n to the S e a l P r e s s u r e T e s t e r t o Measure Gas Flow 
Rate and V a l v e Opening Time
designed i n t o the s e a l
a l s o gas l e a k p a t h s . Som  leakag ,
n o t d e f i n e d i n i t i a l l y . However, measuring leakage d u r i n g p r e s s u r e 
t e s t i n g p e r m i t s comparison o f the two d e s i g n concepts and p r o v i d e s 
performance d a t a t h a t can be used i n computer-simulated launches. 
The p r e s s u r e t e s t produces t r a n s i e n t f l o w f o r a u s e f u l d u r a t i o n 
o f 0.5 second o r l e s s s i n c e the p o t e n t i a l energy ( i . e . , accumu
l a t o r s i z e and p r e s s u r e ) i s somewhat l i m i t e d . T h i s o b v i a t e s use 
o f c o n v e n t i o n a l f l o w meters such as v e n t u r i and o r i f i c e meters 
and t u r b i n e s w h i ch a r e e s s e n t i a l l y steady s t a t e d e v i c e s . An 
i n i t i a l thought was to measure accumulator and gas w e i ght d u r i n g 
the t e s t . T h i s was r e j e c t e d because the empty accumulator weighs 
over 300 l b . and o n l y 4-6 l b . o f n i t r o g e n was d i s c h a r g e d d u r i n g 
a t e s t . Thus a l o a d c e l l o f s u f f i c i e n t c a p a c i t y would have mar
g i n a l r e s o l u t i o n to a c c u r a t e l y measure the w e i g h t o f n i t r o g e n 
e x p e l l e d . I t would a l s o be d i f f i c u l t to s t r u c t u r a l l y i s o l a t e the 
accumulator f o r w e i g h i n g because o f r i g i d p i p e c o n n e c t i o n s . A 
t h i r d d i f f i c u l t y would be s e p a r a t i n g i n e r t i a l l o a d i n g e f f e c t s 
d u r i n g the e x p l o s i v e - l i k e r e l e a s e o f gas. 

The method s e l e c t e d i n v o l v e s some a p p r o x i m a t i o n because i t 
assumes t h a t the mass o f n i t r o g e n i n the accumulator a t any i n 
s t a n t d u r i n g blowdown can be determined from the e q u a t i o n o f 
s t a t e f o r a p e r f e c t gas, 

pV = rtiRT 

S i n c e the blowdown pr o c e s s i s t r a n s i e n t , we d e c i d e d to measure 
p r e s s u r e , p, and temperature, T, a t two l o c a t i o n s w i t h i n the 
accumulator as shown i n F i g . 10 to see i f the c a l c u l a t e d mass, m, 
v a r i e d w i t h p o s i t i o n . Data c o l l e c t e d , but not p r e s e n t e d i n de
t a i l , show agreement w i t h i n 5% between the mass c a l c u l a t i o n s 
based on the two measurement l o c a t i o n s . 

A f t e r about o n e - h a l f the d e s i r e d p r e s s u r e t e s t i n g had been 
conducted, some s l i g h t l y u n u s u a l s e a l p r e s s u r e v e r s u s time o s c i l 
lograms were o b t a i n e d . They were u n u s u a l i n t h a t the r i s e time 
t o peak s e a l p r e s s u r e was l o n g e r than o b t a i n e d p r e v i o u s l y . The 

In Resins for Aerospace; May, C.; 
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Figure 9. Clamp used to reduce o.d. of 2-ft-diameter seal for installation into the 
canister 

Figure 10. Pressure and temperature transducers mounted in accumulator Al to 
measure nitrogen flow 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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remedy was to i n c r e a s e the p r e s s u r e i n accumulator A2 used to open 
v a l v e C2 which dumps the main accumulator A l . These components 
a r e i d e n t i f i e d i n F i g . 11. To e s t a b l i s h t h a t the v a l v e opening 
time was indeed the u n d e s i r a b l e v a r i a b l e , an LVDT was added so 
v a l v e s p o o l t r a v e l c o u l d be r e c o r d e d d u r i n g the p r e s s u r e t e s t and 
c o r r e l a t e d w i t h the p r e s s u r e r e c o r d . 

P r e s s u r e T e s t i n g . The t e s t f i x t u r e o r i g i n a l l y developed t o 
t e s t l a u n c h tube ( c a n i s t e r ) mounted s e a l s was m o d i f i e d to t e s t 
m i s s i l e mounted s e a l s . T h i s r e q u i r e d an i n n e r c y l i n d e r o f the 
proper diameter t o s i m u l a t e the m i s s i l e to which the s e a l c o u l d 
be bonded. F i g u r e 11 s c h e m a t i c a l l y shows the t e s t apparatus w i t h 
a s e a l i n s t a l l e d and a l s o o u t l i n e s i n the o p e r a t i o n o f the ap
p a r a t u s . F i g u r e 12 i s  photograph f th  t e s t e r

E x p e r i m e n t a l R e s u l t s and D i s c u s s i o n 

lfWeak!f S e c t i o n s to A l l o w S e a l O u t s i d e Diameter R e d u c t i o n . 
The i n s i d e diameter o f a launch tube o r c a n i s t e r mounted l i p - t y p e 
s e a l i s s m a l l e r than the o u t s i d e d i a m e t e r o f the m i s s i l e and i s 
t h e r e f o r e s t r e t c h e d when the m i s s i l e i s onloaded. The s e a l can 
accommodate the t e n s i l e hoop s t r a i n q u i t e r e a d i l y . However, when 
the s e a l i s mounted on the m i s s i l e or a s e p a r a b l e base r i n g a t 
tached to the m i s s i l e , the s e a l o u t s i d e diameter must be reduced 
f o r u n l o a d i n g . The l a t t e r c o n d i t i o n i s shown s c h e m a t i c a l l y i n 
F i g . 1. To r e c t i f y the u n s t a b l e b u c k l i n g which would occur a t an 
i n d e t e r m i n a t e l o c a t i o n on the s e a l p e r i p h e r y and o n l y a f t e r con
s i d e r a b l e compressive hoop s t r e s s was g e n e r a t e d , i t was d e c i d e d 
t h a t ! tweak n s e c t i o n s would be designed i n t o the s e a l a t e v e n l y 
spaced i n t e r v a l s . These weak s e c t i o n s c o u l d be merely wedge-
shaped openings ( F i g . 3) c u t i n t o the s e a l l i p . Indeed t h i s ap
proach was t r i e d but leakage was e x c e s s i v e when p r e s s u r e t e s t e d . 
Even though i t i s p o s s i b l e t h a t t h i s concept c o u l d be improved, 
i t was not pursued f u r t h e r s i n c e i t was f e l t to have i n h e r e n t l y 
poor s e a l i n g c h a r a c t e r i s t i c s t h a t would o n l y get worse when t e s t 
ed a t e c c e n t r i c gap c o n d i t i o n s ( i . e . , the m i s s i l e not c e n t e r e d i n 
the launch t u b e ) . 

The b u c k l e d web s e c t i o n approach was i n i t i a l l y thought to be 
the most l e a k r e s i s t a n t s i n c e the s e a l was not c u t through but 
o n l y reduced i n t h i c k n e s s . S i n c e the f l a t model d e s c r i b e d e a r l i e r 
( F i g . 2) appeared t o deform i n a manner t h a t c o u l d be expected to 
p r o v i d e a r e a s o n a b l e s e a l , i n s e r t s were machined t o produce sim
i l a r b u c k l e d webs i n the c o n i c a l s u r f a c e o f the 2 - f t . diameter 
s c a l e s e a l ( F i g s . 3 and 6 ) . T h i s s e a l s u s t a i n e d p r e s s u r e beyond 
t h a t r e q u i r e d and a l s o e x h i b i t e d a reduced l e a k r a t e . 

The f l a p p e d s e a l d e s i g n ( F i g s . 3 and 6) was a l s o e v a l u a t e d . 
T h i s s e a l performed w e l l d u r i n g p r e s s u r e t e s t i n g and c a l c u l a t e d 
l e a k r a t e s were s i m i l a r to the b u c k l e d web concept. 

In Resins for Aerospace; May, C.; 
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LVDT to Measure Seal 
Vertical Motion 

Operation: C I is electrically energized (remotely) allowing accumulator A2 to open 
valve C2 which dumps A l into the test section. An oscillograph records 
pressure transducers (FT), thermocouples (TO and the IVDTs 

Figure 11. Schematic of hunch seal pressure tester 

Figure 12. Two-foot-diameter hunch 
seal test apparatus 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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I n i t i a l C o n s i d e r a t i o n s Regarding the P r e s s u r e C a p a b i l i t i e s 
o f the New S e a l Design. I n i t i a l l y , a tapered beam s e a l c a s t from 
p o l y u r e t h a n e was c o n s i d e r e d s i n c e we had developed c o n s i d e r a b l e 
u n d e r s t a n d i n g o f t h i s combination- The maximum gap, g, f o r the 
new d e s i g n was 2 . 0 - i n . , t h e r e f o r e , 

W q = g - h - t/2 = 2.8 - 0.5 - 0.8/2 = 1.9-in. 

f o r a s e a l o f assumed t h i c k n e s s , t - 0 . 8 - i n . , 

Ό C f , J 760 χ 0.8 Z' J
 1 9 9 1 K ,. 2 

P f = " E O S = , Q2.05 = 1 2 2 l b ' / m -
W 1.9 ο 

T h i s e q u a t i o n , based o
about o n e - h a l f the r e q u i r e
f a c t t h a t f r i c t i o n i n h i b i t s s e a l i n v e r s i o n f o r a m i s s i l e mounted 
s e a l . O b v i o u s l y p f can be doubled by i n c r e a s i n g C, a modulus r e 
l a t e d term, o r t or a combination t h e r e o f . These remedies a r e 
u n d e s i r a b l e because the f o r c e r e q u i r e d t o reduce the s e a l o u t s i d e 
diameter would i n c r e a s e and the l a t e r a l e x c u r s i o n would decrease. 
In a d d i t i o n , d o u b l i n g C would be d i f f i c u l t as p o l y u r e t h a n e Β i s 
a l r e a d y a f a i r l y h i g h modulus m a t e r i a l . 

One l o g i c a l a l t e r n a t i v e was to a p p l y the humped-notched 
(H-N) s e a l d e s i g n s i n c e i t had been proven to possess h i g h e r 
p r e s s u r e c a p a b i l i t i e s than the tapered beam d e s i g n f o r a g i v e n 
m a t e r i a l and t h i c k n e s s . F o r t u n a t e l y , an i n i t i a l H-N d e s i g n was 
a l r e a d y a v a i l a b l e from our p r e v i o u s work (Meier e t a l . , 1979). 
Test r e s u l t s f o r t h i s d e s i g n a r e shown i n Table I where v a l u e s 
as h i g h as 292 l b . / i n . ^ a t a gap o f 3. 0 - i n . a r e g i v e n . However, 
two p o t e n t i a l l y d e l e t e r i o u s f a c t o r s had not been d e a l t w i t h -
reduced c a p a b i l i t y because o f launch flame and the "weak 1 1 s e c t i o n s 
f o r b u c k l i n g . 

Push-Through Test R e s u l t s . To s u b s t a n t i a t e the d e s i g n de
s c r i b e d above, a push-through sample was prepared to i n v e s t i g a t e 
the i n f l u e n c e o f the groove r e q u i r e d f o r the o u t s i d e diameter-
r e d u c i n g clamp. Test d a t a showed t h a t the groove i s i n a r e g i o n 
o f the s e a l l i p t h a t i s f u l l y a g a i n s t the c a n i s t e r w a l l when the 
s e a l i s p r e s s u r i z e d and thus e s s e n t i a l l y i n a c t i v e i n bending. 
Concern over the e f f e c t o f the clamp groove on r e d u c i n g the s e a l 
c a p a b i l i t y was t h e r e f o r e e l i m i n a t e d . 

Some push-through t e s t s were a l s o conducted on s e a l samples 
t h a t were exposed to a c t u a l gas g e n e r a t o r flame. The H-N s e a l 
segments s u f f e r e d some mechanical abuse d u r i n g exposure c a u s i n g 
a 0 . 2 - i n . t e a r a t the i n t e r s e c t i o n o f the s e a l l i p lower s u r f a c e 
and the bonding s u r f a c e . Tapered beam s e a l segments t h a t were 
a l s o exposed were not m e c h a n i c a l l y damaged. I n s p i t e o f l o s i n g 
0.045 to 0.070-in. o f m a t e r i a l by a b l a t i o n , the s e a l s w i t h s t o o d 
the flame q u i t e w e l l . Table I I summarizes the r e s u l t s o f these 
exposures and push-through t e s t s . 
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Oxy-Acetylene Torch T e s t R e s u l t s . The bench t e s t shown i n 
F i g . 8 was used to expose p o l y u r e t h a n e coupons to a flame to ap
proximate a hot launch. Bare samples were f i r s t exposed to pro
v i d e base l i n e d a t a . For these t e s t s the tungsten-rhenium 
thermocouple was l o c a t e d on the s u r f a c e f o r d i r e c t exposure to 
the t o r c h flame. A chrome1-alumel thermocouple was l o c a t e d 

0.02-in. below the s u r f a c e i n a h o l e d r i l l e d p a r t i a l l y through 
from the back s i d e o f the coupon. The re m a i n i n g t e s t coupons were 
covered w i t h one o f the p r o t e c t i v e c o a t i n g s and the chrome 1-alumel 
thermocouple was sandwiched between the coupon and the c o v e r i n g . 
The r e s u l t s o f these t e s t s , l i s t e d i n Table I I I , show t h a t even 
the bare sample p r o v i d e s a c o n s i d e r a b l e temperature drop through 
the 0.02-in. p o l y u r e t h a n e . We judged t h a t a t t e n u a t i o n o f t h i s 
magnitude was adequate and t h a  a d d i t i o n a l p r o t e c t i o  would b
r e q u i r e d . However, th
ArmaIon c o u l d be added i  subsequen g
a d d i t i o n a l p r o t e c t i o n i s r e q u i r e d . The intumescent c o a t i n g sup
p l i e d by Avco showed a tendency to be swept away by the flame and 
was judged to be l e s s e f f i c i e n t than the o t h e r c o v e r i n g s . Photo
graphs o f the exposed samples a r e g i v e n i n F i g . 13. 

Use o f the S e a l O u t s i d e Diameter-Reducing Clamp. F i g u r e 9 
shows the clamp t h a t was assembled to reduce the s e a l o u t s i d e 
diameter f o r i n s t a l l a t i o n i n t o the t w o - f t . diameter t e s t c a n i s t e r . 
Four commercial clamps were m o d i f i e d by r e p l a c i n g the jaw b l o c k s 
w i t h p u l l e y - l i k e wheels to p o s i t i o n the c a b l e w e l l i n t o the groove 
i n the s e a l . T h i s i s im p o r t a n t to i n s u r e t h a t the t e n s i l e f o r c e 
i n the c a b l e does not c r e a t e a moment which would cause the c a b l e 
to p u l l out o f the groove. The clamp f u n c t i o n e d q u i t e w e l l but 
we d i d d i s c o v e r t h a t the c a t a l o g r a t e d l o a d o f 1,500 l b . meant 
t h a t 1,500 l b . f o r c e c o u l d be a p p l i e d to the jaws by e x t e r n a l 
means w i t h o u t f a i l u r e - i t d i d n o t mean t h a t 1,500 l b . c o u l d be 
generated w i t h the 3/8-16 t h r e a d and T-handle. For our use, lo a d s 
exceeding 600 l b . caused c o n s i d e r a b l e g a l l i n g i n the threads and 
t h r u s t end o f the threaded shank. C o n v e r s a t i o n w i t h the manu
f a c t u r e r r e v e a l e d t h a t some o f t h e i r l a r g e r model clamps use Acme 
threads and a l l o y s t e e l shanks to improve the clamping c a p a c i t y . 

In s p i t e o f the l i m i t e d l o a d c a p a c i t y , the clamps performed 
q u i t e w e l l . F i g u r e 14 shows p l o t s o f clamp f o r c e v e r s u s s e a l 
o u t s i d e diameter f o r the b u c k l e d web and f l a p - t y p e s e a l d e s i g n s . 
The f l a p - t y p e s e a l r e q u i r e d more f o r c e to reduce the o u t s i d e d i a 
meter to 2 4 - i n . than d i d the b u c k l e d web s e a l . However, the f l a p s 
were c u t i n t o the s e a l w i t h a bandsaw and thus the s l o t s were not 
smooth and d i d n o t s l i d e v e r y w e l l . To a l l e v i a t e t h i s s i t u a t i o n , 
0.03-in. T e f l o n was i n s e r t e d i n the s l o t s d u r i n g clamping. P e r 
haps clamping f o r c e s would be reduced i f the s l o t s were c a s t 
r a t h e r than saw-cut. 

Two-Ft. Diameter S e a l P r e s s u r e T e s t R e s u l t s . The f i r s t s e a l 
t h a t was p r e s s u r e t e s t e d was a L-167/WDCA s e a l w i t h 0.7- i n . t h i c k 
s e a l l i p and e i g h t wedge c u t s as shown i n F i g . 3. An accumulator 
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TABLE III 
LAUNCH FLAME EXPOSURE TEST DATA 

(a) 
Specimen 
Bare-1 Exposed surface 

Sub-surface 80 80 83 92 135 145 

Bare-3 Exposed surface 1860 3100 3800 4050* 3950 1150 550 4118 
Sub-surface 80 90 105 320 780 500 390 831 

AB312-2 Exposed surface 1810 3215 3720 3970 3975 2450 1550 3975 
Sub-surface 82 89 113 170 350 800 825 827 

AB312-6 Exposed surface 1400 3000 3140 3050 3730 1800 1300 3730 
Sub-surface 80 88 94 116 250 465 530 540 

Armalon-4 Exposed surface 645 1200 2100 3350 3825 1100 3825 
Sub-surface 84 95 125 165 490 845 760 850 

ArmaIon-7 Exposed surface 1200 2200 3200 4050 >4200 2350 1450 >4200 ( d ) 

Sub-surface 80 80 82 95 240 536 560 563 

Avco-5 Exposed surface 900 2210 2100 2100 2600 1450 650 3210 
Sub-surface 100 2500 1400 750 400 2500<e) 

(a) A l l were prepared from 0.16 in . χ 1.0 in. χ 3.0 in . coupons of L-167/MOCA. 
AB312 A ceramic fiber yarn woven into a 2 lb./yd. material ι ( 0.06 in . thick) 

intended for use as long-life conveyor belting in furnaces up to 2000°F, 
3M, St. Paul, MN. Bonded to polyurethane coupon with Chemlok 305. 

Armalon Trade name for a family of fabrics, laminates, tapes and f e l t s coated with 
TFE resin. We evaluated Product No. TG-1408, a fiber glass substrate, 
overall thickness of 0.008 i n . , weighing 9.5 oz./yd. 2, Dupont, Wilmington, DE. 
Bonded to polyurethane coupon with Chemlok 305. 

Avco Flamarest 1400S, brush applied 0.040 mils thick. 
Avco Systems, Lowell, MA. 

(b) 0.010 diam. W 3% Re/W 25% Re and 0.005 in. diam. Cr/Al (Type K) thermocouples. 

(c) Exposure too brief and flame not as close as in other tests. 

(d) Exceeded calibrated range of thermocouple. 

(e) Flame burned through coating directly exposing the sub-surface thermocouple, test error 
in duplicate sample - no data. 

In Resins for Aerospace; May, C.; 
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Figure 13. Before and after photos of flame-exposed polyurethane coupons 

26 25 
Seal Diameter, inch 

Figure 14. Clamp force vs. seal diame
ter measurements: (Φ) flap-type seal, 

(X) buckled web seal 
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p r e s s u r e ( A l ) o f 515 l b . / i n . 2 (abs) was used but the r e s u l t i n g 
maximum s e a l p r e s s u r e was o n l y 31 l b . / i n . 2 ( g a ) . Subsequent t e s t 
i n g o f the f l a p p e d and b u c k l e d web s e a l s showed t h a t A l p r e s s u r e s 
o f 800-1,000 l b . / i n . 2 (abs) might be r e q u i r e d but even so the 
e x t r e m e l y low s e a l p r e s s u r e caused us to r e j e c t the wedge-cut de
s i g n and proceed w i t h the o t h e r two concepts. P r e s s u r e u n i t s a r e 
i n c o n s i s t e n t because a b s o l u t e p r e s s u r e i s r e q u i r e d to c a l c u l a t e 
N 2 mass v a l u e s but gage p r e s s u r e i s more a p p r o p r i a t e f o r s e a l 
p r e s s u r e performance. 

F i g u r e 15 summarizes the p r e s s u r e - t i m e c h a r a c t e r i s t i c s o f the 
b u c k l e d web and f l a p p e d s e a l s . S p e c i f i c t e s t r e s u l t s were s e l e c t 
ed to compare the two designs, under s i m i l a r t e s t c o n d i t i o n s . 
S i n c e performance o f the blow-down v a l v e , C2, was n o t monitored 
d u r i n g a l l t e s t i n g , a complet
shown. 

In a d d i t i o n to p r e s s u r e c a p a b i l i t y , l e a k r a t e can a l s o be 
used to grade s e a l performance. As s t a t e d e a r l i e r , n i t r o g e n mass 
f l o w i n g out o f accumulator A l was c a l c u l a t e d u s i n g the e q u a t i o n 
o f s t a t e f o r a p e r f e c t gas. There a r e some r e s t r i c t i o n s , however, 
r e g a r d i n g the c o n d i t i o n s under which t h i s f l o w can be i n t e r p r e t e d 
as leakage. These a r e t h a t the s e a l p r e s s u r e and d i s p l a c e m e n t 
must be c o n s t a n t - a c t u a l l y the gas temperature i n the t e s t cham
ber should a l s o be c o n s t a n t but was not measured. I f the s e a l 
d i d not l e a k , f l o w would be z e r o when these parameters were con
s t a n t , t h e r e f o r e f l o w which does occur under these c o n d i t i o n s i s 
i n t e r p r e t e d as leakage. 

The t e s t o s c i l l o g r a m s (not presented) and F i g . 15 show t h a t 
a t maximum s e a l p r e s s u r e t h e r e i s about a 0.1 second p e r i o d where 
the p r e s s u r e i s n e a r l y c o n s t a n t . S e a l d i s p l a c e m e n t i s a l s o n e a r l y 
c o n s t a n t a t t h i s time and f o r some time t h e r e a f t e r . Test d a t a 
p l o t t e d i n F i g . 15 c o n s i d e r n i t r o g e n f l o w v a l u e s t h a t occur d u r i n g 
t h i s time i n t e r v a l so t h a t leakage comparisons can be made under 
s i m i l a r t e s t c o n d i t i o n s . These d a t a show t h a t t h e r e i s no s i g n i f 
i c a n t d i f f e r e n c e i n the l e a k performance o f the two s e a l d e s i g n s . 

A source o f minor e r r o r i n c a l c u l a t i n g n i t r o g e n mass i s the 
response time o f thermocouples TC^ and T C 2 . These thermocouple 
j u n c t i o n s a r e welded beads o f the 0.005-in. diameter w i r e s . The 
Omega Temperature Measuring Handbook (Omega E n g i n e e r i n g , I n c . , a 
manufacturer o f temperature measuring equipment), i n d i c a t e s t h a t 
the response time f o r t h i s c o n f i g u r a t i o n i s about 0.1 second 
(time to r e a c h 63.2% o f an i n s t a n t a n e o u s temperature change). By 
comparison, the galvanometers used i n the o s c i l l o g r a p h have a 
response time o f 10"^ sec, o r 0.01 times the thermocouple response. 
However, s h i f t i n g the temperature d a t a by 0.1 second and c a l c u l a t 
i n g new mass and mass f l o w v a l u e s y i e l d s no s i g n i f i c a n t d i f f e r e n c e 
i n the leakage. T h e r e f o r e , the e f f e c t s o f the thermocouple r e 
sponse time have been n e g l e c t e d . 

Performance o b j e c t i v e s f o r the launch s e a l e n t a i l e d a c h i e v i n g 
a p r e s s u r e c a p a b i l i t y o f 220 l b . / i n . 2 (ga) @ a nominal gap o f 
2 . 0 - i n . A t maximum m i s s i l e e c c e n t r i c i t y (gap = 3.0-in.) the s e a l 
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Buckled Web Flapped Seal 
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Symbolsi A l & A2 · accumulator pressures 
ν = valve C2 opening time 
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Figure 15. Pressure-time test curves for the buckled web and flapped seals at 
various gap eccentricities; symbols: A I , A 2 , accumulator pressures; v , valve C 2 

opening; e, eccentricity of missile-to-canister annular gap 
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Figure 16. Seal partially removed from mold 

Figure 17. Buckled web segment of a 54-in. id. hunch seal 
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p r e s s u r e requirement reduced t o 105 l b . / i n . 2 (ga). Both the 
bu c k l e d web and f l a p p e d s e a l s exceeded these o b j e c t i v e s by a c h i e v 
i n g an i n v e r t p r e s s u r e o f 220 l b . / i n . & the maximum annulus ec
c e n t r i c i t y . 

F a b r i c a t i o n o f 54-In. Diameter S e a l s . F o l l o w i n g a s u c c e s s f u l 
t w o - f t . diameter s e a l t e s t program, we s c a l e d up to 5 4 - i n . d i a 
meter s e a l s . An aluminum s e a l mold was f a b r i c a t e d and s e a l s were 
c a s t from A d i p r e n e L-167/MDCA. A p a r t i a l l y demolded and untrimmed 
s e a l i s shown i n F i g . 16 and a c l o s e - u p o f the b u c k l e d web d e s i g n 
i s shown i n F i g . 17. S i x t e e n e v e n l y spaced b u c k l e d web s e c t i o n s 
were molded i n t o the s e a l . 

These s e a l s were su b s e q u e n t l y e v a l u a t e d i n " c o l d l a u n c h " 
experiments u s i n g compresse
A l s o , "hot l a u n c h e s " u s i n
f u l . In F i g . 19 the s e a l , mounted a t the base o f the m i s s i l e , i s 
obscured by the combustion p r o d u c t s o f the gas g e n e r a t o r . I n both 
c a s e s , u s i n g a 36,000 l b . s i m u l a t e d m i s s i l e @ near v e r t i c a l and 
45° i n c l i n e d launch a n g l e s , the launch s i m u l a t i o n t e s t s were suc
c e s s f u l . Measured maximum breech p r e s s u r e s were a p p r o x i m a t e l y 
70 l b . / i n . 2 (ga) f o r the "hot l a u n c h " t e s t s . These p r e s s u r e s were 
somewhat below s e a l development o b j e c t i v e s s i n c e launch p r e s s u r -
i z a t i o n c h a r a c t e r i s t i c s f o r t h i s t e s t program were d i c t a t e d by 
m i s s i l e launch k i n e m a t i c s r a t h e r than launch s e a l r e q u i r e m e n t s . 

Segments c u t from the t e s t e d s e a l s , shown i n F i g . 20, e x h i b i t 
the e f f e c t o f a b r a s i o n a g a i n s t the launch tube as w e l l as the i n 
f l u e n c e o f heat i n the case o f the hot launch. 

A l t h o u g h o n l y designed f o r a s i n g l e l a u n c h , s e v e r a l s e a l s 
were t e s t e d i n m u l t i p l e launches and r e t a i n e d s e a l i n g i n t e g r i t y -
a testimony to the d u r a b i l i t y o f the c a s t p o l y u r e t h a n e s e a l mate
r i a l . 

Summary 

Based on l a b o r a t o r y experiments w i t h t w o - f t . diameter c a s t 
p o l y u r e t h a n e , m i s s i l e mounted s e a l s i t was p o s s i b l e to develop 
t e s t d a t a which met m i s s i l e o n l o a d i n g , l a u n c h p r e s s u r e , and l e a k 
age r e q u i r e m e n t s . As a r e s u l t o f these t e s t s , 5 4 - i n . diameter 
s e a l s c a s t from A d i p r e n e L-167/MDCA were mounted on a 36,000 l b . 
m i s s i l e and t e s t e d s u c c e s s f u l l y . Under both " h o t " and " c o l d " 
launch c o n d i t i o n s , the s e a l s met leakage requirements and w i t h 
stood launch p r e s s u r e s up to 90 l b . / i n . 2 (ga) and a n n u l a r gaps as 
l a r g e as 2.3 i n . 

Acknowledgment 

The a u t h o r s acknowledge the c o n t r i b u t i o n o f Mr. J . F. Chance 
f o r c a s t i n g the s e a l segments, t w o - f t . diameter s e a l s , and 5 4 - i n . 
diameter s e a l s . We a l s o acknowledge Mr. J . 0. Bowden 1 s a s s i s t 
ance f o r c o n d u c t i n g a l l push-through t e s t s on t w o - f t . diameter 
s e a l s . 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



198 RESINS FOR AEROSPACE 

Figure 18. "Cold Launch'' seal test using 
compressed gas for propellant 

Figure 19. "Hot Launch" seal test using a gas generator for Munch propellant 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 20. Segment of seals showing abrasion and ablation caused by test 
launches 

In Resins for Aerospace; May, C.; 
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Many m i s s i l e systems employ a tube to guide the m i s s i l e dur
i n g l a u n c h . There a r e a t l e a s t two b a s i c s e a l i n g t e c h n i q u e s to 
minimize launch p r e s s u r e blow-by d u r i n g t h i s p e r i o d - one i s to 
a t t a c h s e v e r a l s e a l s a l o n g the tube i n s i d e diameter which a r e 
s u c c e s s i v e l y "uncorked 1 1 as the m i s s i l e t r a v e l s out the tube, a 
second i s t o a t t a c h one s e a l t o the base o f the m i s s i l e so t h a t 
the s e a l e x i t s the tube w i t h the m i s s i l e . The reasons f o r s e l e c t 
i n g one scheme over the o t h e r a r e many and v a r i e d and may i n c l u d e 
such f a c t o r s as type o f p r o p u l s i o n , m e chanical shock environment 
d u r i n g stowage, and the a b i l i t y o f the m i s s i l e t o w i t h s t a n d p r e s 
sure and s e a l f o r c e s , e t c . I t i s not our purpose here to d i s c u s s 
how these f a c t o r s a r e a n a l y z e d to determine which manner o f s e a l 
i n g i s t o be employed - i t i s s u f f i c i e n t t o note t h a t f o r a g i v e n 
s e t o f d e s i g n c o n d i t i o n s
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Molecular Composites 
Rodlike Polymer Reinforcing an Amorphous Polymer Matrix 

G. HUSMAN, T. HELMINIAK, and W. ADAMS 
Air Force Materials Laboratory, Nonmetallic Materials Division, 
Wright-Patterson Air Force Base, OH 45433 
D. WIFF and C. BENNER 
University of Dayton Research Institute, Dayton, OH 45469 

Recent development  i  th  synthesi f rodlik  aromati
heterocyclic polymers hav
in the development of these polymers as structural materials. A 
large effort i s currently being expended to characterize these 
polymers and to develop them into useful product forms, such as 
fibers, films or sheets. The A i r Force Materials Laboratory and 
the Ai r Force Office of Scient i f ic Research are engaged in a 
research and development program directed toward the preparation 
and processing of very high strength, environmentally resistant 
polymers for use as structural materials i n aerospace vehicles. 
The objective i s the attainment of mechanical properties for a 
structural material comparable with those currently obtained with 
fiber reinforced composites, but with s ignif icant ly higher envi
ronmental resistance and without the use of a fiber reinforce
ment. The materials chosen for this effort are the r i g id rod, 
extended chain, aromatic-heterocyclic polymers whose physical and 
chemical properties show promise for achievement of the program 
objectives. However, these materials present special processing 
problems because of the extended chain, r i g id rod structural 
character of molecules. Present processing requires strong min
eral or organic acid solvents and there is little opportunity to 
influence the polymer morphology once the material i s in the 
sol id state. One potential concept for the u t i l i z a t i o n of the 
rodlike polymers i s molecular composites. This concept consists 
of blending a rodlike aromatic heterocyclic polymer with a c o i l 
l i ke aromatic heterocyclic polymer. The intent i s to reinforce 
the c o i l - l i k e or amorphous polymer with the rodlike polymer, thus 
forming a composite on the molecular level analogous to chopped 
fiber reinforced composites. The subject of this paper i s a 
study to demonstrate the f eas ib i l i t y of this concept. 

Materials and Processing 

A variety of rodlike and amorphous polymers were studied in 
this investigation. The chemical structures of the various 

This chapter not subject to U.S. copyright. 
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TABLE I 

Rod-Like Polymers 

POLYMERS STUDIED 
CHEMICAL STRUCTURE 

ι 
H 

5 - © ~ 

ACRONYM 

PDIAB 

PBT 

C o i l - L i k e Polymers 

-Ki§r©cH» 
H 

I 
H 

3. 

M-PBI 

AB-PBI 

PEPBO 

PPBT 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



16. HUSMAN E T A L . Molecular Composites 205 

polymers a r e shown i n Table I . The polymer b l e n d s s t u d i e d and 
t h e i r weight p e r c e n t s a r e l i s t e d i n Table I I . 

The polymer bl e n d s s t u d i e d were processed as t h i n f i l m s by 
vacuum c a s t i n g from d i l u t e s o l u t i o n s . The g e n e r a l procedure 
f o l l o w e d was t o prepare a 1-2% polymer s o l u t i o n i n methane s u l 
f o n i c a c i d and put the s o l u t i o n i n a s p e c i a l l y f a b r i c a t e d c i r c u 
l a r f l a t bottomed c a s t i n g d i s h . The d i s h was then p l a c e d and 
l e v e l e d i n the bottom of a s u b l i m a t o r . The c o l d f i n g e r o f the 
s u b l i m a t o r was m a i n t a i n e d a t 25°C and the s u b l i m a t o r was con
t i n u o u s l y evacuated and heated t o 60°C t o f a c i l i t a t e the removal 
of the methane s u l f o n i c a c i d . A f t e r the f i l m s were formed and 
removed from the c a s t i n g d i s h , they were g e n e r a l l y d r i e d a t 100°C 
i n a vacuum oven f o r 24 t o 48 hours. The f i l m s produced were 
a p p r o x i m a t e l y 5 cm i n diameter and v a r i e d from 1.3 χ 10 t o 
16.5 χ 10~^cm i n t h i c k n e s s
mately 20 t o 30% r e s i d u a

Specimen P r e p a r a t i o n and T e s t i n g 

The f i l m s were c u t w i t h a r a z o r b l a d e i n t o .635 cm s t r i p s . 
S t r i p s a t l e a s t 2.54 cm i n l e n g t h were used f o r t e s t i n g , w h i l e 
s h o r t e r p i e c e s were used f o r as c a s t m o r p h o l o g i c a l s t u d i e s . 
T e s t s were performed on an I n s t r o n u n i v e r s a l t e s t machine a t a 
crosshead speed o f .02 i n c h e s per minute. A f t e r i n i t i a l specimen 
breaks o c c u r r e d , r e m a i n i n g p i e c e s were r e t e s t e d u n t i l the l e n g t h 
became too s h o r t t o r e a s o n a b l y g r i p and t e s t ( a p p r o x i m a t e l y 1.5 
cm). T h i s p r o v i d e d not o n l y a s - c a s t d a t a , but a l s o m e c h a n i c a l l y 
s t r e t c h e d d a t a . I n a d d i t i o n , some specimens were p l a s t i c i z e d 
w i t h methanol t o permit l a r g e r amounts of s t r e t c h i n g . A f t e r 
these specimens were d r i e d of the methanol, they were mechani
c a l l y t e s t e d t o determine the e f f e c t o f the s t r e t c h i n g . 

The r e s u l t s o f the t e s t i n g of the AB-PBI/PDIAB b l e n d s a r e 
pre s e n t e d i n Tab l e I I I . These b l e n d s were s t u d i e d i n the most 
d e t a i l because they appeared t o be the most c o m p a t i b l e polymer 
b l e n d s and gave the most i n t e r e s t i n g r e s u l t s . S e v e r a l g e n e r a l 
o b s e r v a t i o n s can be made about the d a t a . I n the a s - c a s t (no 
s t r e t c h i n g ) polymer b l e n d s , the r o d - l i k e polymer appears t o a c t 
more as a f i l l e r than a r e i n f o r c e m e n t . However, s t r e t c h i n g ( b o t h 
m e c h a n i c a l and s o l v e n t ) appears t o p r o v i d e some o r i e n t a t i o n and 
demonstrates a r e a l r e i n f o r c i n g e f f e c t ( s t r e n g t h and modulus i n 
c r e a s e s ) . The r e i n f o r c i n g e f f e c t , however, does not f o l l o w a 
r u l e - o f - m i x t u r e s b e h a v i o r , the 10 pe r c e n t b l e n d b e i n g p r o p o r t i o n 
a l l y b e t t e r than the 20 p e r c e n t o r 30 perce n t b l e n d s . The 57 
per c e n t and 75 pe r c e n t b l e n d s c o u l d not be s t r e t c h e d because o f 
t h e i r low s t r a i n - t o - f a i l u r e and no s i g n i f i c a n t r e i n f o r c i n g was 
observed. S i m i l a r t r e n d s were observed w i t h o t h e r polymer b l e n d s 
s t u d i e d ; however, the d a t a p r e s e n t e d r e p r e s e n t s the most s i g n i 
f i c a n t r e s u l t s . 
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TABLE I I 
POLYMER BLENDS STUDIED 

Weight P e r c e n t s of 
M a t r i x Reinforeemen

1. M-PBI 
2. AB-PBI PDIAB o, 10, 20, 30, 57, 
3. PPBT PBT o, 25, 50, 75 
4. PEPBO PBO o, 25, 50, 60, 75 
5. AB-PBI PBO 0, 10, 20, 30 

TABLE I I I 
MECHANICAL PROPERTIES - AB-PBI/PDIAB BLENDS 

% ROD STRETCH/ MODULUS STRENGTH STRAIN 
% AREA 

POLYMER REDUCTION (G Pa) (M Pa) ( % ) 
0 None 1.03 79.92 98 
0 Mech./20 2.00 134.36 43 
0 Solvent/60 3.37 105.42 12 

10 None 2.00 70.28 46 
10 Mech./37 4.60 161.92 28 
10 Solvent/57 6.86 315.56 14 
20 None 1.58 44.10 26 
20 Mech./37 2.38 82.68 15 
20 Solve n t / 7 0 7.17 253.55 9 
30 None 1.25 36.52 14 
30 Mech./20 2.16 71.66 22 
30 Solvent/60 8.96 189.48 4 
57 None 1.34 28.73 5 
75 None 1.51 22.32 4 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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M o r p h o l o g i c a l S t u d i e s 

The morphology o f the f i l m s has been s t u d i e d u s i n g s c a n n i n g 
e l e c t r o n microscopy and x- r a y d i f f r a c t i o n . A c a r e f u l study o f 
SEM photographs e x p l a i n s many of the observed t e s t r e s u l t s . F i g 
u r e s 1-4 show SEM photographs o f the s u r f a c e s o f the 0%, 10%, 
20%, and 30% rod f i l m s r e s p e c t i v e l y . The m o r p h o l o g i c a l changes 
are o b v i o u s . F i g u r e s 5-8 show edge views o f l i q u i d n i t r o g e n 
f r a c t u r e s o f the same f o u r f i l m s . S e v e r a l o b s e r v a t i o n s have been 
made from the study of the SEM photographs. A second phase o r 
conglomerate i s p r e s e n t i n the b l e n d s . These conglomerates i n the 
a s - c a s t (not s t r e t c h e d ) f i l m s appear t o be symmetric and saucer 
shaped w i t h an aspec t r a t i o ( l e n g t h / t h i c k n e s s ) o f 2-3. The abso
l u t e s i z e o f the conglomerate  i n c r e a s e  w i t  i n c r e a s i n
t e n t . The volume conten
g r e a t e r than the volum  polymer, g 
t h a t the conglomerates c o n t a i n b o t h r o d - l i k e polymer and amorphous 
polymer. S t r e t c h i n g the f i l m s changes the shape o f the conglom
e r a t e s , i n c r e a s i n g the l e n g t h and d e c r e a s i n g the w i d t h and t h i c k 
ness. T h i s can be seen i n F i g u r e s 9 and 10 which show edges p e r 
p e n d i c u l a r t o and p a r a l l e l t o the s t r e t c h d i r e c t i o n o f a 30% r o d , 
s o l v e n t s t r e t c h e d f i l m . 

A t a b u l a t i o n o f some of the m o r p h o l o g i c a l phenomena i s p r e 
sented i n T a b l e IV. A l t h o u g h the measurements made were r e l a 
t i v e l y crude, the magnitudes of the measurements and phenomenolog-
i c a l t r e n d s can be d e r i v e d from t h i s d a t a . One imp o r t a n t o b s e r v a 
t i o n i s t h a t volume c a l c u l a t i o n s i n d i c a t e t h a t the p e r c e n t r o d 
l i k e polymer i n the conglomerates i s c o n s t a n t , a p p r o x i m a t e l y 57%. 
T h i s assumes t h a t a l l of the r o d i s i n t h e second phase. I f t h i s 
i s t r u e , i t i n d i c a t e s t h a t 57% may be an e q u i l i b r i u m mix c o n d i t i o n 
f o r the two polymers. To v e r i f y t h i s , a 57% PDIAB/43% AB-PBI f i l m 
was p r e p a r e d . As can be seen i n F i g u r e 11, no second phase was 
observed. R e s u l t s of the x - r a y d i f f r a c t i o n s t u d i e s a r e s t i l l 
b e i n g a n a l y z e d ; however, d e f i n i t e s i g n s o f o r d e r i n g and o r i e n t a 
t i o n have been observed. 

A n a l y s i s 

I n o r d e r t o develop a b e t t e r u n d e r s t a n d i n g o f the r e s u l t s 
o b t a i n e d , a n a l y s i s procedures developed f o r composite m a t e r i a l s 
were u t i l i z e d f o r d e t e r m i n i n g the e f f e c t i v e m o d u l i o f the conglom
e r a t e s . The H a l p i n - T s a i e q u a t i o n s ( 1 ) used a r e shown below: 

H a l p i n - T s a i E q u a t i o n s 

_JL = (1 + ζ η v f ) 
*Ά (1 - η v f ) 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 1. 100% AB-PBI surface 
(1500X) 

Figure 2. 9 0 % AB-PBI/10% PDIAB 
surface (ISOOX) 

Figure 3. 8 0 % AB-PBI/20% PDIAB 
surface (1500X) 

Figure 4. 70% ΑΒ-ΡΒΙ/30Ψο PDIAB 
surface (1500χ) 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 5. 100% AB-PBI edge (2000χ) 

Figure 6. 90%> AB-PB1/10% PDIAB 
edge(2000x) 

Figure 7. 80% AB-PBÎ/20% PDIAB 
edge(2000X) 

Figure 8. 70% ΑΒ-ΡΒΙ/30Ψο PDIAB 
edge(2000X) 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 9. 70Ψο AB-PBI/30% PDIAB 
solvent-stretched edge ± to stretch 

(2500X) 

Figure 10. 70% AB-PBI/30% PDIAB 
solvent-stretched edge || to stretch 

(2500X) 

TABLE IV 
MORPHOLOGY OF AB-PBI/PDIAB BLENDS 

Conglomerate 
Length (cm χ 10 4 ) 

I n i t i a l 
Mechanically Stretched 
Solvent Stretched 

-4 
Thickness (cm χ 10 ) 

I n i t i a l 
Mechanical Stretched 
Solvent Stretched 

Width (cm χ 1θ" 4) 
I n i t i a l 
Mechanically Stretched 
Solvent Stretched 

Aspect Ratio (L/T) 
I n i t i a l 
Mechanically Stretched 
Solvent Stretched 

90/10 

1.78 
2.54 
3.81 

.635 

.508 

.254 

1.78 
1.52 
1.02 

2.8 
5.0 

15 

80/20 

3.81 
5.08 
5.08 

1.27 
.889 
.508 

3.81 
3.30 
1.14 

3.0 
5.7 

10 

70/30 

5.84 
7.62 
6.35 

1.91 
1.27 
.762 

5.84 
5.08 
1.27 

3.1 
6.0 
8 

Volume % i n Film 18% 35% 53% 
Volume % i n Conglomerate 56% 57% 57% 
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( E f - 1) 

η = _Jh 
( 

Λ 
( E f + ζ) 

where, 
Ε = Composite o r f i l m modulus. 

E^ = Corresponding m a t r i x modulus. 
= Volume f r a c t i o n o f r e i n f o r c e m e n t . 

E^ = Correspondin
ζ = Measure of r e i n f o r c e m e n t dependent on boundary 

c o n d i t i o n s ( f o r these c a l c u l a t i o n s , t a k e n 
as ζ = 2 ( a / b ) . 

The r e s u l t s of the a n a l y s i s a r e shown i n Table V. S e v e r a l o b s e r 
v a t i o n s can be made from these c a l c u l a t i o n s . The h i g h e r e f f e c 
t i v e modulus of the conglomerates i n the s t r e t c h e d 10% r o d f i l m 
i n d i c a t e s a h i g h e r degree of o r i e n t a t i o n i n these conglomerates. 
T h i s i n c r e a s e d o r i e n t a t i o n and c o r r e s p o n d i n g h i g h e r a s p e c t r a t i o 
of t h e s e conglomerates accounts f o r the h i g h e r r e l a t i v e modulus 
observed i n the 10% ro d f i l m s . The magnitudes o f the conglomer
a t e m o d u l i a r e h i g h i n d i c a t i n g r e l a t i v e l y good t r a n s l a t i o n o f r o d 
p r o p e r t i e s . Even i n the most h i g h l y s t r e t c h e d 10% r o d f i l m , the 
conglomerate aspect r a t i o and degree of o r i e n t a t i o n a r e not 
n e a r l y s u f f i c i e n t t o o b t a i n d e s i r e d p r o p e r t i e s . T h e r e f o r e , the 
con g l o m e r a t i o n i s c o n s i d e r e d u n d e s i r a b l e and complete d i s p e r s i o n 
of the rods p l u s the a b i l i t y t o o r i e n t them i n the f i l m i s the 
d e s i r e d g o a l . 

P r o c e s s i n g S t u d i e s 

I n an attempt t o a c h i e v e d i s p e r s i o n o f the r o d s , v a r i o u s 
p r o c e s s i n g t e c h n i q u e s were s t u d i e d . I n s t e a d o f vacuum c a s t i n g 
the f i l m s , a t e c h n i q u e of p r e c i p i t a t i n g from d i l u t e s o l u t i o n i n a 
h i g h h u m i d i t y environment was developed. A 10% PDIAB/90% AB-PBI 
f i l m made by t h i s p r o c e s s i s shown i n F i g u r e 12. As can be seen, 
no v i s i b l e second phase i s p r e s e n t . M e c h a n i c a l p r o p e r t i e s of 
t h i s f i l m a r e g i v e n i n Tab l e V I . The p r o p e r t i e s a r e much b e t t e r 
than those o b t a i n e d from the vacuum c a s t f i l m s i n d i c a t i n g e x c e l 
l e n t t r a n s l a t i o n of r o d p r o p e r t i e s . 

In Resins for Aerospace; May, C.; 
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Figure 11. 43% ΑΒ-ΡΒΙ/57Ψο PDIAB 
edge (1500X) 

TABLE V 
CALCULATED CONGLOMERATE MODULUS - AB-PBI/PDIAB BLENDS 

90/10 AB-PBI/PDIAB ( I n i t i a l ) Ê f - 16.15 G Pa 

90/10 AB-PBI/PDIAB (Mech. S t r e t c h e d ) Ë f - 33.35 G Pa 

90/10 AB-PBI/PDIAB ( S o l v e n t S t r e t c h e d ) \ « 26.23 G Pa 

80/20 AB-PBI/PDIAB ( S o l v e n t S t r e t c h e d ) \ = 15.43 G Pa 

70/30 AB-PBI/PDIAB ( S o l v e n t S t r e t c h e d ) ï f - 14.94 G Pa 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Figure 12. 90 % AB-PBI/ΙΟΨο PDIAB 
water-precipitated edge (1500χ) 

TABLE V I 

MECHANICAL PROPERTIES - 90% AB-PBI/10% PDIAB 
(PRECIPITATED) 

STRETCH MODULUS STRENGTH STRAIN 
% AREA 

REDUCTION (G Pa) (M Pa) (%) 

None 3.08 92.39 15 

Mech./5 4.00 122.09 13 

Solv e n t / 5 5 9.65 243.95 3 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 
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Summary 

The concept o f m o l e c u l a r composites has been demonstrated. 
A l t h o u g h the s t u d i e s t o date a r e v e r y p r e l i m i n a r y , the concept 
appears t o be v e r y p r o m i s i n g . F u t u r e work w i l l be o r i e n t e d toward 
c h a r a c t e r i z i n g the s o l u t i o n b e h a v i o r o f the polymer b l e n d s and 
d e v e l o p i n g p r o c e s s i n g t e c h n i q u e s t o a c h i e v e b e t t e r morphology con
t r o l as w e l l as o r i e n t a t i o n c o n t r o l . 
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Analytical Techniques Applied to the Optimization of 
LARC-160 Composite Lamination 

A. WERETA, JR. and D. K. HADAD 
Lockheed Missiles & Space Company, Incorporated, Sunnyvale, CA 94086 

LARC-160 is a commercially available polyimide resin system 
developed by NASA Langley which starts out as a mixture of mono-
meric reactants in an ethanol solution (1). The constituents of 
LARC-160, shown in Figure 1, are the diethylester of benzophenone 
tetracarboxylic acid (BTDE), the ethyl ester of norborene dicar-
boxylic acid (NE), and Jeffamine AP-22, a mixture of ditri- and 
tetrafunctional isomers, as wel l as higher molecular weight spe
cies of methylene d iani l ine . These constituents are mixed in 
molar ratios of 0.335:0.610:0.539 (BTDE:NE:Jeffamine AP-22) which 
give an average molecular weight of 1600. 

Ideally, the monomers undergo a condensation reaction to form 
imidized oligomers end capped with norborene rings. T r i - and 
tetrafunctional amine isomers provide some crosslinking via con
densation; however, the bulk of crosslinking is attributed to an 
addition reaction as the norborene rings open at higher tempera
tures. 

Lockheed Missi les & Space Company, Inc. (LMSC) i s currently 
evaluating LARC-160 prepregged on graphite fabric in a combined 
materials, design, analysis, and manufacturing program aimed at 
developing a fiber-reinforced organic matrix composite for use at 
317°C (600°F). Autoclave cure cycles are of primary interest be
cause they are required for large part fabrication. A workable 
autoclave cycle, Figure 2, was empirically developed at LMSC and 
demonstrated on an integrally stiffened cylinder measuring 30 in. 
in diameter by 12 in. high (2). Since the results show promise, 
an optimized process i s now desired. 

Processing LARC-160 prepreg into well-consolidated composites 
of high quality requires removal of both prepregging and condensa
tion vola t i les and timely application of consolidation pressure. 
Premature consolidation results in excessive flow and/or trapping 
volat i les which can lead to voids, b l i s te r ing , delamination, or 
reduced performance at elevated temperatures (plast ic izat ion) . 
Delayed pressurization results in poor flow because of incipient 
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Figure I. Constituents of LARC-160 
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Figure 2. Empirically developed autoclave cycle for LARC-160 lamination 
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network f o r m a t i o n . Optimum p r o c e s s i n g r e q u i r e s d e f i n i t i o n o f a 
p r o c e s s i n g window between these extremes which i s s u b j e c t to the 
c o n s t r a i n t s o f the p a r t i c u l a r m a n u f a c t u r i n g p r o c e s s , be i t auto
c l a v e , h y d r o c l a v e , o r matched-metal molding. P r o c e s s v a r i a b l e s 
o f i n t e r e s t i n c l u d e h e a t i n g r a t e ( s ) and h o l d t e m p e r a t u r e ( s ) , de
gree o f vacuum and both the degree and r a t e o f p r e s s u r i z a t i o n . I n 
a d d i t i o n , a p i d i c o u s c h o i c e o f a n c i l l a r y m a t e r i a l s such as b l e e d 
e r p l i e s and r e s i n b a r r i e r s must be made on the b a s i s o f the r e s 
i n ' s f l o w c h a r a c t e r i s t i c s . 

The chosen p a t h t o o p t i m i z a t i o n c e n t e r s around d e f i n i n g the 
r h e o l o g i c a l changes which occur d u r i n g p r o c e s s i n g and r e l a t i n g 
them to v o l a t i l e e v a l u a t i o n and c h e m i c a l k i n e t i c s . The i n i t i a l 
phase o f t h i s work e n t a i l e d e v a l u a t i o n o f a n a l y t i c a l methods which 
c o u l d f o l l o w c h e m i c a l an
r e d s p e c t r o s c o p y ( I R ) , d i f f e r e n t i a
and l i q u i d chromatography (LC) were used to f o l l o w c h e m i c a l changea 
V o l a t i l e e v o l u t i o n was t r a c e d by mass s p e c t r o s c o p y (MS) c o u p l e d t o 
a heated c e l l and p h y s i c a l changes were v i s u a l l y observed on a 
programmed hot p l a t e . R h e o l o g i c a l changes, as determined by d i 
e l e c t r i c s p e c t r o s c o p y and dynamic v i s c o s i t y measurements, were 
compared. A l l r e s u l t s w i l l u l t i m a t e l y be c o r r e l a t e d w i t h d i e l e c 
t r i c s p e c t r a because they a r e amenable to r e a l time p r o c e s s moni
t o r i n g and c o n t r o l o f p r o d u c t i o n hardware ( 3 , 4 ) . 

E x p e r i m e n t a l 

The m a t e r i a l used i n t h i s i n v e s t i g a t i o n was a c o m m e r c i a l l y 
produced LARC-160 p r e p r e g . The g r a p h i t e f a b r i c used f o r r e i n 
forcement was a 24 χ 24 8 harness s a t i n weave o f T h o r n e l 300 f i 
b er tows c o n t a i n i n g 3,000 f i l a m e n t s per tow. The f i b e r s were 
s i z e d w i t h a C 309 epoxy c o a t i n g a t a c o n c e n t r a t i o n o f 2% o r l e s s . 
F a b r i c was prepregged by d i p p i n g i n t o a LARC-160/ethanol s o l u t i o n 
and tower d r y i n g to o b t a i n a c c e p t a b l e l e v e l s o f t a c k and drape. 
R e s i n s o l i d s , v o l a t i l e c o n t e n t and f l o w were determined to be 
41.8, 13.9, and 37.4%, r e s p e c t i v e l y . 

Samples f o r IR, DSC and LC experiments were a l l p r e v i o u s l y 
staged i n an Audrey I I d i e l e c t r i c c e l l heated a t 4°C/min to a 
s e l e c t e d temperature. T h i s a s s u r e d good c o r r e l a t i o n w i t h the d i 
e l e c t r i c d a t a and a l l o w e d a l o o k a t i m i d i z a t i o n under p r o c e s s 
l i k e c o n d i t i o n s where d i f f u s i o n o f trapped v o l a t i l e s can i n f l u e n c e 
the r e a c t i o n r a t e . K i n e t i c s t u d i e s o f t e n i g n o r e the i n f l u e n c e o f 
by-product d i f f u s i o n on r e a c t i o n r a t e s (5) but such c o n s i d e r a t i o n s 
a r e o f prime e n g i n e e r i n g c o n c e r n. 

I n f r a r e d s p e c t r a were o b t a i n e d on a P e r k i n - E l m e r Model 180 
G r a t i n g Spectrophotometer. Staged samples were ground up and 
formed i n t o KBr p e l l e t s whereas r e s i n from the c o n t r o l p r e p r e g 
was smeared onto a s a l t p l a t e . 

DSC thermograms were o b t a i n e d w i t h a DuPont Model 990 Thermal 
A n a l y z e r . Samples o f staged r e s i n were f i r s t ground up and then 
weighed to 7.0 +0.03 mg i n p r e s o r t e d aluminum pans o f e q u a l 
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w e i g h t . Sample pans were covered but not crimped b e f o r e s c a n n i n g 
a t a h e a t i n g r a t e o f 10°C/min. 

L i q u i d chromatograms were o b t a i n e d on each o f the staged sam
p l e s as w e l l as the c o n t r o l p r e p r e g and J e f f a m i n e AP-22 u s i n g a 
Waters A s s o c i a t e s Model 244 L i q u i d Chromatograph. The s e p a r a t i o n 
was o b t a i n e d by g e l permeation chromatography, a s i z e e x c l u s i o n 
t e c h n i q u e u s i n g STYRAGEL columns (500 + 103A) and dimethy1forma-
mide as the mo b i l e phase. 

A H i t a c h i P e r k i n Elmer Model RMU-6 mass spectrometer o f the 
s i n g l e f o c u s i n g magnetic v a r i e t y w i t h a heated i n l e t was used to 
d e t e c t v o l a t i l e s r e l e a s e d from a pr e p r e g sample as i t was heated 
a t 4°C/min. I t was n e c e s s a r y to outgas the chamber f o r s e v e r a l 
minutes a t a p p r o x i m a t e l y 1 m i c r o t o r r b e f o r e h e a t i n g so t h a t the 
i n i t i a l p r e p r e g c o n c e n t r a t i o n

V i s u a l o b s e r v a t i o n
between g l a s s s l i d e s on a hot p l a t e heated a t 4°C/min. A f i b e r
g l a s s c l o t h b l a n k e t was used to minimize heat l o s s e s . A low 
m a g n i f i c a t i o n microscope a i d e d o b s e r v a t i o n and r e l a t i v e deforma
t i o n o f the g l a s s s l i d e s p r o v i d e d a means f o r d e t e r m i n i n g the 
r e s i n ' s hardness a t any g i v e n time. 

The d i e l e c t r i c d i s s i p a t i o n f a c t o r was measured w i t h a T e t r a 
hedron Audrey I I d i e l e c t r o m e t e r a t a frequency o f 1 kHz. One 
l a y e r o f c l o t h p r e p r e g was p l a c e d i n an aluminum f o i l d i s h and 
covered w i t h s u c c e s s i v e l a y e r s o f 181 weave g l a s s f a b r i c and 5 m i l 
t h i c k Kapton f i l m b e f o r e i n s e r t i n g i n t o an Audrey sample c e l l . 
The g l a s s f a b r i c e x t r a c t s r e s i n from the c o n d u c t i v e g r a p h i t e f a b 
r i c so t h a t the d i e l e c t r i c p r o p e r t i e s o f the m a t r i x r e s i n can be 
monitored d u r i n g c u r e . The Kapton f i l m i s g e n e r a l l y c o n s i d e r e d 
s t a b l e and t h e r e f o r e w i t h o u t i n f l u e n c e on a c u r i n g epoxy r e s i n , 
but when p o l y i m i d e s o r o t h e r h i g h temperature r e s i n s a r e b e i n g 
cured the presence o f the Kapton must be c o n s i d e r e d . 

A Rheometries m e c h a n i c a l spectrometer was used to measure 
r e l a t i v e v i s c o s i t y changes d u r i n g c u r e o f LARC-160 p r e p r e g . Four 
l a y e r s o f s t a c k e d p r e p r e g were sandwiched between 50mm d i a . p a r 
a l l e l p l a t e s s e p a r a t e d by a 1 mm gap. The bottom p l a t e remains 
s t a t i o n a r y w h i l e the top p l a t e i s s i n u s o i d a l l y o s c i l l a t e d , i n t h i s 
case a t a s e l e c t e d frequency (1 H z ) . The sample c e l l was heated 
i n a s t e p w i s e f a s h i o n which c l o s e l y approximated a ramp f u n c t i o n 
o f 4°C/min. S i m i l a r experiments were attempted w i t h u n r e i n f o r c e d 
LARC-160 a t h e a t i n g r a t e s o f 2 and 4°C/min. 

R e s u l t s an4 D i s c u s s i o n 

Advances i n cure c h e m i s t r y a r e d i s c u s s e d r e l a t i v e to d a t a 
o b t a i n e d from DSC, IR, and LC experiments b e f o r e p r o c e e d i n g t o 
ch e m o r h e o l o g i c a l r e s u l t s o b t a i n e d from d i e l e c t r i c and dynamic 
v i s c o s i t y measurements. 

A s e r i e s o f DSC thermograms f o r LARC-160 r e s i n which had been 
staged a t 120° and 150°C a r e shown i n F i g u r e 3. The thermograms 
a r e v e r t i c a l l y s h i f t e d f o r ease o f comparison. I n o r d e r to a i d i n 
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the d i s c u s s i o n , s e v e r a l samples were f i r s t scanned t o 320°C, 
c o o l e d , and then rescanned as shown i n F i g u r e 4. W h i l e the r e 
heated samples a r e c e r t a i n l y n o t f u l l y c u r e d , they i n d i c a t e the 
b e h a v i o r o f h i g h l y i m i d i z e d r e s i n . S e v e r a l comments can be made. 
F i r s t , the thermograms a r e r a t h e r n o i s y below 150-175°C f o r sam
p l e s staged l e s s than 2 hours a t 120°C, no doubt because o f the 
r e t e n t i o n o f v o l a t i l e s . Second, t h e r e i s a p e r s i s t e n t , a l t h o u g h 
s m a l l endothermic peak around 75°C i n these samples which can be 
a s s o c i a t e d w i t h monomer m e l t i n g and perhaps s a l t f o r m a t i o n ( 6 ) . 
T h i s peak i s no l o n g e r e v i d e n t f o r the more severe s t a g i n g c o n d i 
t i o n s i n t h i s s e r i e s . T h i r d , t h e r e i s a s t r o n g endothermic peak 
around 160°C f o r the l e a s t staged sample which s h i f t s to h i g h e r 
temperatures as i t s magnitude decreases w i t h i n c r e a s e d s t a g i n g un
t i l i t i s no l o n g e r apparent f o  th  120°C/2 hou  sample  T h i
peak i s a s s o c i a t e d w i t h
r e p o r t e d f o r the c h e m i c a l l  (6)
s h i f t t o h i g h e r temperatures w i t h i n c r e a s e d s t a g i n g c o u l d be the 
r e s u l t o f d ecreased m o b i l i t y as i m i d i z a t i o n p r o g r e s s e s . A d d i t i o n 
a l e v i d e n c e s u p p o r t i n g t h i s p o s s i b i l i t y w i l l f o l l o w . F i n a l l y , 
t h e r e i s an upward t a i l on a l l the thermograms which was i n i t i a l l y 
a s s o c i a t e d w i t h the c r o s s l i n k i n g r e a c t i o n i n v o l v i n g norborene 
r i n g s . However, Lauver (6) shows t h a t PMR-15 e x h i b i t s a n o t h e r end 
o f them i n t h i s r e g i o n when s c a n n i n g a t 10°C/min under 60 PSI o f 
n i t r o g e n and t h a t the c r o s s l i n k i n g exotherm does n o t o c c u r u n t i l 
325°C. LARC-160 thermograms i n the v i c i n i t y o f the r i s e were r a 
t h e r e r r a t i c as i n d i c a t e d i n F i g u r e 4 f o r the r e h e a t e d samples, 
and i n f a c t s a t i s f a c t o r y peak r e s o l u t i o n was n o t o b t a i n e d when 
sc a n n i n g as h i g h as 460°C. I t appears t h a t h i g h p r e s s u r e DSC may 
be a more v a l u a b l e t o o l and i t s u t i l i t y i s now under i n v e s t i g a t i o n 
i n our l a b o r a t o r y . No q u a n t i t a t i v e measure o f i m i d i z a t i o n r a t e 
was attempted w i t h the d a t a p r e s e n t e d i n F i g u r e 4. 

IR s p e c t r a f o r a sample o f LARC-160 p r e p r e g and a sample o f 
LARC-160 staged f o r 30 minutes a t 120°C a r e shown i n F i g u r e 5. 
Some o f the key bands have been i d e n t i f i e d and l a b e l l e d on the 
s p e c t r a . S p e c t r a were o b t a i n e d on samples staged a t 120, 150, 177, 
and 204°C f o r times up to 2 hours. A q u a n t i t a t i v e measure o f i m i 
d i z a t i o n k i n e t i c s was o b t a i n e d from t h i s d a t a . A band a t 1380cm" 1 

was chosen to f o l l o w the i m i d i z a t i o n r e a c t i o n because i t was shown 
elsewhere Q) t h a t B e e r 1 s law i s obeyed, i . e . , t h e r e i s no change 
i n a b s o r p t i o n c o e f f i c i e n t d u r i n g the r e a c t i o n . T h i s i s n o t the case 
f o r a band a t 1780cm" ̂ . A band a t 1510cm" 1 was chosen as an 
i n t e r n a l s t a n d a r d s i n c e each p o i n t shown i n F i g u r e 10 r e p r e s e n t s an 
i n d i v i d u a l l y staged sample. The band a t 1510cm" 1, a s s o c i a t e d w i t h 
a s u b s t i t u t e d a r o m a t i c r i n g , showed no apparent changes d u r i n g 
i m i d i z a t i o n . A s t r a i g h t b a s e l i n e was drawn between 1900 and 1030 
cm" 1 and r e l a t i v e absorbance r a t i o s o f the 1380cm" 1 band to the 
i n t e r n a l s t a n d a r d band a t 1510cm" 1 were c a l c u l a t e d from measured 
v a l u e s o f t r a n s m i t t a n c e . The degree o f i m i d i z a t i o n d u r i n g c u r e 
was determined by comparing the above r a t i o f o r each staged sample 
(time=t min.) w i t h t h a t o f the b a s e l i n e p r e p r e g (t=o min.) and a 
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Figure 4. Comparison of original and reheated thermograms for staged LARC-
160 prepreg 
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Figure 5. IR spectra for (a) LARC-160 prepreg control, and (b) LARC-160 pre
preg that was staged for 30 min at 120°C 
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f u l l y i m i d i z e d sample ( t = ° o ) . A c o m p l e t e l y i m i d i z e d m a t e r i a l was 
somewhat a r b i t r a r i l y chosen as t h a t o b t a i n e d by h e a t i n g a staged 
sample to 316°C and h o l d i n g f o r one hour. An i s o t h e r m a l e x p r e s s i o n 
f o r the f r a c t i o n i m i d i z e d a t any time i s g i v e n by 

A 1380,, v A 1380 , , 
v „. Â m ô ( t ) " r ï 5 ï ô < p r e P r e s ) 
F r a c t i o n I m i d i z e d " A 1 3 8 0 A 1 3 8 0 

ÏTÏ5ÏÔ ( 1 h r @ 3 1 6 c ) " Γ Ί Ι ϊ ο (P r eP r e s ) 

where A 1380 and A 1510 r e p r e s e n t the absorbences c o r r e s p o n d i n g to 
the r e s p e c t i v e band l e n g t h s . The r e s u l t s a r e shown i n F i g u r e 6. 
Data f o r the 120 and 150°  s t a g i n
haved, showing smooth, monotoni
i z e d as a f u n c t i o n o f time  stage
p e r a t u r e d i s p l a y s the same i n i t i a l b e h a v i o r , t h e r e i s a sharp drop 
i n the f r a c t i o n i m i d i z e d f o r the 1 1/2 h r . sample. S i n c e i t re p 
r e s e n t s a s i n g l e sample, i t s s i g n i f i c a n c e i s unknown. An unex
pected r e s u l t o c c u r s f o r the 204°C s t a g i n g temperature where i t 
appears t h a t l e s s i m i d i z a t i o n o c c u r s than a t 177°C and i n f a c t n o t 
much more than t h a t found a t 150°C. T h i s b e h a v i o r may be e x p l a i n e d 
by the d i e l e c t r i c r e s u l t s which a r e d i s c u s s e d l a t e r . 

The chromatograms o f F i g u r e 7 show d e f i n i t e e f f e c t s o f s t a g 
i n g as i n d i c a t e d by the appearance and growth o f peaks a s s o c i a t e d 
w i t h u n i d e n t i f i e d m o l e c u l a r s p e c i e s . J u d g i n g from the s i m i l a r i t i e s 
i n e v o l u t i o n t i m e s , i t appears t h a t the s p e c i e s may be a s s o c i a t e d 
w i t h J e f f a m i n e r e a c t i o n p r o d u c t s . The p r e s e n t s e p a r a t i o n t e c h 
n i q u e s have not been o p t i m i z e d , but the method appears q u i t e sen
s i t i v e t o c h e m i c a l advances caused by s t a g i n g . One must r e a l i z e , 
however, t h a t the a n a l y s i s i s l i m i t e d t o s o l u b l e s p e c i e s , and t h a t 
i t s u t i l i t y i s t h e r e f o r e l i m i t e d to the e a r l y stages o f c u r e . 

A v e r y s i m p l e , y e t q u i t e u s e f u l experiment shedding i n s i g h t 
i n t o the rh e o l o g y o f LARC-160 d u r i n g cure was conducted w i t h a 
programmed hot p l a t e . By f o l l o w i n g the cure c y c l e i l l u s t r a t e d i n 
F i g u r e 8 and n o t i n g the b e h a v i o r a l changes i n d i c a t e d t h e r e o n , a 
b a s i c u n d e r s t a n d i n g o f the p r o c e s s i n g b e h a v i o r o f LARC-160 was 
o b t a i n e d . These r e s u l t s were c o r r e l a t e d w i t h those from mass spec 
a n a l y s i s i n o r d e r to f i n d out r e l a t i v e v o l a t i l e e v o l u t i o n r a t e s 
and w i t h the d i e l e c t r i c d i s s i p a t i o n f a c t o r i n o r d e r t o a i d i n i t s 
i n t e r p r e t a t i o n . V i s u a l o b s e r v a t i o n showed t h a t the p r e p r e g began 
s o f t e n i n g a t about 85°C. B u b b l i n g began a t 95°C, became v i o l e n t 
near 115°C, and su b s i d e d near 150°C as the r e s i n t h i c k e n e d . W i t h i n 
15 minutes a f t e r r e a c h i n g 177°C, the pr e p r e g had become q u i t e hard 
and c o u l d not be deformed by r e l a t i v e motion o f the g l a s s s l i d e s . 

The mass spec shows t h a t water and e t h a n o l a r e the major 
v o l a t i l e s emerging d u r i n g c u r e . I n i t i a l c o n c e n t r a t i o n s o f e t h a n o l 
and water may be a s s o c i a t e d w i t h r e s i d u a l p r e p r e g g i n g s o l v e n t and 
absorbed atmospheric m o i s t u r e , b u t between 100-120°C the concen
t r a t i o n p r o f i l e s change. T h i s may be due t o the decreased r e s i n 
v i s c o s i t y o r the onset o f i m i d i z a t i o n o r both. Both c o n c e n t r a t i o n 
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1.00 

Figure 6. Fraction of LARC-160 prepreg imidized after heating at 4°C/min and 
holding at the indicated temperatures 

STAGED 1-1/2 HRS AT 120°C HOLD 
13.16 mg/ml DM F 

Figure 7, Liquid chromatograms for staged LARC-160 
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l e v e l s remain h i g h d u r i n g the temperature h o l d and change v e r y 
l i t t l e , even when the r e s i n s o f t e n s d u r i n g resumption o f h e a t i n g . 
I t would appear t h a t the e v o l u t i o n o f these v o l a t i l e s i s n o t h i n 
dered by the n e a r l y g l a s s s t a t e o f the r e s i n , but one must remem
ber t h a t the mass spec experiment was conducted under h i g h vacuum 
and the pre p r e g was o n l y a s i n g l e p l y . I n a d d i t i o n , i t i s not 
known i f the e v o l u t i o n r a t e r e f l e c t s the i m i d i z a t i o n r a t e o r the 
d i f f u s i o n r a t e to the s u r f a c e . I n any case i t i s c l e a r t h a t a 
l a r g e c o n c e n t r a t i o n o f v o l a t i l e s remain i n the r e s i n when the pre 
preg i s heated to the cure temperature and t h a t they c o u l d g et 
trapped w i t h i n a composite as i n c r e a s e d c r o s s l i n k i n g g i v e s r i s e to 
a g l o s s y s t a t e . A f r e e s t a n d i n g p o s t c u r e t h e r e f o r e appears d e s i r 
a b l e f o r composite hardware w i t h t h i c k c r o s s s e c t i o n s . The o n l y 
o t h e r v o l a t i l e measured i  r e a s o n a b l  c o n c e n t r a t i o n  c y c l o p e n
a d i e n e . I t f i r s t appeare
maximum near the onset o
r i s i n g a g a i n once the i m i d i z e d r e s i n s o f t e n e d d u r i n g r e h e a t i n g 
(260-300°C). C y c l o p e n t a d i e n e i s known to a r i s e from a r e v e r s e 
D i e l s - A l d e r r e a c t i o n a s s o c i a t e d w i t h p o l y m e r i z a t i o n through the 
norborene r i n g ( 1 , 7 ) . However, i t s appearance p r i o r to the f i n a l 
c u r e r e a c t i o n i s u n e x p l a i n e d a t t h i s time. 

The Audrey d i e l e c t r i c d i s s i p a t i o n f a c t o r shows an i n i t i a l 
peak (48°C) a s s o c i a t e d w i t h the pre p r e g s o f t e n i n g and perhaps f l o w 
o f the r e s i n i n t o the a d j a c e n t b l e e d e r p l y . A second peak (157°C) 
appears when the r e s i n hardens due to i m i d i z a t i o n and t h e r e f o r e 
i n c r e a s e d c h a i n s t i f f n e s s . A t h i r d peak (300°C) appears when the 
i m i d i z e d r e s i n s o f t e n s and rehardens as cure c o n t i n u e s . D i s s i p a 
t i o n peaks appear i n r e g i o n s o f l i m i t e d m o b i l i t y which a r e bounded 
by r e g i o n s o f h i g h or low r e l a t i v e v i s c o s i t i e s . T h i s i n t e r p r e t a 
t i o n i s c o n s i s t e n t w i t h the v i s u a l o b s e r v a t i o n s d e s c r i b e d above 
and w i t h the dynamic v i s c o s i t y measurements shown i n F i g u r e 9 . 
Upon r e s c a n n i n g a cured sample both the f i r s t and second peaks a r e 
gone, but one s i m i l a r to the t h i r d remains. A l t h o u g h the t h i r d 
peak seems to be me a n i n g f u l i n terms o f LARC-160 r h e o l o g y , i t ap
pears t o be i n f l u e n c e d by the Kapton f i l m used i n the d i e l e c t r i c 
c e l l . Note t h a t the d i s s i p a t i o n f a c t o r i s p l o t t e d on a n o n l i n e a r 
s c a l e . 

A s e r i e s o f d i e l e c t r i c d i s s i p a t i o n curves a r e shown i n 
FigureslOând 1 1 . Heat up to s t a g i n g temperatures o f 93, 105, 121, 
149, 177, and 204°C a l o n g w i t h the c o r r e s p o n d i n g d i e l e c t r i c r e 
sponses a r e shown i n F i g u r e 10. Resumption o f h e a t i n g from each o f 
these s t a g i n g temperatures up to a 316°C cure temperature and 
t h e i r c o r r e s p o n d i n g d i e l e c t r i c responses a r e shown i n F i g u r e 11. 
R e f e r r i n g f i r s t to the s t a g i n g temperatures one f i n d s no change i n 
d i p o l e m o b i l i t y a f t e r 40 minutes a t 93°C. Temperatures a t o r be
low 93°C may be u s e f u l f o r débulking t h i c k p a r t s o f complex geo
metry i f such a s t e p i s deemed n e c e s s a r y . By i n c r e a s i n g the s t a g 
i n g temperature to 105°C, one f i n d s a v e r y broad, drawn-out peak 
e x t e n d i n g out to 310 minutes i n d i c a t i v e o f a slow r e a c t i o n r a t e . 
The r a t e i n c r e a s e s c o n s i d e r a b l y by r a i s i n g the h o l d temperature to 
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121°C where d i p o l e m o b i l i t y c o n t i n u e s f o r about 140 minutes. A 
s t a g i n g temperature o f 149°C shows a d i s s i p a t i o n peak a p p e a r i n g 
immediately a f t e r r e a c h i n g temperature and the c e s s a t i o n o f d i p o l e 
m o b i l i t y a f t e r a t o t a l time o f 55 minutes. For s t a g i n g tempera
t u r e s o f 177 and 204°C, the p o s i t i o n o f the d i s s i p a t i o n peak i s 
v i r t u a l l y the same as t h a t f o r the 149°C s t a g i n g temperature. 
However, the peak o c c u r s d u r i n g heat up f o r the two h i g h e r s t a g i n g 
temperatures. I t s h o u l d be emphasized t h a t the peak r e f l e c t s a 
change i n modulus and not a c t u a l l y e x t e n t o f c h e m i c a l r e a c t i o n as 
was e x e m p l i f i e d by the programmed hot p l a t e experiment. The d i 
e l e c t r i c experiments l e n d credance to the IR f i n d i n g s which i n d i 
c a t e l e s s i m i d i z a t i o n o c c u r s a t 204°C than a t 177°C. S i n c e the 
r e s i n hardens d u r i n g h e a t i n g , a s i g n i f i c a n t l y lower d i f f u s i o n r a t e 
i n the s o l i d s t a t e c o u l d account f o r the d i m i n i s h e d r e a c t i o n r a t e
The d i e l e c t r i c s t a g i n g experiment
i s a v e r y i m p o r t a n t p r o c e s
f o r LARC-160. 

F i g u r e 11 shows the d i e l e c t r i c d i s s i p a t i o n d u r i n g resumption 
o f h e a t i n g from a s e r i e s o f s t a g i n g temperatures. I n the case o f 
a 93°C s t a g i n g temperature, the i m i d i z a t i o n peak appears a t n e a r l y 
the same temperature a t which i t appeared d u r i n g a s t r a i g h t heat 
up w i t h no s t a g i n g . One may conclude t h a t 40 minutes a t 93°C does 
n o t s i g n i f i c a n t l y a f f e c t the i m i d i z a t i o n r a t e o f LARC-160. There 
seems to be a remnant o f the i m i d i z a t i o n peak f o r a 105°C s t a g i n g 
temperature a l t h o u g h i t appears a t a lower temperature than a n t i 
c i p a t e d . The cure peak o c c u r s a t one o f two temperatures i n the 
v i c i n i t y o f 300°C. The lower temperature peak corresponds to 
s t a g i n g temperatures o f 93 and 105°C and the h i g h e r one to s t a g i n g 
temperatures o f 121°C and h i g h e r . A lower peak temperature i n d i 
c a t e s a l e s s e r e x t e n t o f r e a c t i o n f o r the molder s t a g i n g c o n d i 
t i o n s . The r e l a t i v e h e i g h t s o f the cure peak show no smooth t r e n d 
w i t h s t a g i n g temperature and the s i g n i f i c a n c e o f t h i s o b s e r v a t i o n 
i s w i t h o u t e x p l a n a t i o n . 

When comparing the d i e l e c t r i c d i s s i p a t i o n f a c t o r to the dy
namic v i s c o s i t y d a t a as shown i n F i g u r e 9 , i t becomes c l e a r t h a t 
a l t h o u g h the shapes o f bot h curves a r e s i m i l a r , the d i e l e c t r i c 
peaks precede the v i s c o s i t y peaks. T h i s i s e x p l a i n e d by the f a c t 
t h a t a more l o c a l i z e d motion i s s a t i s f a c t o r y f o r d i p o l e o s c i l l a 
t i o n w h i l e c o o p e r a t i v e segmental c h a i n motion i s n e c e s s a r y f o r 
f l o w . 

The dynamic v i s c o s i t y d a t a o f F i g u r e 9 g i v e s a r e l a t i v e 
measure o f η* d u r i n g cure o f LARC-160 pr e p r e g . Only r e l a t i v e 
v a l u e s o f r j * on the o r d i n a t e a r e s i g n i f i c a n t because o f the com
p o s i t e n a t u r e o f the sample. Regions o f h i g h and low v i s c o s i t y 
a r e d e l i n e a t e d w i t h r e s p e c t to temperature when LARC-160 i s cured 
a t a h e a t i n g r a t e o f 4°C/min, about the maximum a v a i l a b l e w i t h an 
a u t o c l a v e . When the LARC-160 f o r m u l a t i o n i s f i r s t heated, the 
v i s c o s i t y d ecreases as temperature i n c r e a s e s u n t i l i m i d i z a t i o n 
o c c u r s . The v i s c o s i t y then l e v e l s o f f and then i n c r e a s e s u n t i l 
the p a r t i a l l y i m i d i z e d r e s i n s o f t e n s w i t h c o n t i n u e d h e a t i n g . 
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F u r t h e r i m i d i z a t i o n and c r o s s l i n k i n g account f o r the f i n a l r i s e 
i n v i s c o s i t y . Measurements were t e r m i n a t e d a t t h i s p o i n t i n o r 
der to f a c i l i t a t e sample removal. 

A b s o l u t e v i s c o s i t y measurements a r e not r e a d i l y o b t a i n e d on 
u n r e i n f o r c e d LARC-160 because o f e x t e n s i v e v o l a t i l e e v o l u t i o n dur
i n g h e a t i n g . B u b b l i n g was v i s u a l l y observed i n the r e g i o n o f low 
v i s c o s i t y f o r b o t h neat r e s i n and p r e p r e g samples o f LARC-160. 
As a r e s u l t , the s i g n a l became somewhat e r r a t i c i n t h i s r e g i o n . 
B u b b l i n g o f u n r e i n f o r c e d r e s i n a t a h e a t i n g r a t e o f 4°C/min causes 
e x c e s s i v e r e s i n l o s s from the sample c a v i t y and the experiments 
had to be t e r m i n a t e d . By r e d u c i n g the h e a t i n g r a t e to 2°C/min, 
the problem was reduced, but f u r t h e r improvement i s r e q u i r e d be
f o r e m e a n i n g f u l d a t a can be o b t a i n e d . A p r e s s u r i z e d sample c e l l 
i s now b e i n g developed f o  f u r t h e  s t u d i e s

The use o f prepreg
as an e x p e d i e n t way o f o b t a i n i n g r e l a t i v e v i s c o s i t i e s f o r c u r e 
c y c l e development. The problem o f v o l a t i l e e v o l u t i o n i s much l e s s 
pronounced w i t h prepreg because the f a b r i c h e l p s m a i n t a i n r e s i n i n 
the sample c e l l . 

Summary 

A number o f e x p e r i m e n t a l t e c h n i q u e s were e v a l u a t e d f o r o p t i 
m i z i n g LARC-160 composite l a m i n a t i o n . P r o c e s s i n g c h a r a c t e r i s t i c s 
were determined by a c o m b i n a t i o n o f c h e m i c a l , t h e r m a l , and rheo
l o g i c a l t e c h n i q u e s . A good q u a n t i t a t i v e measure o f i m i d i z a t i o n 
k i n e t i c s was o b t a i n e d from i n f r a r e d s p e c t r o s c o p y . Combined w i t h 
r e s u l t s from d i e l e c t r i c s p e c t r o s c o p y and V i s u a l o b s e r v a t i o n s on a 
programmed hot p l a t e , the i n f r a r e d f i n d i n g s suggest t h a t too h i g h 
a s t a g i n g temperature reached a t a r e a s o n a b l e p r o c e s s h e a t i n g r a t e 
can l e a d to a d i f f u s i o n - l i m i t e d i m i d i z a t i o n r a t e . A t 4°C/min the 
i m i d i z a t i o n r a t e a t 204°C a c t u a l l y lagged behind t h a t a t 177°C. 
Slower h e a t i n g r a t e s would presumably lower the s t a g i n g temper
a t u r e a t which the same phenomenon c o u l d be observed. Thermal 
a n a l y s i s by DSC gave m a r g i n a l r e s u l t s because o f r e s i d u a l v o l -
t i l e s c o n t a i n e d i n staged samples. L i q u i d chromatography was n o t 
developed to i t s p o t e n t i a l , but the p r e l i m i n a r y f i n d i n g s showed 
d i s t i n c t d i f f e r e n c e s between samples staged to v a r y i n g degrees. 
Mass s p e c t r o s c o p y c o n f i r m e d t h a t water and e t h a n o l a r e the main 
o u t g a s s i n g c o n s t i t u e n t s d u r i n g LARC-160 1s c u r e , w h i l e c y c l o p e n t a -
d i e n e appears around 100°C and m a i n t a i n s a low c o n c e n t r a t i o n u n t i l 
the a d d i t i o n r e a c t i o n begins and then i t s c o n c e n t r a t i o n r i s e s . 
D i e l e c t r i c s p e c t r o s c o p y showed t h a t w e l l d e f i n e d d i f f e r e n c e s i n 
d i s s i p a t i o n f a c t o r can be a t t r i b u t e d to the i n f l u e n c e o f s t a g i n g 
temperature. Three peaks were found and i d e n t i f i e d . One was a s 
s o c i a t e d w i t h p r e p r e g s o f t e n i n g , another w i t h h a r d e n i n g due to 
i m i d i z a t i o n , and a t h i r d w i t h s o f t e n i n g o f the i m i d i z e d r e s i n 
p r i o r to c r o s s l i n k i n g . Dynamic v i s c o s i t y measurements a i d e d g r e a t 
l y i n i n t e r p r e t a t i o n o f the d i e l e c t r i c d a t a . R e l a t i v e v i s c o s i t y 
measurements a i d e d g r e a t l y i n i n t e r p r e t a t i o n o f the d i e l e c t r i c 
d a t a . R e l a t i v e v i s c o s i t y measurements were o b t a i n e d f o r p r e p r e g 
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samples, but the high percentage of v o l a t i l e s liberated by the 
condensation reactions (about 10%) prevented absolute v i s c o s i t y 
measurements for the neat resin. 

As a result of these conclusions, the cure cycle shown in 
Figure 2 was modified. The vacuum level was lowered to prevent 
violent bubbling at the onset of the cure cycle from f i l l i n g the 
bleeder p l i e s with low v i s c o s i t y resin. Second, the staging tem
perature was lowered to 120°C while the dwell was increased to 
90 minutes. Third, a hold was added at 250°C so that f u l l auto
clave pressure could be applied during minimum increase in resin 
v i s c o s i t y . Several 6 ply, 50 cm χ 50 cm panels autoelaved with 
this modified cure cycle showed excellent compaction (cir c a . 65% 
F.V.) with near zero void content. Flexural strengths of 15.2 
MPa at RT and 6.4 MPa at 600°F determined for these panels are 
quite satisfactory for wove
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Structure-Property Relations of Composite Matrices 

ROGER J. MORGAN and ELENO T. MONES 
Lawrence Livermore Laboratory, University of California, Livermore, CA 94550 

The need to conserve energy has provoked increased interest in 
the use and development of high-performance, light-weight, fibrous 
composites for the transportation industry, e.g. , for use in a i r 
craft and automobiles, and in energy-storage systems such as f l y 
-wheels (1). The matrices u t i l i z ed in these high-performance 
composites, which can be exposed to extreme environments, have 
generally been epoxies. The question of the durabi l i ty of the 
epoxy matrix and of the overal l composite in such extreme environ
ments is a cause for concern (2,3). However, such durabi l i t ies 
cannot be predicted accurately without a knowledge of the struc
ture, modes of deformation and fa i lure , mechanical response re la
tionships of the epoxy matrices, and the possible modification of 
such relationships by fabrication procedures and the service 
environment. The structure-property relations of epoxies, how
ever, have received little attention compared to other commonly 
utilized polymer glasses. The epoxy glasses, because of variation 
of their chemical and physical structure with fabrication condi
tions and because of their infusible, insoluble nature, are more 
difficult to study than noncrosslinked polymeric glasses. 

In this paper, we will review our structure-property studies 
of epoxies that are commonly utilized as composite matrices. The 
two systems primarily studied were: (1) diethylene triamine 
(Eastman)-cured bisphenol-A-diglycidyl ether (Dow, DER 332) epoxy 
(DGEBA-DETA); and (2) diaminodiphenyl sulfone (Ciba-Geigy, 
Eporal)-cured tetraglycidyl 4,4'diaminodiphenyl methane (Ciba-
Geigy, MY 720) epoxy (TGDDM-DDS). 

Physical Structure 

The major physical and structural parameters that control the 
modes of deformation and fai lure as well as the mechanical re
sponses of epoxies are their crosslinked network structures and 
microvoid characteristics (4-9). 

0-8412-0567-l/80/47-132-233$05.00/0 
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The cure process and f i n a l network structure of epoxies have 
been deduced from the chemistry of the system, providing the 
curing reactions are known and can be assumed to go to completion, 
and by experimental techniques such as infrared and carbon-13 
nuclear magnetic resonance spectroscopy and swelling, ultrasonic, 
dynamic mechanical, thermal conductivity, and d i f f e r e n t i a l 
scanning calorimetry measurements (see Ref. 8). However, i n many 
epoxy systems the chemical reactions are di f f u s i o n controlled and 
incomplete, and there i s a heterogeneous di s t r i b u t i o n in the 
crosslink density. 

High crosslink-density regions from 6 to 10^ nm in diameter 
have been observed i n epoxies (8) . The most recent studies on the 
network morphologies of epoxies were carried out by Racich and 
Koutsky (10) and Mason an
both etched and non-etche
tron microscopy as wel y  microscopy
carbon-platinum surface replicas. In our studies, we also 
strained films d i r e c t l y i n the electron microscope (6). For 
example, i n DGEBA-DETA epoxies, we observed that 6- to 9-nm-diam 
par t i c l e s remain intact and flow past one another during the flow 
processes. We suggested that the 6- to 9-nm-diam pa r t i c l e s were 
molecular domains that were intramolecularly crosslinked and that 
formed during the i n i t i a l stages of polymerization. These domains 
were interconnected by regions of low crosslink density, which 
allowed flow to occur i n this network. The ductile mechanical re
sponse of the DGEBA-DETA epoxies and the strain-rate and thermal-
history dependence of this response are consistent with the 
premise that regions of low crosslink density control the flow 
processes (JL2). Hence, detai l s of the network morphology are 
needed for a basic understanding of the structural parameters that 
control the deformation processes and the mechanical response of 
epoxies. 

More recently, we have observed under polarized l i g h t a net
work of larger 1-mm-sized nodules in B F 3 catalyzed TGDDM-DDS 
systems (Fiberite 934). These biréfringent networks, one of which 
i s i l l u s t r a t e d i n the transmission o p t i c a l micrograph in Figure 1, 
break up under combined stress and temperatures of >175°C. The 
birefringence originates from the preferential alignment of the 
macromolecules within the biréfringent network. This molecular 
alignment only occurs in B F 3-catalyzed TGDDM-DDS epoxies. These 
networks may result from an inhomogeneous d i s t r i b u t i o n of the 
catalyst within the TGDDM-DDS system, which would result i n the 
high catalyst concentration regions polymerizing at a faster rate 
than their surroundings. The stresses caused within the resultant 
heterogeneous system during gelation and glass formation could 
produce the biréfringent network i l l u s t r a t e d i n Figure 1. 

The microvoid characteristics of the epoxy are also important 
i n controlling the mechanical response of the glass. Microvoids 
can have a deleterious e f f e c t on the mechanical properties of 
epoxies by acting as stress concentrators and by serving as a sink 
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for the accumulation of sorbed moisture. Microvoids can result 
from trapping of a i r in the system during cure and from trapping 
low-molecular-weight material, which is subsequently eliminated 
during postcure, i n the glass. This low-molecular-weight material 
results either from inhomogeneous mixing of epoxide and curing 
agent or from the i n a b i l i t y of the constituents to react, with the 
resultant aggregation of these constituents. In polyamide-cured 
DGEBA epoxies, crystals of DGEBA epoxide monomer trapped in the 
p a r t i a l l y cured resin at room-temperature can produce microvoids 
by melting and v o l a t i l i z i n g during certain postcure conditions (J). 
Also, i n TGDDM-DDS epoxies, thermal anneal, moisture sorption, and 
mechanical property studies indicate that the melting and v o l a t i l i 
zation of unreacted DDS c r y s t a l l i t e s during cure produces micro-
voids i n these resins (9)
paths during cure are i l l u s t r a t e
TGDDM-DDS epoxy (Narmco 5208). Such voids only appear when the 
cure temperature exceeds the c r y s t a l l i n e melting point (162°C) 
of the DDS. 

Chemical Structure 

The chemical structure of epoxies can be complex. The struc
ture w i l l depend on s p e c i f i c cure conditions, because more than 
one reaction can occur and the kinetics of each reaction exhibits 
diff e r e n t temperature dependencies. In addition, the structure 
i s affected by factors such as s t e r i c and di f f u s i o n a l r e s t r i c t i o n s 
of the reactants during cure (£r£r!3 ,1^,15,16), the presence of 
impurities that can act as catalysts (17), the r e a c t i v i t y of the 
epoxide and curing agent (18), isomerization of epoxide 
groups (18,19,20), inhomogeneous mixing of the reactants {^,9) , 
and c y c l i c polymerization of the growing chains (18). These 
factors can lead to network structures that are physically and 
chemically heterogeneous. In amine-cured epoxides, networks are 
generally assumed to result from addition reactions of epoxide 
groups with primary and secondary amines (18), as i l l u s t r a t e d i n 
Figure 3. Epoxides and amines with f u n c t i o n a l i t i e s >3 can form 
highly crosslinked network structures. However, considerable 
evidence suggests that amine cured-epoxies, such as DGEBA-DETA and 
TGDDM-DDS systems, are not highly crosslinked. Such evidence 
includes their high temperature d u c t i l i t y (4,5,7,8,9,12), the 
effects of thermal history and strain rate on their mechanical 
response (12), and their microscopic deformation and f a i l u r e 
processes (_4-9). 

Such observations suggest either that few epoxide-secondary 
amine reactions occur, thus li m i t i n g the number of crosslinks, or 
that polyether chains are formed by trans-etherification through a 
ring-opening homopolymerization of the epoxide (17,18,19,21), as 
i l l u s t r a t e d in Figure 4. The epoxide-amine reactions are con
t r o l l e d by the presence of Η-bond donors, such as OH groups, which 
are necessary to open the epoxide rings (14,15,17). The trans-
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Figure I. Transmission optical micrograph (under pohrized light) of a network 
of aligned molecules in a BFs-catalyzed TGDDM-DDS epoxy 

Figure 2. Transmission optical micrograph of voids and their travel paths caused 
by the melting and volatilization of unreacted DDS crystallites during cure in a 

TGDDM-DDS epoxy 
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e t h e r i f i c a t i o n reaction requires a t e r t i a r y amine as a catalyst 
and a Η-bond donor as a cocatalyst (17,19,21). Hence, the f i n a l 
chemical structure of the epoxy system can be complex, because i t 
w i l l depend on such parameters as: (1) the rel a t i v e rates of the 
chemical reactions at room temperature, (2) the f i n a l postcure 
temperature (3) the concentrations of catalysts such as sorbed 
moisture i n the system, and (4) s t e r i c r e s t r i c t i o n s that i n h i b i t 
reactions at secondar y-ami ne s i t e s . 

In the case of the TGDDM-DDS epoxy systems, there i s growing 
evidence that such networks do not form exclusively from epoxide-
amine addition reactions. In Figure 5, the percentage of epoxide 
groups consumed during cure, as determined by the disappearance 
of the epoxide band at 910 cm"*1 i n the infrared spectra, are 
plotted versus cure condition  BF3
TGDDM-DDS epoxy (Fiberit
(Narmco 5208). For a standard  cure fo  2. , a l  the 
epoxide groups are consumed, within experimental error, for the 
BF3-catalyzed system despite the weight percent of DDS i n this 
system being well below the stoichiometric quantity necessary to 
consume a l l the epoxide groups by normal epoxide-amine addition 
reactions. In the case of the non-catalyzed system, ~35% of the 
epoxide groups remain unreacted after curing at 177°C for 2.5 h, 
and a l l such groups only react after exposure to 300°C for 1 h. 
Fourier-transform infrared-spectroscopy studies u t i l i z i n g spectral 
stripping, which reveals differences i n the spectra recorded at 
diff e r e n t stages of cure, should reveal information on the 
chemical reactions occurring that form these TGDDM-DDS epoxy 
networks. 

Deformation and Failure Processes 

Localized p l a s t i c flow has been reported to occur during the 
deformation and f a i l u r e processes of epoxies; i n a number of 
cases, the fracture energies were two to three times greater than 
the expected theoretical estimate for purely b r i t t l e fracture (see 
Ref. 0). However, no systematic studies have been made to e l u c i 
date the microscopic flow processes occurring during the deforma
tion of epoxies and to determine the relation of such flow 
processes to the network structure. 

Our recent investigations reveal that both DGEBA-DETA and 
TGDDM-DDS epoxies deform and f a i l by a crazing process (4-9). 
Crazes were observed i n films either strained d i r e c t l y i n the elec
tron microscope or strained on a metal substrate. The fracture 
topographies of these epoxies, fractured as a function of temper
ature and strain rate, are interpreted i n terms of a crazing 
process. The TGDDM-DDS epoxies also deform to a limited extent by 
shear banding, as indicated by multiple, unique right-angle steps 
i n the fracture-topography i n i t i a t i o n region, as i l l u s t r a t e d in 
Figure 6. Shear-band propagation i n these p a r t i a l l y crosslinked 
glasses produces str u c t u r a l l y weak planes because of bond cleavage 
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Figure 3. Epoxide-amine addition re
action 
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Figure 5. Percentage of reacted epoxide groups as a function of cure conditions 
for (TGDDM-DDS)-based epoxies 
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caused during molecular flow. Hull (22) and M i l l s (23) have both 
noted that the intersection of shear bands, which occurs at right-
angles, causes a stress concentration. This stress concentration 
i s s u f f i c i e n t to cause a crack to propagate through the struc
t u r a l l y weak planes caused by shear band propagation. These 
phenomena w i l l produce the multiple right-angle steps in the 
fracture topography. Mixed modes of deformation that involve both 
crazing and shear banding were also observed in the fracture 
topography of TGDDM-DDS epoxies. The type of microscopic deforma
tion that occurs in epoxy matrices can play a direct role i n the 
environmental s e n s i t i v i t y and mechanical response of the composite. 

Durability 

The d u r a b i l i t y of
interacting phenomena. The factors that contro  the c r i t i c a  pat
to ultimate f a i l u r e or unacceptable damage depend s p e c i f i c a l l y on 
the particular prevailing environmental conditions. These 
environmental factors include service stresses, humidity, tem
perature, and solar radiation. The combined effects of thermal 
history, moisture exposure and stress have a deleterious e f f e c t on 
the physical and mechanical i n t e g r i t y of epoxies. 

We have recently studied the effect of s p e c i f i c combinations 
of moisture, heat, and stress on the physical structure, f a i l u r e 
modes, and tensile mechanical properties of TGDDM-DDS epoxies. 
Our main findings from these studies were as follows. 

Sorbed moisture p l a s t i c i z e s TGDDM-DDS epoxies and lowers 
their tensile strengths, ultimate elongations, and moduli. The 
fracture topographies of the i n i t i a t i o n cavity and mirror regions 
of these epoxies indicate that sorbed moisture enhances the craze 
i n i t i a t i o n and propagation processes. The crazing process i s more 
susceptible to sorbed moisture than to the glass transition temper
ature (Tg), which can be explained in terms of l o c a l moisture 
concentrations enhancing the l o c a l cavitation and flow processes. 
Hence, modification of Tg by sorbed moisture cannot be u t i l i z e d 
alone as a sensitive guide to predict deterioration i n the mechan
i c a l response and, hence, the du r a b i l i t y of epoxies. 

We also investigated the eff e c t of increasing stress lev e l s 
on the subsequent moisture sorption characteristics of i n i t i a l l y 
dry TGDDM-DDS epoxies. In Figure 7, the equilibrium moisture 
sorption levels after ~40 days exposure to 100% re l a t i v e humidity 
(RH) at room temperature are plotted versus the stress levels that 
were applied to the epoxies prior to moisture sorption. A l l data 
points f a l l within the shaded areas. Stresses i n the 0- to 38-MPa 
range had no detectable influence on the subsequent moisture sorp
tion l e v e l s . However, moisture sorption levels increase sharply 
by up to -11% i n the 38- to 43-MPa stress range. At higher stress 
levels i n the 43- to 65-MPa range, i n which a few specimens 
actually broke, there i s only a s l i g h t trend towards higher 
moisture sorption levels with increasing stress. 
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Figure 6. Scanning electron micrographs illustrating multiple right-angle steps 
in the fracture-topography initiation region of a TGDDM-DDS epoxy 

1-h room -tern peratu re stress (MPa) 

Figure 7. Equilibrium weight percent moisture sorbed by a TGDDM-DDS 
epoxy at rehtive humidity of 100% and at 23°C vs. 1-hr constant-stress levels that 

were applied prior to moisture exposure 
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The data in Figure 7 indicate that the i n i t i a l stages of 
craze-crack growth enhance the a c c e s s i b i l i t y of moisture to 
sorption si t e s to a greater extent than the later stages of 
growth. (The primary sorption sites within the TGDDM-DDS epoxy 
are the hydroxyl, sulfonyl, and primary and secondary amine 
groups, a l l of which are capable of forming hydrogen bonds with 
water molecules.) The TGDDM-DDS epoxy specimens that fractured 
under constant load were found to exhibit similar fracture topo
graphies as previously studied specimens that fractured i n shorter 
times i n the 10""2 to 10 1 min" 1 strain-rate region (9 ). Such 
topographies have been interpreted i n terms of a craze-crack 
growth process (9) with crazing, followed by crack propagation, 
predominating i n the i n i t i a l stages of f a i l u r e and crack propaga
tion alone predominatin  durin  th  late  stage f f a i l u r e  Th
d i l a t a t i o n a l changes produce
process w i l l enhance th y  sorptio
sites within the epoxy to a greater extent than w i l l crack propaga
tion alone. Hence, the i n i t i a l stages of f a i l u r e in TGDDM-DDS 
epoxies w i l l enhance the a c c e s s i b i l i t y of moisture to sorption 
s i t e s to a greater extent than i n the later stages of f a i l u r e . 

One of the more extreme environmental conditions experienced 
by an epoxy composite matrix on a fighter a i r c r a f t occurs during a 
supersonic dash. The a i r c r a f t dives from high altitudes (outer 
surface temperature -20 to -55°C) into a supersonic, low-
altitude run during which the surface temperature r i s e s i n minutes 
to 100 to 150°C as a resu l t of aerodynamic heating. On reduc
tion of speed, the outer surface temperature drops extremely 
rapidly at rates up to ~500°C/min, thus exposing the epoxy 
composite to a thermal spike. Simulation of such thermal spikes 
has been shown to increase the amount of moisture sorbed by the 
epoxy or epoxy composite (24-30). However, after a certain number 
of consecutive thermal spikes, the amount of moisture sorbed 
ceases to increase. Browning (26,29) has suggested such increases 
res u l t from microcracks caused by the moisture and temperature 
gradients present during the thermal spike. McKague (28) has 
recently noted that damage does not occur unless the thermal-spike 
maximum temperature exceeds the Tg of the moist epoxy. 

We observed that the amount of moisture sorbed by TGDDM-DDS 
epoxies i s enhanced by ~1.6 wt% after exposure to a 150°C 
thermal spike. The surfaces of the thermally-spiked epoxies were 
examined by scanning electron microscopy for the presence of sur
face microcracks. No si g n i f i c a n t areas of microcracking were 
observed in any of the specimens when examined under magnifica
tions of up to 30,000x. Hence, the additional moisture sorbed 
by the epoxies after exposure to thermal spikes i s not primarily 
caused by microcracking. 

The primary mechanism by which thermally-spiked epoxies sorb 
additional amounts of moisture can be explained i n terms of 
moisture-induced free-volume changes. The molecular mobility of 
the epoxy is enhanced as the T q of the epoxy-moisture system i s 
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approached at the high temperatures experienced during the thermal 
spike. This molecular mobility is s u f f i c i e n t to enhance the 
dissociation of Η-bonds between the water molecules and active 
s i t e s within the epoxy. Although the ruptured Η-bonds can reform 
at active s i t e s , there is an o v e r a l l decrease i n the amount of 
hydrogen bonding and a corresponding increase in the mobility of 
the water molecules. The more mobile water molecules with fewer 
Η-bonds require a greater free volume because hydrogen bonding 
generally causes a volume decrease. The molecular mobility of the 
epoxy-moisture system during a thermal spike i s s u f f i c i e n t to 
allow configurational changes to occur within the epoxy network 
that accommodates the greater free volume required by both the 
more mobile water molecules and the normal moisture-induced 
swelling stresses imposed  th  Such fre  volum  i n
creases, which involve permanen
changes within the epoxy  epoxy glas
during the rapid cool-down portion of the thermal spike. The 
additional free volume allows water molecules access to previously 
inaccessible active sites within the epoxy. 

To a lesser extent, the rupture of crosslinks, crazing and/or 
cracking, and the loss of unreacted material can also contribute 
to enhanced moisture sorption after thermal-spike exposure. 
Thermal-spike exposure can cause surface crazing and/or cracking 
of epoxies i f the moisture-induced swelling stresses, together 
with those stresses that result from temperature gradients and 
relaxation of fabrication stresses, exceed the c r a z e - i n i t i a t i o n 
stress at the maximum thermal-spike temperature. Thicker epoxy 
specimens are more susceptible to the growth of permanent damage 
regions during thermal-spike exposure, because they are exposed to 
larger temperature gradients and shrinkage stresses during cure, 
which i n turn produce larger fabrication stresses and strains. 

Conclusions 

The structure-property relations of amine-cured epoxies and 
the modification of such relations by fabrication and environ
mental factors have been reviewed and our primary findings are as 
follows: 

(1) The physical structural parameters that control the 
mechanical response of the epoxies are the network topography and 
microvoid characteristics. The network structures can be hetero
geneous because of variations i n the crosslink density i n the 5-
to 10-nm range and, also, from the alignment of macromolecules in 
regions ~1 mm i n size. Microvoids can be produced i n these 
epoxies as a result of the elimination of unreacted material. 

(2) The chemical reactions that produce the amine-cured 
epoxies can be complex and do not exclusively occur by epoxide-
amine addition reactions. 

(3) Microscopic deformation occurs i n amine-cured epoxies by 
either crazing and/or shear banding. 
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(4) Sorbed m o i s t u r e enhances the c r a z e c a v i t a t i o n and propaga
t i o n p r o c e s s e s i n e p o x i e s and d e t e r i o r a t e s t h e i r m e c h a n i c a l 
p r o p e r t i e s . 

(5) The i n i t i a l s t a g e s o f f a i l u r e , which i n v o l v e both d i l a t a -
t i o n a l c r a z e - and subsequent c r a c k - p r o p a g a t i o n , enhance the 
a c c e s s i b i l i t y o f mo i s t u r e t o s o r p t i o n s i t e s w i t h i n the epoxy t o a 
g r e a t e r e x t e n t than i n the l a t t e r stages o f f a i l u r e , which i n v o l v e 
c r a c k p r o p a g a t i o n a l o n e . 

(6) The amount o f m o i s t u r e sorbed by e p o x i e s i s enhanced a f t e r 
exposure t o a the r m a l s p i k e as a r e s u l t o f m o i s t u r e - i n d u c e d f r e e -
volume i n c r e a s e s t h a t i n v o l v e r o t a t i o n a l - i s o m e r i c p o p u l a t i o n 
changes. 
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are e p o x i e s . The p h y s i c a l s t r u c t u r e o f ep o x i e s i s d i s c u s s e d i n 
terms o f the network topography and m i c r o v o i d c h a r a c t e r i s t i c s . 
Such parameters d i r e c t l y c o n t r o l the m e c h a n i c a l response o f these 
g l a s s e s . The ch e m i c a l r e a c t i o n s t h a t produce epoxy networks can 
be complex and do not e x c l u s i v e l y occur by epoxide-amine a d d i t i o n 
r e a c t i o n s . The complex n a t u r e o f these r e a c t i o n s and the f a c t o r s 
t h a t c o n t r o l them are d i s c u s s e d . E p o x i e s deform m i c r o s c o p i c a l l y 
and f a i l by e i t h e r c r a z i n g and/or shear banding. The d u r a b i l i t y 
o f these r e s i n s i s d i s c u s s e d i n terms o f the e f f e c t o f s p e c i f i c 
c ombinations o f m o i s t u r e , heat, and s t r e s s on t h e i r p h y s i c a l and 
me c h a n i c a l i n t e g r i t y . 
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Viscoelastic Properties of Fiber-Reinforced Plastics 

HARUO YOSHIDA 

Osaka M u n i c i p a l T e c h n i c a l Research Institute, 1-1, Ogimachi-2, K i t a k u , 
Osaka 530, Japan 

The most typical for
ber reinforced plastics compose
resins. The r e i n f o r c e m e n t s suc  as glass or carbo  fibers may be 
elastic, but resins must be r e g a r d e d as viscoelastic materials(1). 
When th e s e composite materials are subjected t o various loads, 
t h e y show viscoelastic c o m p l i c a t e d b e h a v i o r caused by the mechan
ical properties of t h e fiber and resin, specially by t h e internal 
viscosity o f resin and the friction a t t h e interface (2) of fiber 
and resin. 

Then the strain of t h e s e composite materials is n o t propor
tional t o the stress, and the stress-strain diagram becomes the 
c u r v e d line affected by t h e time scale. T h i s phenomenon is t h e 
characteristic property o f the reinforced plastics and becomes 
the special merit in practical u s e s . 

Under the r e p e a t e d loads, t h e stress-strain diagram draws 
hysteresis loops. C o r r e s p o n d i n g t o t h e a r e a o f the loop, t h e 
strain energy is consumed in the material a t each alternating 
stress. T h i s energy loss affects the fatigue of t h e material and 
the other hand i s e f f e c t i v e t o damping the v i b r a t i o n o r s c r e e n i n g 
the a c o u s t i c e m i s s i o n . 

I n t h i s r e s e a r c h , t h e dynamic v i s c o e l a s t i c p r o p e r t i e s o f the 
f i b e r r e i n f o r c e d p l a s t i c s were s t u d i e d by measuring the complex 
mo d u l i o f e l a s t i c i t y o f t h e m a t e r i a l s w i t h the t e c h n i c s o f t h e 
v i b r a t i n g r e e d method 

Exper i m e n t s and D i s c u s s i o n s 

The measuring arrangements c o n s i s t o f the complex modulus 
a p p a r a t u s , the o s c i l l a t o r , the a m p l i f i e r and the l e v e l r e c o r d e r . 
The t e s t sample i s clamped a t one end and the o t h e r end i s f r e e . 
Two l i t t l e i r o n d i s c s a r e bonded on the sample bar o p p o s i t e to 
the t r a n s d u c e r s t o be r e s p o n s i v e t o t h e magnetic f o r c e . The f r e e 
end i s e x c i t e d a t t h e f r e q u e n c y from 20 t o 20000 Hz by t h e e x c i t 
e r t r a n s d u c e r , then t h e bending v i b r a t i o n o f t h e sample b a r oc
c u r s and t h e p i c k - u p t r a n s d u c e r d e t e c t s t h e d e f l e c t i o n a m p l i t u d e 
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o f t h e sample b a r . 
The samples t e s t e d a r e as f o l l o w s : 

Sample(a); P o l y e s t e r r e s i n l a m i n a t e s r e i n f o r c e d w i t h g l a s s f i b e r 
r o v i n g c l o t h s . T a b l e I . 

Sample(b); Epoxy r e s i n l a m i n a t e s r e i n f o r c e d w i t h carbon f i b e r s . 
S a m ple(c); H y b r i d l a m i n a t e d composites. One o f t h e r e i n f o r c e m e n t s 

i s g l a s s mat(M), a n o t h e r i s combined woven c l o t h w i t h 
g l a s s f i b e r s and carbon f i b e r s i n w a r p s ( C ) . 
R e s i n i s epoxy. 

The complex m o d u l i o f e l a s t i c i t y o f the m a t e r i a l s mentioned 
above were measured. 

T a b l e I . C o n s t i t u t i o n s and dimensions o f p o l y e s t e r r e s i n 
l a m i n a t e s r e i n f o r c e d w i t h g l a s  f i b e  r o v i n  c l o t h s

Sample's Mark 
P l i e s 0 8 8 ( * l ) 8 ( * 2 ) 12 
S p e c i f i c g r a v i t y 1.18 1 .60 1 .14 1.39 1.83 
G l a s s c o n t e n t 0 31*5 17.5 16.2 48 . 6 

(volume %) 
31*5 

( * l ) Warps o n l y , (2*) Woofs o n l y 
Specimen: Length 210, Width 22, T h i c k n e s s 5.5 mm 
Reinforcement : G l a s s r o v i n g c l o t h (EWR55) 
R e s i n : P o l y e s t e r (EPOLAC N317) 

The complex m o d u l i o f e l a s t i c i t y o f the samples(a) a t t h e 
v a r i o u s temperature from -10 t o 110 degree C a r e shown i n F i g u r e 
1. The composites which have the g r o s s c o n t e n t o f g l a s s f i b e r s 
such as the sample PE12G and PE8G o b t a i n e d t h e h i g h e r v a l u e s o f 
t h e dynamic modulus o f e l a s t i c i t y and k e p t the e l a s t i c i t y a t the 
e l e v a t e d temperature. The sample PE has not t h e f i b e r and i s r e s 
i n o n l y , then t h e dynamic modulus o f e l a s t i c i t y d e c reased a t t h e 
temperature o f 110 degree C. The l o s s f a c t o r s o f t h e same samples 
a r e shown i n F i g u r e 2. The l o s s f a c t o r s o f the samples PE and 
PE8GH i n c r e a s e d r e m a r k a b l y i n accordance w i t h t h e r i s e o f temper
a t u r e . The sample PE8GH has not t h e warps. As t h e r e s u l t s , i t 
c o u l d be found t h a t the m a t e r i a l s w h i c h c o n t a i n e d much volume o f 
g l a s s f i b e r s were heat r e s i s t a n t . 

V a r i o u s k i n d s o f composite m a t e r i a l s were l a m i n a t e d and some 
h y b r i d composites were c o n s t r u c t e d as shown i n F i g u r e 3· The com
p l e x modulus o f e l a s t i c i t y o f t h i s h y b r i d composite m a t e r i a l E* 
i s t h e o r e t i c a l l y e x p r e s s e d i n the e q u a t i o n ( l ) as t h e f u n c t i o n o f 
t h e i n d i v i d u a l complex modulus o f e l a s t i c i t y Eg o f each l a y e r . 

Ε * Ι = Σ Ε Ϊ Ι Κ (1) 

I and I K a r e r e s p e c t i v e l y t h e moment o f i n e r t i a o f the c r o s s 
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Figure 1. Complex moduli of elasticity 
of reinforced polyester resin hminates 
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Figure 2. Loss factors of reinforced 
polyester resin hminates: (Φ) PE12G, 
(Q) PE8G, ((D) PE8GV, (Q) PE8GH, 

(Ο) PE 

(2) 

j k ) E; I„ 

mi 
En In 

Figure 3. Laminations of composite 
materials (see text for explanation of 

variables) 
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Figure 4. Theoretical relationship be
tween the modulus of elasticity and the 
reinforcement content (see Equations 6, 

7, and 8) 
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Figure 5. Theoretical refotionship be
tween the loss factor and the reinforce
ment content (see Equations 6, 7, and 8) ÊfÏÏT 
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s e c t i o n c o n c e r n i n g t h e n e u t r a l a x i s o f t h e h y b r i d composite. The 
symbols w i t h s u f f i x k mean t h a t they b e l o n g t o t h e k ' t h l a y e r . 
G e n e r a l l y Ε**Ε !-ΚΕ Μ, ( £= \P1 ), E* i s the complex modulus o f e l a s 
t i c i t y , E 1 i s the dynamic modulus o f e l a s t i c i t y , E" i s the l o s s 
modulus o f e l a s t i c i t y . From the e q u a t i o n ( l ) the f o l l o w i n g equa
t i o n s a r e i n t r o d u c e d , d i s the l o s s f a c t o r . 

E ' = i f * E ' K (2) 
κ·ιΐ 

E » s £ ! * E . t ( 3 ) 

«4 (4

I f t he m a t e r i a l o f r e i n f o r c e m e n t i s o n l y one k i n d and u n i 
f o r m l y d i s t r i b u t e d i n the composite, the f r a c t i o n o f volume con
t e n t β o f the r e i n f o r c e m e n t i s expressed a s f o l l o w . 

β"ϊ* (5) 

Then the equations(2,3,4) a r e re w r o t e as f o l l o w s . 

E«=SE^.(l -p)E m (6) 

E f ,=i3E|+(l-P)E» (7) 

βΕ'ά.+(ΐ-β)Ε·(1 

The symbols w i t h s u f f i x f and m mean t h a t t h e y b e l o n g t o t h e r e 
inf o r c e m e n t ( f i b e r ) and t o the m a t r i x ( r e s i n ) r e s p e c t i v e l y . 

The t h e o r e t i c a l r e l a t i o n s o f the dynamic and the l o s s modu
l u s o f e l a s t i c i t y and t h e l o s s f a c t o r t o t h e c o n t e n t o f the r e i n 
forcement e x p r e s s e d i n the equations ( 6 , 7,8) a r e d i s p l a y e d i n 
F i g u r e s 4 , 5 · The dynamic and the l o s s modulus o f e l a s t i c i t y a r e 
r e s p e c t i v e l y p r o p o r t i o n a l t o the c o n t e n t o f f i b e r s but t h e l o s s 
f a c t o r has t h e h y p e r b o l i c r e l a t i o n s h i p t o the c o n t e n t o f f i b e r s . 

The e x p e r i m e n t a l r e s u l t s c o n c e r n i n g the r e l a t i o n between the 
complex modulus o f e l a s t i c i t y o f p o l y e s t e r r e s i n l a m i n a t e s r e i n 
f o r c e d w i t h g l a s s r o v i n g c l o t h s ( S a m p l e ( a ) ) and t h e content o f 
g l a s s f i b e r s a r e shown i n F i g u r e s 6,7. The s o l i d b a r s e x p r e s s t h e 
range o f t h e v a l u e s from t h e minimum t o t h e maximum a t the tem
p e r a t u r e from -10 t o 110 degree 0. I n F i g u r e 6, except PE8GH and 
PE8GV, t h e end p o i n t s ( i n t h e case o f Ε · , the upper end p o i n t s 
a r e the v a l u e s a t -10 degree C, the l o w e r end p o i n t s a r e t h e v a l 
ues a t 110 degree C, i n t h e case o f E M , the uppers a r e a t 110, 
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Figure 6. Experimental relationship be
tween the complex modulus of elasticity 
of reinforced polyester resin laminates 

and the glass fiber content G l a s s c on ten t β (vol.%) 

Figure 7. Experimental relationship be
tween the loss factor of reinforced poly
ester resin laminates and the glass fiber 

content 
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t h e l o w e r s axe a t - 1 0 degree 0) a r e a r r a n g e d a p p r o x i m a t e l y i n a 
s t r a i g h t l i n e r e s p e c t i v e l y . T h i s f a c t p r o v e s t h e r e a s o n a b i l i t y o f 
the p r o p o r t i o n a l i t y law e x p r e s s e d i n t h e e q u a t i o n s ( 6 , 7 ) . 

The sample P I 8 G ? has n o t woofs and has warps o n l y , then t h e 
g l a s s c o n t e n t i s s m a l l e r than t h a t o f t h e sample P E 8 G , but t h e 
v a l u e s o f the complex modulus o f e l a s t i c i t y i s n e a r l y the same a s 
t h a t o f P E 8 G . I f the c o n s i d e r a t i o n i s r e s t r i c t e d w i t h i n the warps 
o n l y , t h e content o f g l a s s f i b e r s i s t h e same a t P E 8 G and PE8GV. 
T h i s means t h a t o n l y warps which l i e t o t h e same d i r e c t i o n a s 
the d i r e c t i o n o f t h e s t r e s s a r e e f f e c t i v e t o improve the complex 
modulus o f e l a s t i c i t y . The sample P E 8 G H has woofs o n l y and has 
not warps, then t h e v a l u e o f t h e complex modulus o f e l a s t i c i t y i s 
the same as t h a t o f the r e s i n sample PE. 

I n F i g u r e 7» t h e end p o i n t f th  s o l i d b a r d 
on the h y p e r b o l i c c u r v e
t h e l o s s f a c t o r o f PE8G  r e s p e c t i v e l y
those o f P E 8 G and PE by t h e same t h e o r y concerning t h e dynamic and 
the l o s s modulus o f e l a s t i c i t y e x p l a i n e d above. 

The samples o f the epoxy r e s i n l a m i n a t e s r e i n f o r c e d w i t h 
carbon f i b e r s ( S a m p l e ( b ) ) a r e shown i n F i g u r e 8. The l e f t p l a t e i s 
u n i d i r e c t i o n a l l y r e i n f o r c e d l a m i n a t e (5 p l i e s ) . The r i g h t p l a t e 
i s c r o s s p l i e d r e i n f o r c e d l a m i n a t e (8 p l i e s ) . The t e s t samples 
were c u t out as shown. The s t r e s s d i r e c t i o n i s the l o n g i t u d i n a l 
d i r e c t i o n o f t h e sample b a r . Then the d i r e c t i o n o f f i b e r s o f the 
sample CFRP-L agrees w i t h t h e d i r e c t i o n o f the s t r e s s , the d i r e c 
t i o n s o f f i b e r s and s t r e s s o f t h e sample CFRP-T a r e p e r p e n d i c u l a r 
t o each o t h e r . The e x p e r i m e n t a l r e s u l t s a r e shown i n F i g u r e s 9,1Q> 
The dynamic mo d u l i o f e l a s t i c i t y o f t h e samples CFRP-L and CFRP+L 
were p r e t t y h i g h and almost d i d n o t be a f f e c t e d by the tempera
t u r e , but t h a t o f the sample CFRP-T e v e n l y d e c r e a s e d i n a c c o r d 
ance w i t h the r i s e o f the temperature. The l o s s f a c t o r s a r e shown 
i n F i g u r e 9. The v a l u e o f t h e l o s s f a c t o r o f t h e sample CFRP-T i s 
h i g h e r than t h a t o f the sample CFRP-L. When the d i r e c t i o n o f f i 
b e r s i s 45 degree t o the d i r e c t i o n o f the s t r e s s , f o r example t h e 
sample CFBP-45 has a p r e t t y h i g h v a l u e o f t h e l o s s f a c t o r . I t i s 
deduced t h a t t h i s i s caused by t h e s h e a r i n g s t r a i n i n the r e s i n 
among f i b e r s and by the f r i c t i o n a t t h e i n t e r f a c e o f r e s i n and 
f i b e r . The m e c h a n i c a l p r o p e r t i e s o f t h e c r o s s p l y l a m i n a t e s such 
as the samples CFRPtL and CFRP+T a r e i n f l u e n c e d by the d i r e c t i o n 
o f t h e f i b e r s e x i s t i n g i n t h e s u r f a c e l a y e r s o f the samples, be
cause o f the bending s t r e s s . 

To improve the mec h a n i c a l p r o p e r t i e s o f the composite mate
r i a l s , two o r more k i n d s o f r e i n f o r c e m e n t s a r e combined and the 
h y b r i d composites a r e made. I n t h i s r e s e a r c h , two k i n d s o f r e i n 
f o r c i n g m a t e r i a l s (M) and (C) were u s e d , the r e s i n i s epoxy(Sam-
p l e ( c ) ) . 

The sequence o f l a m i n a t i n g w i t h t h e s e two k i n d s o f m a t e r i a l s 
was changed and f i v e k i n d s o f h y b r i d composites were s e t as shown 
i n F i g u r e 11. The t h e o r e t i c a l v a l u e s o f t h e complex modulus o f 
e l a s t i c i t y c a l c u l a t e d by t h e e q u a t i o n ( l ) w e l l agreed w i t h t h e 
e x p e r i m e n t a l r e s u l t s ( 6 ) . 
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F i b e r d i r e c t i o n 

Figure 8. Epoxy resin laminates reinforced with carbon fibers: the left plate is 
5-ply, unidirectionally reinforced; the right plate is 7-ply, cross-plied reinforced 

Figure 9. Dynamic moduli of ehsticity 
of reinforced epoxy resin laminates 
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Figure 10. Loss factors of reinforced epoxy resin hminates 
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Figure 11. Dynamic modulus of elas
ticity and loss factor for several hybrid 
composite laminates (6): (Φ) experi
mental L; (O) theoretical L; (fj^) experi

mental T; ( Q ) theoretical Τ 
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C o n c l u s i o n s 

As the key to f i n d i n g the v i s c o e l a s t i c p r o p e r t i e s o f the com
p o s i t e m a t e r i a l s , the complex modulus o f e l a s t i c i t y o f the mate
r i a l s were measured. The f o l l o w i n g r e s u l t s were o b t a i n e d . 

The v a l u e s o f the complex modulus o f e l a s t i c i t y were not a f 
f e c t e d by the v i b r a t i o n mode a t the resonance w i t h i n the frequen
cy range o f t h i s study. 

The dynamic modulus and the l o s s modulus o f e l a s t i c i t y were 
r e s p e c t i v e l y p r o p o r t i o n a l to the c o n t e n t o f the r e i n f o r c e m e n t . 

The r e l a t i o n between the l o s s f a c t o r and the c o n t e n t o f the 
r e i n f o r c e m e n t was h y p e r b o l i c . 

W i t h an i n c r e a s e i n temperature i t was g e n e r a l l y observed 
t h a t the e l a s t i c response decreased, whereas the v i s c o u s response 
i n c r e a s e d . 

The r e i n f o r c e d p l a s t i c
r e i n f o r c e m e n t s were more r e s i s t i b l e a g a i n s t the h i g h temperature. 

The d i r e c t i o n o f the f i b e r s were i n f l u e n t i a l i n the v i s c o 
e l a s t i c p r o p e r t i e s o f the composite m a t e r i a l s . 

The t h e o r y t o c a l c u l a t e the complex modulus o f e l a s t i c i t y o f 
the h y b r i d composites from the v i s c o e l a s t i c p r o p e r t i e s o f each 
c o n s t i t u e n t l a y e r was i n t r o d u c e d , then the m e c h a n i c a l p r o p e r t i e s 
o f the h y b r i d composites a r e a b l e to be c o n t r o l l e d a t the d e s i g n 
i n g p r o c e s s . 
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Interphase Resin Modification in Graphite Composites 

R. V. SUBRAMANIAN a n d J A M E S J . JAKUBOWSKI1 

Depar tment of Mater ia ls Science a n d E n g i n e e r i n g , W a s h i n g t o n State Univers i ty , 
P u l l m a n , WA 99164 

A comprehensive progra
our laboratories to investigat
chemcial processes for interphase resin modification in graphite 
composites (1-6). Research on asbestos and glass fiber compo
sites has shown that the introduction of a polymer i n t e r l a y e r 
between the fiber and the polymer matrix leads to significant 
alterations i n the mechanical properties of composites (7-11). 
Since carbon fiber is an electrically conducting material, it 
was coated with polymer by electropolymerization or by elec
trodeposition and the electrocoated fiber was used as rein
forcement i n an epoxy matrix to evaluate r e s u l t i n g improve
ments in composite shear and impact strengths. The results 
of this i n v e s t i g a t i o n of particular i n t e r e s t to aerospace 
applications are discussed here. Furthermore, the extension 
of this research to minimize the hazards of release of elec
trically conductive f i b e r fragments from composites is also 
included in this discussion. The concept of interphase modi
fication has been expanded thus to deal with not only mechan
ical, but also other properties of composites. 

Electropolymerization involves the polymerization of mono
mers i n an e l e c t r o l y t i c c e l l . Electrodeposition u t i l i z e s the 
migration of preformed polymers carrying ionized groups to the 
oppositely charged electrode under an applied voltage. The 
major advantage of u t i l i z i n g these e l e c t r o d i c processes for car
bon f i b e r coating i s that a uniform layer of control led t h i c k 
ness and variable polymer structure and properties can be ex
pected to be formed. 

I t i s useful, i n t h i s context, to recognize that the f i b e r 
and matrix are not bridged i n the composite by a well defined 
i n t e r f a c e but by an interphase polymer. The properties of the 
interphase polymer can be s i g n i f i c a n t l y d i f f e r e n t from the bulk 
matrix polymer properties. When a polymer coati ng i s formed 
on the f i b e r by electrodeposition or electropolymerization, 

1 Current address: Dow Chemical Co., Midland, MI 48640 
0-8412-0567-l/80/47-132-257$05.00/0 
© 1980 American Chemical Society 
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the properties of the interphase are further modified by the 
polymer coating. Such modification i s manifested i n corre
sponding changes i n composite properties, mainly shear and 
toughness. 

Prompted by anticipated A i r Force requirements of a 
thermosetting polymer which could be fabricated into high 
strength f i b e r reinforced s t r u c t u r a l composites, acetylene 
terminated polyimides have been developed recently (12) as 
shown i n the following example. 

H R 6 0 0 

The major problem addressed i n t h i s program was the thermal 
cure, through an addition mechanism, without evolution of vola
t i l e s , of the polyimide intermediate. The electropolymerization 
of acetylene terminated polyimides and of a model compound, 
v i z . , phenyl acetylene was therefore undertaken. I t was 
necessary to e s t a b l i s h that the polymerization of the p o l y i 
mide intermediate on graphite f i b e r s did i n fact proceed through 
the terminal acetylenic groups. The r e s u l t s would have consider
able s i g n i f i c a n c e in view of the development of a new family of 
polyphenylquinoxalines with terminal acetylene groups which o f f e r 
great potential f o r use i n high temperature composite and adhe
sive applications (13,14). 

A p a r a l l e l development i n high temperature r e s i s t a n t matrix 
resins for composites i s the synthesis of n i t r i l e crosslinked 
polyphenylquinoxaline (15). The p a r t i c i p a t i o n of n i t r i l e 
groups i n e l e c t r o i n i t i a t e d addition polymerization was there
fore studied through the use of b e n z o n i t r i l e as monomer. 

Experimental 

Monomers of 99 percent or better purity were used as re
ceived from the suppliers. Obtained from Cardova Chemical N-(2-
hydroxyethy1)ethyleneimine (HEEI) was used as received. D i 
methyl formamide solvent, Mallinckrodt chemical, a n a l y t i c a l grade 
was refluxed over calcium hydride f o r 24 hours before d i s t i l l -
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ation at reduced pressure. Epoxy matrix r e s i n , Epon 8 2 8 was 
obtained from Shell Chemical Co. HR6U0 was obtained from Gulf 
ChemicalCo. 

Graphite f i b e r s i n the form of continuous tow were s p e c i a l l y 
obtained free of commercial treatments f o r use i n el e c t r o -
polymerization. The usual commercial f i b e r s were used as 
control for comparison with the experimental treatment. The 
fi b e r s were al 1 PAN based f i b e r s , Hercules AS and AU from 
Hercules Inc., F o r t a f i l 3T, 4T, 5T, CG3 and CG5 from Great 
Lakes Chemical Co., and Thornel 300 from Union Carbide. 

Electropolymerization. 

Generally, electropolymerization
compartment eel 1 i n which the two end compartments were sep
arated from the middle one by two f r i t t e d glass di ses. 

Graphite f i b e r electrodes were placed i n the central com
partment containing monomer and two platinum counter electrodes 
were placed i n each of the two end compartments which con
tained only solvent and e l e c t r o l y t e . The use of f r i t t e d 
di ses as a b a r r i e r minimized monomer and polymer migration 
into the end compartments. 

Electropolymerizations were conducted at constant DC 
voltage provided by a Hewlett Packard Model 6 4 3 8 B 
power supply. C e l l voltage and eel 1 current, as monitored 
by measuring the voltage across a f i x e d 10 ohm, 100 watt, 
wire wound r e g i s t e r placed i n series with the eel 1, were 
recorded using a HP 7128A, two channel, s t r i p chart recorder. 

Composite Fabrication. 

A f t e r polymerization, the graphite f i b e r s were rinsed with 
water or acetone and then dried under vacuum to determine 
weight increase due to polymer coating and f o r fu r t h e r t e s t i n g . 
When composite specimens were desired, Hercules AU f i b e r 
tow was wound around Η-type frames and immersed i n the elec-
t o l y t i c c e l l . Prepregs were prepared by brushing an epoxy 
r e s i n catalyzed by m-pheny 1enedi ami ne and heating at 80°C 
for an hour. S t r i p s were cut from the prepregs p a r a l l e l to 
fiber*alignment and stacked i n steel molds to obtain composite 
bars by compression molding at 150°C/30 min, 200 p s i . Test 
specimens for impact strength and shear tests were cut from 
these pieces. ASTM standard methods were adopted to measure 
density, void content (less than 0.2%), and f i b e r content. 
Short beam shear t e s t s were conducted i n an Instron model 
TTCML te s t i n g machine at a crosshead speed of 1.0 mm/min, 
and span to thickness r a t i o of 4:1 (ASTM D2344-76). At 
least f i v e specimens were tested f o r each composite; and 
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only the values obtained f o r shear f a i l u r e were used. A 
Tinius Olsen p l a s t i c impact t e s t e r was used to measure impact 
strengths by Method A, Izod of ASTM D256-73. Arithmetic 
averages of two or three specimens for each volume f r a c t i o n 
were obtained. Measurements at nine d i f f e r e n t f i b e r volumes 
were conducted f o r each electrocoating treatment. A simple 
device was set up for continuous electrodeposition of polymer 
on graphite f i b e r tow from a spool drawn successively through 
an e l e c t r o l y t i c eel 1 and rinse bath before being rewound 
on a drum (2J. Electrodepositions were ca r r i e d out from a 
2.5 percent solution of the selected polymer at 10 volts 
for a period of 1 minute. Epoxy prepregs and t e s t specimens 
were prepared from the coated tow following procedures 
described above. A variet
p a r t i a l l y hydrolyzed wer
electrodeposition. 

Electrodepositions on a smal1er seale were carried out as 
f o l lows. Weighed lengths of carbon f i b e r tow, i n the form 
of bundles 12.0± 0.5 cm long, t i e d at both ends, were placed 
in the center of a sin g l e compartment eel 1 contai ni ng the 
electrodeposition s o l u t i o n . C e l l dimensions were 8 χ 7 χ 12 cm. 
The carbon f i b e r bundle was immersed to a depth of 10.0± 
0.2 cm. Platinum electrodes were placed on both sides of the 
bundle at a distance of 3.0 cm. Constant DC voltage was 
applied to the eel 1 f o r a selected period of time, a f t e r 
which the f i b e r s were removed, rinsed , and dried at 50°C f o r 
18 hours i n a va euurn oven. The increase i n weight of the 
f i b e r bundle was then measured and the average weight increase 
of at least two specimens was recorded. Electrodeposition 
of polyamic acids was c a r r i e d out by t h i s procedure. 

Pyre-ML (Du Pont) i s a so l u t i o n of polyamic acids formed 
by the reaction of aromatic diamines with aromatic dianhy
drides. When Pyre-ML i s baked, i t i s converted to an i n e r t 
polyimide. Received as a 16.5 percent polymer s o l i d s s o l u t i o n 
i n N-Methy1-2-pyrrolidone and aromatic hydrocarbons, a c o l l o i d a l 
dispersion of Pyre-ML (#RC-5057) i n acetone was prepared as 
fο 11ows (22). Twentyfive m i l l i l i t e r s of Pyre-ML was mixed i n 
100 ml of dimethyl sulfoxide. Five m i l l i l i t e r s of t r i ethyl ami ne 
was added and the solution was heated to 40°C, with s t i r r i n g , 
f o r 15 minutes. The s o l u t i o n was then slowly added to 500 ml 
of acetone i n a Waring blender. Pyre-ML was electrodeposited 
from t h i s s o lution on carbon f i b e r anodes. Upon completion 
of the deposition, the coated f i b e r s were dried at 15U°C f o r 
one hour and were then placed i n a vacuum oven f o r 18 hours 
at 5U°C. No r i n s i n g procedure was employed since i t was 
found experimentally that r i n s i n g i n water washed away almost 
al 1 of the electrodeposited Pyre-ML on the f i b e r surface. 
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Thermal Analysis. 

Al1 thermogravimetric analyses (TGA) were performed with 
a Perkiη Elmer TGS-1 Thermobalance. An atmosphere of flow
ing dry a i r was delivered from a cyl i n d e r of dry a i r at 
a rate of 25 ml per minute. Dynamic thermal analyses 
were conducted at a heating rate of 10°C per mi nute. 
The v a r i a t i o n of weight with increasing temperature was 
recorded on a s t r i p chart recorder. Data obtained as 
actual weights as a function of temperature were converted 
to show the percentage of residual weight and plotted as 
a function of temperature. Isothermal analysis was per
formed by r a i s i n g the temperatur  500°
at a heating rate of 80°
to decompose at constant temperature and the v a r i a t i o n 
of weight was recorded as a function of time. 

Cured resins and mixtures of epoxy (EPON 828-mPDA) r e s i n 
and polyimide intermediate were ground into a f i n e powder 
i n a mortar and pestle and screened through a #40 (0.417mm 
mesh) Tyler Standard screen and subjected to thermal analysis 
as described. Preparation of the cured resins p r i o r to 
thermal analysis was as f o l lows: Stoichiometric amounts 
of EPON 828 and meta-pheny1enedi ami ne (mPDA) were heated 
to 80°C, thoroughly mixed, and precured at 80°C for one hour. 
Final curing was done at 15U°C f o r one hour. Themrid 600 
(HR 600) or Pyre-ML as received, was placed i n an aluminum 
cup and cured at 315°C f o r three hours, or two hours respec
t i v e l y . F o r t a f i l 5U carbon f i b e r s treated by electropoly-
merization and electrodeposition were subjected to thermal 
analysis as short lengths, cut from the treated f i b e r bundle. 
Untreated F o r t a f i l 5U f i b e r s were run as received i n the 
same manner. Al 1 treated f i b e r s were subjected to a 60 s, 
24 VDC treatment p r i o r to analysis. 

Composites prepared from treated and untreated Fo r t a f i 1 
5U carbon f i b e r s i n an EPON 828-mPDA matrix were subjected 
to analysis i n the form of a s i ngle sol i d chunk cut from 
the composite specimen. As before, al 1 treated f i b e r s were 
exposed to a 60 sec, 24 VDC treatment p r i o r to incorporation 
into a composite. Composite specimens were prepared i n the 
usual manner by compression molding as described e a r l i e r . 

Results and Discussion 

Detailed r e s u l t s of the screening of a va r i ety of monomer-
sol vent-electrolyte systems i n electropolymerization, and 
investigations of polymer grafting and s t e r e o r e g u l a r i t y , 
have been described elsewhere ( J J . Not only vinyl monomers 
but others containing a variety of c y c l i c function groups 
such as epoxy or a z i r i d i n y l groups were found to e l e c t r o -
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polymerize on graphite f i b e r s which thus proved to be a good 
substrate f o r polymer coating by e l e c t r o i n i t i a t i o n . The p r i n 
c i p a l e f f e c t of electropolymerization of monomers on graphite 
f i b e r s was expected to be i n a l t e r i n g the i n t e r f a c i a l bond 
strength of the coated f i b e r s when incorporated i n a composite. 
The short beam shear test i s a popular compromise between 
pur i t y of stress and ease of procedure and was employed here 
to measure interlaminar shear strength (ILS). The corresponding 
values f o r impact strength were also measured to follow the 
trend i n toughness of the composite specimens. These extensive 
r e s u l t s {I) can be summarized as follows: 

The ILS of composites prepared from Hercules type AU carbon 
f i b e r s coated by electropolymerization of a series of d i f f 
erent monomer systems wer
include representatives
aqueous and nonaqueous sol v e n t - e l e c t r o l y t e systems encountered 
during the screening process. Composites prepared from Hercules 
type AU untreated, and type AS, commercially treated graphite 
f i b e r s without further treatment were tested f o r comparison. 
It was seen that incorporation of a polymer i n t e r l a y e r on 
graphite f i b e r s p r i o r to embedding them i n an epoxy matrix 
caused the strength of the composite, to vary over the range 
45 to 82 MPa at Vf = 50%, which i s s i g n i f i c a n t i n r e l a t i o n 
to the standard deviations (less than ±5 MPa) involved i n 
each set of measurements. Although more detai l e d studies are 
needed to standardize the electropolymerization technique i n 
order to obtain optimum r e s u l t s , composite mechanical properties 
were found to be dependent upon monomer, solvent, electropoly
merization time, and post treatment of the coated f i b e r s . 

Since s i g n i f i c a n t l y d i f f e r e n t shear strengths are obtained 
using d i f f e r e n t types of monomers i n electropolymerization, i t 
would appear that the shear strength i s quite s e n s i t i v e to the 
chemical and s t r u c t u r a l properties of the polymer interphase. 
The types of polymers formed varied from very f l e x i b l e vinyl 
terminated b u t a d i e n e - n i t r i l e copolymer to r i g i d ( a c r y l o n i t r i l e ) 
polymers, and from those which had functional groups capable 
of reacting with the epoxy matrix to those which had none 
such. However, from the 1imited amount of data a v a i l a b l e , no 
c o r r e l a t i o n could be made of the trend i n shear strength with 
the chemical or mechanical properties of the polymer coating. 
The properties of the polymer f i l m formed on the graphite 
f i b e r need to be characterized before any such c o r r e l a t i o n can 
be made. 

The r e s u l t s of impact t e s t s on notched specimens provided 
f u r t h e r evidence that the carbon fiber-polymer matrix i n t e r 
face could be modified by electropolymeri z a t i on. As was ob
served i n shear t e s t s , s i g n i f i c a n t differences occur i n the 
impact strength as well as i n strength v a r i a t i o n with volume 
f r a c t i o n of f i b e r s that had undergone d i f f e r e n t treatments. 
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When the trends of impact strength are compared to trends 
of shear strength, i t was seen that usually an increased 
impact strength resulted whenever a decreasing shear strength 
was observed. This i s i n agreement with the general obser
vation in composites that excessive i n t e r f a c i a l bondi ng 
causes b r i t t l e fai1ure and lowered impact strength. However, 
i n exceptional instances, an increase i n both shear and impact 
strength was observed. 

It i s useful to point out here that the composite specimens 
were prepared from f i b e r s which were coated under one set 
of electropolymerization conditions, and that these conditions 
were not optimized with respect to composite properties. 
The results thus indicate the potential of electropolymerization 
for interphase modificatio
and the need to standardiz
and monomer systems to control polymer f i l m properties and, 
through them, composite properties. 

The electrodeposition technique also has proved e f f e c t i v e 
f o r interphase t a i l o r i n g i n carbon f i b e r composites (2,5)· 
The copolymers employed for anodic electrodeposition on carbon 
f i b e r s were a series of polymers with car boxy 1 groups, v i z . , 
copolymers of maleic anhydride with styrene, α-olefins 
and methyl vi nyl ether. The introduction of the polymer 
interphase r e s u l t s i n s i g n i f i c a n t improvements i n composite 
properties, and the extent of improvement i s control led by 
the nature of the polymer interphase. The molecular weight, 
chemical composition, and c r o s s l i nki ng of the interphase 
polymer are some of the molecular parameters modifying the 
e f f e c t s observed. The most s t r i k i ng feature of the r e s u l t s 
was t h a t , i n most cases, increase i n shear strengths was 
not accompanied by a corresponding loss i n impact strength 
as i s generally observed i n various methods of surface 
treatment. 

N- i 2-hydroxyethyljethyleneimine. 

The r e s u l t s obtained with HEEI are presented i n Figure 1. 
The electropolymerization of HEEI was conducted at 12 VDC, 
from a solution of the monomer i n DMF containing NaN03 as 
supporting e l e c t r o l y t e (O.lg HEEI per ml of 0.2N NaN03/DMF). 
The polymer coated f i b e r s were washed with acetone, and 
vacuum dried at 6U°C f o r 18 hours before preparation of 
composite specimens. 

A number of int e r e s t i n g general features described above 
are seen to be i l l u s t r a t e d i n Figure 1. Polymer coating 
of Hercules All f i b e r s by e l e c t r o i n i t i a t i o n of HEEI, at the 
anode, c l e a r l y raises the ILS of the epoxy composite to 
values comparable to those of specimens prepared from 
commercial ly a vai1 able surface treated Hercules AS f i b e r s . 
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Figure 1. The interhminar shear strengths (ILS) of composites prepared from 
Hercules AS and AU graphite fibers, and AU fibers coated by electropolymeriza
tion of N-(2-hydroxyethyl) ethyleneimine (HEEI) under conditions indicated, at 
various fiber volume fractions (Vf); (O) HEEI, 3 sec, anode; (A) HEEI, 10 sec, 

anode; (Q) HEEI, 3 sec, cathode; ( Q ) HEEI, 10-sec dip, no current passed 
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The duration of polymerization i s seen as an important 
variant, changing from a 3 s to 10 s polymerization time has 
produced noticeable changes i n ILS values. 

Dipping the f i b e r s i n HEEI monomer fo r 10 s without e l e c t r o -
i n i t i a t i o n does not raise the ILS of composites above that of 
untreated Hercules AU f i b e r s . This observation i s i n t e r e s t i n g 
since i t emphasizes the importance of the interphase polymer, 
in t h i s case poly-HEEI, i n improving the ILS of the composite. 
Monomer HEEI c a r r i e s the azi r i d i ne functional group which 
can r e a d i l y react with carboxyl groups present on the f i b e r 
surface as f o l lows: 

/ψ1 

HUCH 2CH Z—Ν + -CUU

The r e s u l t i n g functional groups, amino and hydroxy1, are both 
capable of i n t e r a c t i n g with the epoxy matrix, thus formiηg 
a molecular bridge from the f i b e r surface to the matrix r e s i n . 
Apparently, such a surface modification to produce reactive 
functional groups, without the formation of a polymer i n t e r 
phase, i s not the cause of the observed improvement i n ILS. 

The absence of any s i g n i f i c a n t change i n ILS when HEEI 
monomer i s present at the f i b e r cathode (Fig. 1) also supports 
the r o le of the polymer interphase i n the observed property 
improvement. It has been observed i n other experiments 
not reported here (6,16), that HEEI i s polymerized only at the 
anode, and not at the cathode. The anodic polymerization 
proceeds by a c a t i o n i c mechanism, leading to the polymer of 
the structure: 

4 Ν - CH 2 - CH 2f n 

CH2CH20H 

The observed effectiveness of the anodic treatment and the 
lack of i t i n cathodic treatment ( F i g . 1), must be a t t r i 
buted to the formation of the polymer of HEEI i n the former 
case, and the absence of i t i n the l a t t e r . The structure 
of the polymer formed carrying t e r t i a r y amino, and hydroxy1 
functional groups, i s favorable for subsequent p a r t i c i p a t i o n 
i n the epoxy curing reaction, and also f o r adhesion to the 
epoxy matrix formed. 

Polyimi des. 

In view of the above r e s u l t s , and considering the importance 
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of high temperature r e s i s t a n t graphite composites, the elec
tropolymerization of HR-600, the oligomeric polyimide i n t e r 
mediate was conducted on graphite f i b e r s . A polymer was 
r e a d i l y formed by cathodic polymerization, as indicated by 
the weight increase of f i b e r s i11ustrated i n Figure 2. 
Since a variety of functional groups were found to be poly
merized by e l e c t r o i n i t i a t i o n (1_), i t was sought to e s t a b l i s h 
the p a r t i c i p a t i o n of the acetylenic terminal groups i n the 
polymerization reaction. Using phenylacetylene as model 
monomer, i t was found that i t r e a d i l y polymerized i n NaN03/ 
DMF i n the cathode compartment to y i e l d a polymer of average 
molecular weight 3000 (17). Carbon-hydrogen analyses agreed 
well with calculated values for polypheny1 acetylene ( c a l c u l a 
ted f o r CoH 6: C,94.08; H,5.92  Found  C,92.14-93.05  H
5.75-5.84;. The i r and
confirmed the polymer t  polyme  polyen
structure formed by anionic addition of C^C bonds. 

It i s therefore to be expected that the polyimide coating 
formed on carbon f i b e r during electropolymerization of HR-600 
i s the r e s u l t of addition of acetylenic terminal groups. 
The compression moldi ng of electrocoated f i b e r s , with or 
without additional impregnation with polyimide oligomer, 
was adopted to produce composite specimens. The preparation 
of specimens has proved more d i f f i c u l t than with an epoxy 
matrix probably because of the flow properties of polyimide. 
Therefore, composite specimens were prepared from the p o l y i 
mide coated Hercules-AU graphite f i b e r s using an epoxy 
matrix. The r e s u l t s shown i n Figure 3, confirm the modifi
cation of shear strength by the electropolymerized coating 
(3 s polymerization of HR-600 i n 0.2N NaN03/DMF at 24 VDC). 
It i s s u r p r i s i n g to observe the large change i n shear strength 
with f i b e r volume f r a c t i o n . Perhaps i t can be a t t r i b u t e d to 
the fact that with increasing "volume f r a c t i o n " of the poly
imide coated f i b e r s the matrix changes from a predominantly 
epoxy matrix to one containing increasing amounts of polyimide. 

As indi cated already, the polymerization of n i t r i l e groups 
i s also relevant to composite research i n view of the n i t r i l e 
c r o s s l i nked polyquinoxali nes being developed (14). Poly
merization of b e n z o n i t r i l e has shown that a l i n e a r polymer 
i s formed with the repeating unit being (CgHgC = N). The 
conjugated structure formed by addition of C Ν groups was 
supported by infrared and mass spectral data which showed the 
absence of the c y c l i c trimer 2,4,6-triphenyl - s-triazine (17,18). 
From these r e s u l t s i t can be expected that the polymerization 
of n i t r i l e terminated polyimide and polyquinoxaline intermed
i a t e s can also be e l e c t r o i n i t i a t e d on graphite f i b e r s . Elec
tropolymerizations through C^C and C=H bonds have great s i g n i 
ficance therefore to high temperature r e s i s t a n t polyimide 
and polyquinoxaline composites and improvement of t h e i r shear 
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Figure 2. Electropolymerization of acetylene terminated polyimide (HR-600) 
on Fortafil carbon fibers: HR 600/DMF-NaNO2 (24 VDC); (·) Fortafil 3U; 

(•) Fortafil 5U 
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Figure 3. The interlaminar shear 
strengths (ILS) of composites prepared 
from Hercules AS and AU graphite 
fibers, and AU fibers coated by electro
polymerization of HR-600, (O) at vari

ous fiber volume fractions (Vf). 
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strength and toughness. 

E l e c t r i c a l Hazards of Conductive Fiber Fragment Release. 

The electrochemical techniques of coating graphite f i b e r s 
described above are applicable to addressing another impor
tant potential problem attendant upon the use of composites. 
The problems that may a r i s e when carbon f i b e r s are acciden
t a l l y released into the environment are well p u b l i c i z e d by 
now. The Department of Commerce issued a press release i n 
January 1978, concerning potential e l e c t r i c a l problems asso
ciated with carbon f i b e r s currently being used i n composites 
(19). NASA simultaneously released a technical memorandum 
concerning the observe
borne carbon f i b e r s ( 2 0)
t r i c a l conductivity of the carbon f i b e r s was i d e n t i f i e d 
as the prime f a c t o r i n t h e i r e f f e c t s on e l e c t r i c a l equipment, 
with other properties such as smal1 f i b e r diameter, general ly 
short length, and low density being important contributory 
factors. Because of t h e i r l i g h t weight, carbon f i b e r s can 
f l o a t i n the a i r l i k e dust p a r t i c l e s and, i f they come to 
rest on e l e c t r i c a l c i r c u i t s , can cause power f a i l u r e s , black
outs, shorts, or a r c i ng that can damage equi pment. 

A serious consideration of these apsects of graphite com
posites emphasizes the need to evaluate new techniques of devising 
organic coatings f o r carbon f i b e r s which can* provide, i n case 
of f i r e , a r e l a t i v e l y nonconducting layer of char or other 
material that might result i n f i b e r "clumping" preventing 
f i b e r release or, i n the event of f i b e r release, prevent 
e l e c t r i c a l contact with e l e c t r i c a l components. In t h i s 
context, research was conducted to apply the techniques of 
electropolymerization and electrodeposition developed f o r i n t e r 
phase modification of carbon f i b e r composites toward a solu
t i o n to the problems of airborne carbon f i b e r fragments (6). 
The behavior of e l e c t r o l y t i c a l l y formed organophosphorous and 
polyimide coatings at high temperature was therefore inves
t i gated (6). The f i r s t r e s u l t s obtained with polyimide 
coatings are presented here. 

The use of graphite f i b e r s , e l e c t r o l y t i c a l l y coated 
with polyimide r e s i n s , as reinforcement for epoxy matrix 
r e s i n i s seen to o f f e r potential advantage. On combustion, 
such a composite would be expected to re s u l t i n increased 
f i b e r clumping because of the high temperature re s i s t a n t 
polymer coati ng and thus show reduced tendency to release 
f i b e r fragments. The residual charred coating on the f i b e r s 
i s also 1ikely to be less conductive than graphite f i b e r 
fragments. 

In order to evaluate these p o s s i b i l i t i e s , polyimide 
coatings on graphite f i b e r s were formed not only from ace-
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tylene terminated polyimides as described e a r l i e r , but also 
from polyamic acids by electrodeposition. The thermal 
oxidative behavior of the f i b e r s , matrix resins and com
posites was investigated by thermogravimetric analysis based 
on a study by Wentworth and coworkers (21) on the TGA of 
graphite f i b e r composites. The a b i l i t y of d i f f e r e n t types 
of precursor coatings to reduce the potential f o r accidental 
release of carobn f i b e r s was sought to be compared. 

The weight increase of carbon f i b e r s as a function of 
time at constant applied voltage during electrodepositions 
and electropolymerizations are shown i n Figs. 2 and 4. It 
can be seen from these r e s u l t s that the amount of polyimide 
incorporated into a coating i s a function, of the applied 
voltage and the exposur  tim f th  treatment  L i t t l
difference i s observed betwee
moduli ( F o r t a f i l 3U an , , r e s p e c t i v e l y )

Dynamic TGA of Resins and Mixtures. 

The thermal oxidative behavior of the cured polyimide 
r e s i n and polyimide-epoxy r e s i n mixtures i s shown i n F i g . 5. 
As seen F i g . 5, the neat epoxy has three major breaks i n the 
TGA curve. One st a r t i n g at 275°C and another at 350°C, 
corresponding to r e s i n decomposition to char, and a t h i r d 
s t a r t i n g about 450°C f o r the oxidation of the char residue. 
As expected, the polyimides, are c l e a r l y shown to be more 
thermally stable than the epoxy r e s i n . In f a c t , the poly
imides did not show any major decomposition below 500°C. At 
t h i s temperature, the char from the epoxy r e s i n had already 
begun to decompose. In the context of the purpose of t h i s 
study, t h i s would imply that a polyimide coating on the 
carbon f i b e r s could survive to a higher temperature. That 
i s , i n the composite, the epoxy matrix r e s i n and the r e s u l t i n g 
char could be completely consumed before the polyimide 
coati ng would begi η to decompose. Thi s would not only 
re s u l t i n holding the f i b e r s together, but would also provide 
an i n s u l a t i n g layer on any released f i b e r s , thereby preventing 
e l e c t r i c a l contact. 

The r e s u l t s of the thermal decomposition of the poly
imide coated f i b e r s lead to an i n t e r e s t i n g observation. 
Fibers coated with polyimides appear to decompose more 
rapidly than the untreated f i b e r . The res u l t s are shown 
in F i g . 6. HR 6U0 coated f i b e r s showed a decomposition f o r 
the polyimide, beginning at about 500°C, f o l lowed by a very 
rapid f i b e r decomposition at about 760°C. Since HR 600 
was electropolymerized i n a NaNO^-DMF s o l u t i o n , i t i s poss
i b l e that a s a l t , codeposited with the HR 600, catalyzed the 
the oxidation of the f i b e r s . Pyre-ML, F i g . 6, 1ikewi se appears 
to influence the f i b e r decomposition. The decomposition of 
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Figure 4. Electrodeposition of polyamic acid Pyre-ML on Fortafil carbon fibers: 
PYRE-ML (24 VDC); (M) Fortifil 517, (Φ) Fortafil 3U 
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Figure 5. Dynamic TGA of epoxy and polyimide resins 
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the Pyre-ML, beginning about 550°C does not show any c l e a r 
break before f i b e r oxidation begins. Instead, a smooth l i n e 
i s observed. I t appears the polyimide has some c a t a l y t i c 
e f f ect on f i b e r o xidation, decomposing the f i b e r at a lower 
temperature than i s observed f o r the untreated f i b e r . 

F i n a l l y , the thermal behavior of composites prepared 
from polyimide coated f i b e r s i s shown i n Fig.7. Several 
observations are worth noting. The f i b e r decomposition i n 
both polyimide-coated f i b e r composites occur at temperatures 
somewhat lower than i s observed i n the untreated f i b e r 
composite. This again suggests that the decomposition of the 
polyimides i n some manner catalyzes the oxidation of the f i b e r , 
as was observed with the coated f i b e r s themselves. On the 
other hand, HR 600 an
exactly, to the observe
This observation adds support to the occurrence of an 
i nteraction between the polyimide r e s i n and carbon f i b e r 
decomposition behavior. 

In summary, the thermal oxidative behavior of the neat 
r e s i n s , coated f i b e r s , and composites have shown that elec-
trochemical treatments r e s u l t i n g i n the decomposition of 
polyimides have a s i g n i f i c a n t e f f e c t on the behavior of 
carbon fiber-epoxy matrix composites. Polyimides are not 
only more thermally stable than the epoxy r e s i n s , but a l s o , 
appear to reduce the thermal s t a b i l i t y of the carbon f i b e r ' 
substrate. Other s i m i l a r and s i g n i f i c a n t e f f e c t s of the coat-
tings on the decomposition of the carbon f i b e r s were observed 
with organophosphorus coatings a l s o ( 6 J . Al 1 of these ef f e c t s 
could be seen as ei t h e r preventing the release of carbon 
f i b e r s into the environment or, perhaps, as r e s u l t i n g i n a f i b e r 
having a reduced conductivity, thereby preventing e l e c t r i c a l 
contact once released. 

It i s obvi ou s that a great deal of further study wi11 
be necessary to answer the questions raised by t h i s work. 
Future study should be di rected toward determi ning the effect 
these coatings have on the e l e c t r i c a l conductivity of the 
f i b e r , both before and a f t e r thermal decomposition of the 
matrix r e s i n . Also, since the coated f i b e r s are to be used 
i n composites, a study of the composite mechanical properties 
would be e s s e n t i a l . Further study of the mechanical and thermal 
oxidative properties of carbon f i b e r s treated by electrochem-
i c a l means would be very useful i n gai ni ng an understandi ng 
of the behavior of the f i b e r i n the composite. 

Summary. 

Interphase modification through electropolymerization 
and electrodeposition, such as that of N-(2-hydroxyethyl) 
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Figure 6. Dynamic TGA of untreated, Pyre-ML coated, and HR-600 coated 
Fortafil 5U carbon fibers 

TEMP°C 

Figure 7. Dynamic TGA of Fortafil 5U fiber and epoxy composites prepared 
from untreated, HR-600 coated, and Pyre-ML coated Fortafil 5U fibers 
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ethyleneimine, has been shown to be e f f e c t i v e i n improving 
composite shear strength and toughness. Studies with model 
compounds such as phenyl acetylene and b e n z o n i t r i l e confirm 
the occurrence of e l e c t r o i n i t i a t e d polymerization on graphite 
f i b e r s through the C E C or C E N bonds i n n i t r i l e or acetylene 
terminated polyimide intermediates. The concept of i n t e r 
phase modification has been expanded by the a p p l i c a t i o n of 
electrochemical coati ng of carbon f i b e r to reduce the potential 
f o r release of conductive f i b e r fragments from graphite compo
s i t e s . Polyimide precursors were formed electrochemically 
on carbon f i b e r s . Thermogravimetric analysis was used to 
measure the s i g n i f i c a n t e f f e c t s of the coatings on the thermal 
oxidative behavior of the system components. Electrochemical 
polymerization thus offer
f i b e r s p r i o r to embedd
potential value of these techniques to composite property 
modification was amply demonstrated. 
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Dynamic Mechanical Characterization of Advanced 
Composite Epoxy Matrix Resins of Altered Composition 
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The c o m p o s i t i o n s o
resins were intentionally altered t o a s s e s s a c c e p t a b l e limits of 
compositional variability. The objective of the work reported 
herein was t o determine if these compositional variations c o u l d 
be related t o the material's dynamic m e c h a n i c a l (DM) response. 
DM characterization of epoxy resins has been shown (1,2) t o be 
useful in elucidating structure-property relationships. 

In this work the DM b e h a v i o r of these altered samples was 
studied in shear as a function of frequency, temperature and 
absorbed m o i s t u r e . Absorbed m o i s t u r e has been shown (3) t o dra
matically affect an epoxy resin's m e c h a n i c a l response. 

E x p e r i m e n t a l 

The epoxy resins investigated a r e representative of current 
high performance composite epoxy matrix resin systems. They con
tain multifunctional epoxy resins, an a r o m a t i c diamine curing 
agent (diaminodiphenylsulfone, DDS), and, in certain formulations, 
an organometallic catalyst ( b o r o n trifluoride complex). Compo
sitional variations investigated are shown in T a b l e s I, II, and 
III. Samples were prepared by casting the resin between glass 
p l a t e s . Cure was one hour a t 177°C. T h i s was f o l l o w e d by removal 
from the g l a s s mold, machining i n t o r e c t a n g u l a r t e s t specimens 
(5.08 cm χ 1.27 cm χ 0.3175 cm), and p o s t c u r e a t 177°C f o r e i g h t 
h o u r s . 

DM t e s t i n g was performed w i t h a Rheometrics M e c h a n i c a l Spec
t r o m e t e r , Model RMS-7200, i n a t o r s i o n mode w i t h shear m o d u l i 
( s t o r a g e and l o s s ) and l o s s tangent b e i n g measured f o r each v a r i 
a t i o n . The dynamic shear modulus i s d e f i n e d by: 

G = G' + i G" (1) 

where G 1 i s the s t o r a g e modulus and G" i s the l o s s modulus. The 
l o s s t a n g e n t , Tan δ, i s d e f i n e d by: 

T h i s c h a p t e r n o t sub jec t to U . S . c o p y r i g h t . 
P u b l i s h e d 1980 A m e r i c a n C h e m i c a l S o c i e t y 
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Tan δ (2) 

where δ i s the phase a n g l e between the s i n u s o i d a l s t r e s s and 
s t r a i n waves. A s t r a i n i s a p p l i e d t o the sample and the r e s u l t a n t 
s t r e s s i s measured. T e s t r e s u l t s w i l l be d i s c u s s e d i n terms of 
the s t o r a g e modulus, G f, and the l o s s t a n g e n t , Tan δ. 

The DM t e s t i n g was performed i n the temperature range of 
-150°C t o +300°C u s i n g a programmed i n c r e m e n t a l h e a t i n g r a t e . A t 
each temperature increment the in s t r u m e n t a u t o m a t i c a l l y s u b j e c t s 
the specimen t o the f o u r t e s t f r e q u e n c i e s - 15.8 m Hz, 158.5 m Hz, 
1.585 Hz, and 15.85 Hz. 

Wet t e s t specimens were prepared by s u b j e c t i n g d r y specimens 
t o a near e q u i l i b r i u m a b s o r p t i o n of m o i s t u r e i n a 71°C/100% R.H. 
environment. R e d r i e d t e s
DM t e s t e d from 5°C t o 95°
a c o n s t a n t w e i g h t . 

R e s u l t s 

Epoxy R e s i n A. Epoxy r e s i n A c o n t a i n s a s i n g l e m u l t i f u n c 
t i o n a l epoxide r e s i n ( t e t r a g l y c i d y l m e t h y l e n e d i a n i l i n e , TGMDA), 
DDS, and a boron t r i f l u o r i d e complex c a t a l y s t . 

T y p i c a l G f and Tan δ curves a r e shown i n F i g u r e 1 u s i n g the 
r e f e r e n c e s t a n d a r d 12KV11 as an example. There a r e t h r e e t r a n s i 
t i o n s o b s e r v a b l e - one i s the α-transition a t 234°C a s s o c i a t e d 
w i t h Tg and the o t h e r two ar e g l a s s y s t a t e d i s p e r s i o n s , a β-tran-
s i t i o n a t 51°C and a γ-transition a t -78°C. A t o t a l of 11 compo
s i t i o n a l v a r i a t i o n s were r u n i n a d r y c o n d i t i o n a t a l l f o u r f r e 
q uencies over the temperature range of -150°C t o +300°C w i t h the 
r e s u l t t h a t the most s i g n i f i c a n t d e t e c t a b l e d i f f e r e n c e s were 
a t t r i b u t a b l e t o those v a r i a t i o n s i n v o l v i n g the base epoxide's 
v i s c o s i t y . F or t h i s r e a s o n the d i s c u s s i o n w i l l be l i m i t e d t o 
those v a r i a t i o n s shown i n T a b l e I , which comprise extremes i n 
v i s c o s i t y , b r i t t l e n e s s / d u c t i l i t y , and the r e f e r e n c e s t a n d a r d / 
nominal m a t e r i a l . A l s o , the d a t a and curves w i l l be l i m i t e d t o 
the l o w e s t frequency (15.9 m H z ) . The most i m p o r t a n t parameters 
taken from G f and Tan δ cur v e s a r e shown i n T a b l e I . 

In the d r y samples, two parameters c o n s i s t e n t l y d i f f e r e n t i 
ated between h i g h and low v i s c o s i t y epoxide r e s i n s - G 1 a t the 
onset o f the rubbery r e g i o n , G T ( R ) , and the α-peak w i d t h a t a 
r e f e r e n c e Tan δ v a l u e of 10~1, W-^Q-1 . I n a l l cases the low v i s 
c o s i t y epoxide samples gave h i g h e r G T (R) and s m a l l e r W]_Q-1 v a l u e s 
than the h i g h v i s c o s i t y samples (Table I ) . T h i s i s c o n s i s t e n t i n 
t h a t low v i s c o s i t y epoxide corresponds t o low epoxide e q u i v a l e n t 
weight w h i c h , i n t u r n , would correspond t o a lower m o l e c u l a r 
weight between c r o s s l i n k s , M c, r e s u l t i n g i n a h i g h e r G f ( R ) . The 
converse would be t r u e f o r a h i g h v i s c o s i t y epoxide c o m p o s i t i o n . 
T h i s G 1 b e h a v i o r i s shown i n F i g u r e 2 f o r 8KV2 v s . 16KV4. Assum
i n g t h a t the e q u i l i b r i u m m o d u l i r e p r e s e n t c r o s s l i n k e d network 
r e s p o n s e , v a l u e s of M c were c a l c u l a t e d from: 
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21. V O N K U Z E N K O E T A L . Characterization of Altered Resins 281 

Figure 2. Storage modulus curves at rubbery onset for ( ) low viscosity 
(8KV2)and ( ) high viscosity (16KV4) Epoxy A samples 
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M c 
3 ρ RT 

Ε ( 3 ) 

where v a l u e s of Ε were c a l c u l a t e d from the G 1 v a l u e s i n Tab l e I . 
M c v a l u e s of 90.3 and 120.4 were found f o r 8KV2 (low v i s c o s i t y ) 
and 16KV4 ( h i g h v i s c o s i t y ) , r e s p e c t i v e l y , which agrees w i t h the 
observed response. 

The broad Tan δ d i s p e r s i o n i n the g l a s s t r a n s i t i o n r e g i o n 
corresponds t o a cont i n u o u s u n f r e e z i n g of a spectrum of m o l e c u l a r 
m o b i l i t i e s . I t c o u l d be i n f e r r e d t h a t under c o n s t a n t c o n d i t i o n s , 
a narrow d i s p e r s i o n would r e f l e c t a s m a l l e r v a r i e t y of a v a i l a b l e 
m o l e c u l a r motions and v i c e v e r s a . T h e r e f o r e , i t c o u l d be expected 
t h a t the low v i s c o s i t y m a t e r i a l would g i v e a s m a l l e r W^Q-1 than 
the h i g h v i s c o s i t y m a t e r i a l as was found (Table I ) . T h i s i s 
i l l u s t r a t e d i n F i g u r e 3  8KV2  16KV4  d i f f e r
ences were found f o r th
samples c o n s i s t e n t l y gav  h i g h e  3  γ-pea  tempera
t u r e s . 

F a i l u r e modes a t v e r y h i g h temperatures (>250 C) were i n a l l 
cases c h a r a c t e r i z e d by the growth of l a r g e c r a c k s i n the s p e c i 
mens . 

With r e s p e c t t o proposed e n g i n e e r i n g a p p l i c a t i o n s of the 
m a t e r i a l (use temperatures <150°C), no s i g n i f i c a n t d i f f e r e n c e s 
were d e t e c t e d i n the DM response of a l l v a r i a t i o n s under d r y con
d i t i o n s . 

Data taken from curves of the DM response of wet specimens 
(6.5% weight g a i n ) a r e t a b u l a t e d i n Table I . T y p i c a l e f f e c t s of 
mo i s t u r e on G f b e h a v i o r can be seen i n F i g u r e 4 (wet v s . d r y 8KV3). 
M o i s t u r e e x h i b i t s a s i g n i f i c a n t p l a s t i c i z a t i o n e f f e c t as p r e v 
i o u s l y r e p o r t e d ( 3 ) , s h i f t i n g G f a t Tg onset 80°C t o lower tem
p e r a t u r e s . Gf i n the g l a s s t r a n s i t i o n r e g i o n a t a r e f e r e n c e v a l u e 
of 3 χ 10^ dynes/cm 2 was a l s o s h i f t e d 80°C t o lower temperatures. 
G f a t the onset of Tg was lowered from a nominal 1.2 χ 1 0 ^ t o 
0.9 χ 1 0 1 0 dynes/cm 2. 

S i m i l a r m o i s t u r e induced p l a s t i c i z a t i o n was observed i n the 
Tan δ r e s u l t s as shown i n Tab l e I and F i g u r e 5 (wet v s . d r y 8KV3). 
The onset temperature of the α-peak was s h i f t e d 60°C t o lower 
v a l u e s , and the temperature a t a r e f e r e n c e Tan δ v a l u e of 10 
was s h i f t e d 100°C t o lower v a l u e s . D i s c u s s i o n of r e s u l t s a t tem
p e r a t u r e s above 100°C i s not u s e f u l because of the onset of s i g 
n i f i c a n t m o i s t u r e l o s s ( d r y i n g ) ; however, i t can be observed t h a t 
m o i s t u r e causes the α-dispersion t o become v e r y broad and i r r e g u 
l a r . 

M o i s t u r e a l s o s h i f t s the 3 and γ-peaks t o lower temperatures 
(Table I ) and broadens them such t h a t the v a l l e y between them i n 
the d r y c o n d i t i o n becomes l e s s and l e s s d i s t i n c t . M o i s t u r e has 
a l s o been observed i n a l l v a r i a t i o n s t o induce a c r a c k i n g - t y p e 
f a i l u r e mode a t v e r y h i g h temperatures (>250°C) c h a r a c t e r i z e d by 
the s p l i t t i n g - o u t of d i s c s from the specimen s u r f a c e . 
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286 RESINS FOR AEROSPACE 

O v e r a l l , m o i s t u r e does not e x h i b i t an e f f e c t such t h a t com
p o s i t i o n a l v a r i a t i o n s can be d i s c r i m i n a t e d . R a t h e r , i t e x h i b i t s 
such an overpowering p l a s t i c i z a t i o n e f f e c t t h a t p o t e n t i a l compo
s i t i o n - i n d u c e d e f f e c t s a r e masked. 

R e d r i e d specimens were DM c h a r a c t e r i z e d t o determine i f mois
t u r e c o u l d induce permanent, i r r e v e r s i b l e damage i n the m a t e r i a l . 
Curves f o r 5-95°C t e s t s were i d e n t i c a l t o the wet c u r v e s . How
e v e r , a f t e r d r y i n g , an anomalous b e h a v i o r was observed ( F i g u r e s 4 
and 5 ) . Each v a r i a t i o n i n v e s t i g a t e d i n a r e d r i e d c o n d i t i o n e x h i b 
i t e d a c h a r a c t e r i s t i c i n f l e c t i o n i n t h e i r G f c u r v e s a t about 130°C 
( F i g u r e 4 ) , i r r e s p e c t i v e of c o m p o s i t i o n . S i m i l a r i r r e g u l a r Tan δ 
b e h a v i o r was a l s o observed ( F i g u r e 5) i n the same temperature 
r e g i o n . The mechanism p r o d u c i n g t h i s b e h a v i o r has not been 
d e f i n e d and w i l l be th  s u b j e c t f f u t u r  work

A d d i t i o n a l i r r e v e r s i b l
R e d r i e d G T v a l u e s a t th  χ  dynes/cm  alway
lower than those of d r y samples and Tan δ v a l u e s were always 
s h i f t e d t o lower temperatures (Table I ) . 

I n summary, the r e d r i e d samples d i d not e x h i b i t a response 
i n d i c a t i v e of c o m p o s i t i o n . R a t h e r , the DM response d i s c u s s e d 
above was observed f o r a l l samples independent of c o m p o s i t i o n . 

Epoxy R e s i n B. Epoxy r e s i n Β c o n t a i n s two m u l t i f u n c t i o n a l 
epoxide r e s i n s . The p r i n c i p a l r e s i n i s TGMDA, the minor epoxide 
i s a g l y c i d y l e t h e r of a b i s p h e n o l A n o v o l a c , and the c u r i n g 
agent i s DDS. F o r m u l a t i o n s r e p r e s e n t i n g the s t a n d a r d c o m p o s i t i o n , 
an o v e r c a t a l y z e d c o m p o s i t i o n , and an u n d e r c a t a l y z e d c o m p o s i t i o n 
(Table I I ) were c h a r a c t e r i z e d i n the same manner as Epoxy A, w i t h 
the most i m p o r t a n t parameters e x t r a c t e d from the s t o r a g e modulus 
and l o s s tangent curves t a b u l a t e d i n Tab l e I I . 

The m o d u l i and l o s s tangent c u r v e s of t h i s r e s i n were s i m i l a r 
t o those of r e s i n A as shown i n F i g u r e s 6 and 7 f o r the st a n d a r d 
c o m p o s i t i o n . The cur v e s f o r the s t a n d a r d m a t e r i a l a r e r e p r e s e n t a 
t i v e of a l l t h r e e c o m p o s i t i o n s . None of the co m p o s i t i o n s e x h i b 
i t e d s i g n i f i c a n t v a r i a t i o n s o r t r e n d s compared t o themselves as 
d i d Epoxy A c o m p o s i t i o n s . Use of G f(R) v a l u e s f o r d i f f e r e n t i a t i o n 
was not p o s s i b l e because the temperatures a t G f(R) exceeded the 
in s t r u m e n t ' s 300°C c a p a b i l i t y . V a l u e s shown i n Table I I a r e 
e x t r a p o l a t e d e s t i m a t e s . 

As w i t h Epoxy A, m o i s t u r e (5.3% weight g a i n ) e x h i b i t e d a s i g 
n i f i c a n t p l a s t i c i z a t i o n e f f e c t , s h i f t i n g G T a t Tg onset 70-80°C 
to lower temperatures. G f i n the g l a s s t r a n s i t i o n r e g i o n a t a 
r e f e r e n c e v a l u e of 3 χ 10^ dynes/cm 2 was s h i f t e d 30-34°C. T h i s 
b e h a v i o r i s shown i n F i g u r e 6 f o r t he st a n d a r d r e s i n . I n the 
case o f the l o s s tangent d a t a , the onset temperature of the α-peak 
was s h i f t e d 80-95°C t o lower v a l u e s , and the temperature a t the 
r e f e r e n c e Tan δ v a l u e of 10"*̂ · was s h i f t e d the same amount. T h i s 
b e h a v i o r i s i l l u s t r a t e d I n F i g u r e 7 f o r the s t a n d a r d r e s i n . 

As was the case w i t h Epoxy A, c o m p o s i t i o n a l v a r i a t i o n s do not 
e x h i b i t a d i s c r i m i n a t i n g m o i s t u r e - i n d u c e d response. R a t h e r , the 
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p l a s t i c i z a t i o n e f f e c t i s so overpowering t h a t any p o t e n t i a l com
p o s i t i o n - i n d u c e d e f f e c t s a r e masked. 

A comparison of G f d a t a f o r Epoxy Β v s . Epoxy A shows t h a t 
w h i l e the v a l u e s of the onset temperature and c o r r e s p o n d i n g m o d u l i 
of b o t h are s i m i l a r (dry and w e t ) , the temperatures a t a r e f e r e n c e 
G f v a l u e of 3 χ 10^ dynes/cm 2 show Epoxy Β t o have a much h i g h e r 
temperature c a p a b i l i t y than Epoxy A. 

A comparison of l o s s tangent d a t a shows t h a t the w i d t h of the 
Tan δ peak a t the r e f e r e n c e v a l u e of 10"! i s s m a l l e r f o r Epoxy Β 
v s . Epoxy A. I n terms of the d i s c u s s i o n s p r e s e n t e d under Epoxy A, 
t h i s narrower peak w i d t h response r e f l e c t s a s m a l l e r v a r i e t y o f 
a v a i l a b l e m o l e c u l a r motions, i n d i c a t i n g t h a t Epoxy Β may have a 
more u n i f o r m , homogeneous network. 

Epoxy R e s i n C. Epox
TGMDA ( p r i n c i p a l e p o x i d e , Epoxy 1 i n T a b l e I I I ) , a c y c l o a l i p h a t i c 
d i e p o x i d e (a minor ep o x i d e , Epoxy 2 i n T a b l e I I I ) , and an epoxy 
c r e s o l n o volac (a minor e p o x i d e , Epoxy 3 i n Table I I I ) . The c u r 
i n g agent i s DDS and the c a t a l y s t i s a boron t r i f l u o r i d e complex. 
F o r m u l a t i o n s r e p r e s e n t i n g the stan d a r d c o m p o s i t i o n , a b r i t t l e 
r e s i n c o m p o s i t i o n , and a d u c t i l e r e s i n c o m p o s i t i o n were c h a r a c 
t e r i z e d i n the same manner as Epoxy r e s i n s A and B. R e s u l t a n t 
d a t a a r e t a b u l a t e d i n Table I I I . 

The shear m o d u l i and l o s s tangent c u r v e s a r e s i m i l a r t o those 
of E p o x i e s A and Β as i l l u s t r a t e d i n F i g u r e s 8 and .9 f o r the r e p 
r e s e n t a t i v e s t a n d a r d c o m p o s i t i o n . I n a d r y c o n d i t i o n , G f a t the 
onset of the rubbery r e g i o n , G f ( R ) , showed the same d i s c r i m i n a t i n g 
b e h a v i o r as w i t h Epoxy A. The b r i t t l e f o r m u l a t i o n c o n t a i n i n g the 
low v i s c o s i t y major epoxide gave a h i g h e r G f(R) v a l u e w h i l e the 
d u c t i l e f o r m u l a t i o n c o n t a i n i n g the h i g h e r v i s c o s i t y major epoxide 
gave a lower G f(R) v a l u e (Table I I I ) . T h i s b e h a v i o r i s i n a c c o r d 
ance w i t h the d i s c u s s i o n s p r e s e n t e d under Epoxy A. 

M o i s t u r e (6.12% weight g a i n ) e x h i b i t e d a s i g n i f i c a n t p l a s t i 
c i z a t i o n e f f e c t as w i t h the o t h e r two r e s i n systems. G f a t the 
onset of Tg was s h i f t e d 40-50°C t o lower v a l u e s and G* a t the r e f 
erence v a l u e of 3 χ 10$ dynes/cm 2 was s h i f t e d 60°C t o lower v a l u e s 
(shown i n F i g u r e 8 f o r the st a n d a r d c o m p o s i t i o n ) . I n the case of 
the l o s s t a n g e n t , the onset temperature of the α-peak was s h i f t e d 
20-30°C t o lower temperatures and the temperature a t the r e f e r e n c e 
Tan δ v a l u e of 1 0 " 1 was s h i f t e d 85°C t o lower v a l u e s ( F i g u r e 9 ) . 
As was the case w i t h R e s i n s A and B, the p l a s t i c i z a t i o n e f f e c t of 
m o i s t u r e i s so s t r o n g t h a t any com p o s i t i o n - i n d u c e d e f f e c t s a r e 
masked. 

The G f and Tan δ d a t a f o r Epoxy C v s . Epoxies A and Β show 
t h a t t h i s r e s i n has the lowe s t temperature c a p a b i l i t y of the t h r e e 
r e s i n systems. T h i s would be expected because o f the presence of 
a lower f u n c t i o n a l i t y epoxide i n the f o r m u l a t i o n . I n f u r t h e r 
comparing C t o A and B, the α-peak w i d t h a t the r e f e r e n c e Tan δ 
v a l u e of 10"̂ - f o r r e s i n C i s l a r g e r than f o r A or Β i n the case of 
the s t a n d a r d c o m p o s i t i o n s . Furthermore, the t o t a l α-peak 
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292 RESINS FOR AEROSPACE 

( F i g u r e 9) of r e s i n C from onset temperature and above i s much 
broader than the α-peaks of A and B. I n keeping w i t h p r e v i o u s 
d i s c u s s i o n s , t h i s broader peak w i d t h response r e f l e c t s a l a r g e r 
v a r i e t y of a v a i l a b l e m o l e c u l a r motions which i s i n accordance w i t h 
a more complex, multicomponent r e s i n system. 

C o n c l u s i o n s 

The most s i g n i f i c a n t o b s e r v a t i o n s r e s u l t i n g from t h i s i n v e s 
t i g a t i o n can be summarized as f o l l o w s : 

(1) With r e s p e c t t o proposed e n g i n e e r i n g a p p l i c a t i o n s , no 
s i g n i f i c a n t d i f f e r e n c e s were d e t e c t e d f o r the c o m p o s i t i o n a l v a r i 
a t i o n s i n v e s t i g a t e d . 

(2) Dry, a s - f a b r i c a t e  e x h i b i  d i f f e r e n c e
r e l a t e d t o the v i s c o s i t

(3) High v i s c o s i t y epoxid  sample y
lower c r o s s - l i n k d e n s i t y DM response, and c o n v e r s e l y f o r low v i s 
c o s i t y epoxide samples. 

(4) M o i s t u r e - i n d u c e d p l a s t i c i z a t i o n s u b s t a n t i a l l y a l t e r s the 
DM response, independent of c o m p o s i t i o n . 

(5) M o i s t u r e induces i r r e v e r s i b l e d e g r a d a t i o n of DM p r o p e r 
t i e s , independent of c o m p o s i t i o n . 
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Anisotropic Measurements on Single-Ply Lamina 
Composites 

WAYNE J. MIKOLS and JAMES C. SEFERIS 

Depar tment of C h e m i c a l Engineer ing , Univers i ty of Washington , Seattle, WA 98195 

E n v i r o n m e n t a l and
the physical properties o f composite materials (1,2). Environ
mental effects cause property alterations due to various hygro
thermal histories and states of the composite ( 3 ) . Chemical 
effects m a n i f e s t themselves through structural considerations. 
Such things as resin/catalyst s t o i c h i o m e t r y , matrix impurities, 
fiber s u r f a c e impurities, and o t h e r p r o c e s s related phenomena 
cause c h e m i c a l alterations in the composite which affect the 
macroscopic and/or microscopic structural n a t u r e of the system 
(4,5). 

Many investigations have fo c u s e d upon the influence of 
either c h e m i c a l or environmental effects upon various composite 
system properties. I t s h o u l d be apparent t h a t these two effects 
are strongly c o u p l e d . Physical properties of composites are of 
course dependent upon the ultimate physio-chemical s t r u c t u r e of 
the system. Consequently, this basic structure is an overriding 
consideration w h i ch is responsible for the n a t u r e and e x t e n t to 
which e n v i r o n m e n t a l effects can influence system properties. By 
examining basic anisotropic viscoelastic properties of a compos
ite system, this study r e l a t e s m o i s t u r e a b s o r p t i o n to p r o p e r t y 
and s t r u c t u r a l c o n s i d e r a t i o n s a f f e c t i n g the a b s o r p t i o n p r o c e s s . 

The p a r t i c u l a r g r a p h i t e - e p o x y composite system employed i n 
t h i s study was made w i t h T-300 carbon f i b e r s (Union Carbide) and 
5208 epoxy (Narmco). U n i d i r e c t i o n a l c o n t i n u o u s s i n g l e - p l y 
T-300/5208 l a m i n a t e s were used. Sample m a t e r i a l s were exposed t o 
e i t h e r d e s i c c a t e d or soaked environments p r i o r t o t e s t i n g . 

I n a composite system, p r o p e r t i e s can be viewed on a macro
s c o p i c or m i c r o s c o p i c s c a l e . M a c r o s c o p i c a l l y , composites e x h i b i t 
a n i s o t r o p i c b e h a v i o r due t o the n a t u r e i n which carbon f i b e r s a r e 
o r i e n t e d i n the m a t r i x m a t e r i a l . Dynamic m e c h a n i c a l experiments 
were performed on both soaked and d e s i c c a t e d samples. These 
measurements on the two s e t s of samples were used t o study the 
macroscopic b e h a v i o r o f the composites a t 0°, 15°, 30°, and 45° 
d i r e c t i o n s w i t h r e s p e c t t o the f i b e r d i r e c t i o n . S i m i l a r e x p e r i -
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merits were c a r r i e d out u s i n g s o n i c modulus measurements. M i c r o 
s c o p i c a l l y , the composite m a t r i x m a t e r i a l e x h i b i t s v i s c o e l a s t i c 
b e h a v i o r t h a t can s t r i c t l y be a s s i g n e d t o the c r o s s l i n k s t r u c t u r e 
of the r e s i n . G r a p h i t e r e i n f o r c e m e n t o n l y s e r v e s to damp out 
v i s c o e l a s t i c t r a n s i t i o n s of the r e s u l t a n t composite. By combin
i n g dynamic m e c h a n i c a l d a t a w i t h m o i s t u r e d i f f u s i o n s t u d i e s , a 
fundamental u n d e r s t a n d i n g of the n a t u r e and mechanisms i n v o l v e d 
i n the m o i s t u r e a b s o r p t i o n (and p r o p e r t y d e g r a d a t i o n ) p r o c e s s e s 
can be i n f e r r e d . 

E x p e r i m e n t a l 

The composite s t u d i e d i n t h i s work was made w i t h a commer
c i a l epoxy (Narmco 5208) whose p r i m a r y c o n s t i t u e n t i s t e t r a g l y c i
d y l 4,4* d i a m i n o d i p h e n y
d i p h e n y l s u l f o n e (TGDDM-DDS)
impregnated w i t h epoxy p r o v i d e d a u n i d i r e c t i o n a l p r e preg tape 
h a v i n g a 34.7% r e s i n c o n t e n t and an a e r i a l d e n s i t y of 95 g/m2. 
Sheet l a m i n a were prepared from a 30.48 cm wide r o l e of p r e p r e g 
tape by vacuum bag c a s t i n g . Sheets o f p r e p a r e d p r e p r e g were 
p l a c e d i n a 120°C oven. The oven temperature underwent a l i n e a r 
ramp to 177°C over 30 minute i n t e r v a l . The s h e e t s were h e l d a t 
t h i s e l e v a t e d temperature f o r 2 hours. The oven was p e r m i t t e d 
to r e t u r n t o room temperature. Cured samples were removed and 
a l l o w e d t o s e t a t ambient l a b o r a t o r y c o n d i t i o n s f o r a t l e a s t one 
month (101.3 kPa, 22°C, 60% R e l a t i v e H u m i d i t y ) . 

S e v e r a l s e t s of samples were c u t from the c u r e d l a m i n a 
sheets which had a t h i c k n e s s of 0.02 cm. P o r t i o n s of the mate
r i a l were cut h a v i n g nominal dimensions of 7cm χ 14cm. These 
samples were s u b j e c t e d to subsequent d e s i c c a t i o n over anhydrous 
c a l c i u m s u l f a t e and/or s o a k i n g i n d e i o n i z e d water. An ambient 
l a b o r a t o r y temperature of 22°C was m a i n t a i n e d throughout t h i s 
p o r t i o n o f the experiment. T y p i c a l d a t a from these t e s t s a r e 
p r e s e n t e d i n F i g u r e 1. S w e l l i n g measurements were c o l l e c t e d a t 
d e s i c c a t e d , 60% r e l a t i v e h u m i d i t y , and soaked sample e n v i r o n 
ments. Average s w e l l dimensions f o r the sample of F i g u r e 1 a r e 
i l l u s t r a t e d i n F i g u r e 2. Length and w i d t h s w e l l dimensions c o r 
respond to r e s p e c t i v e f i b e r and. t r a n s v e r s e f i b e r composite d i r e c 
t i o n s . These measurements were o b t a i n e d u s i n g c a l i p e r s a c c u r a t e 
to +0.001 cm ( i . e . l e s s than 0.01% of sample d i m e n s i o n s ) . Lami
na t h i c k n e s s measurements were o b t a i n e d u s i n g a d i s h e d p l a t e 
micrometer a c c u r a t e to +0.0002 cm ( i . e . a p p r o x i m a t e l y 1% o f sam
p l e d i m e n s i o n s ) . 

S e v e r a l s t r i p samples h a v i n g approximate dimensions o f 
0.4cm χ (10-17cm) χ 0.02 cm were a l s o c u t from the cured sheet 
m a t e r i a l a t v a r i o u s d i r e c t i o n s t o the f i b e r d i r e c t i o n . These 
a n g l e s were 0, 15, 30, and 45 degrees t o the f i b e r d i r e c t i o n . 
I t was found t h a t s t r i p s c u t a t a n g l e s g r e a t e r than 45 degrees 
c o u l d not s u s t a i n any l o a d f o r t e s t i n g . Extreme c a r e was taken 
to i n s u r e t h a t no v i s i b l e m i c r o c r a c k s remained a l o n g sample edges 
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Figure I. Soaking and desiccation of Τ-300/5208 composite sheets; percentage 
gain or loss as a function of time with respect to initial equilibrium at 60% rela

tive humidity 
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Figure 2. Percentage swell of linear sample dimensions as a function of moisture 
content 
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Figure 3. Sonic moduli at various angles, φ, to fiber direction for a composite 
sample 
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p r i o r t o d e s i c c a t i o n or s o a k i n g . A l l c u t sample edges were p r e 
pared by f i r s t s a n ding w i t h 240, then 400 mesh sand paper. 
F i n a l p o l i s h i n g o f the edge was completed u s i n g c r o c u s p o l i s h 
c l o t h . 

Samples to be soaked were s e a l e d i n d e i o n i z e d water a t 22°C 
and a l l o w e d to absorb a t l e a s t 95% of t h e i r e s t i m a t e d t h e o r e t i c a l 
maximum water uptake. T h i s was determined from p r e l i m i n a r y soak
i n g experiments on sheet samples ( r e f . F i g . 1) i n c o n j u n c t i o n 
w i t h i n f o r m a t i o n s u p p l i e d by C a r t e r ( 6 ) . U s i n g a s i m i l a r p r o c e 
dure, d e s i c c a t e d samples were e s t i m a t e d t o have l e s s than 0.05% 
by weight water a t the time they were used i n dynamic m e c h a n i c a l 
and s o n i c modulus experiments. Sonic modulus experiments were 
conducted on the 7cm χ 14cm sheet samples as w e l l as the 0.4cm 
wide s t r i p samples u s i n  c o m m e r c i a l l  a v a i l a b l
(PPM-5, Η. M. Morgan I n c .
t e s t e r , which employs a p i e z o e l e c t r i
10 kHz s o n i c p u l s e , was used t o e v a l u a t e d e s i c c a t e d , 60% r e l a 
t i v e h u m i d i t y , and soaked samples. T y p i c a l a n i s o t r o p i c s o n i c mod
u l u s d a t a f o r a 60% r e l a t i v e h u m i d i t y composite samples a r e i l l u s 
t r a t e d i n F i g u r e 3. Samples which were removed from t h e i r r e s p e c 
t i v e environments f o r s o n i c t e s t ( u s u a l l y l a s t i n g l e s s than 0.5 
hours) were r e i n s e r t e d i n t h e i r e n v i r o n m e n t a l chambers f o r a t 
l e a s t two a d d i t i o n a l weeks p r i o r to dynamic m e c h a n i c a l t e s t i n g . 

The dynamic m e c h a n i c a l p r o p e r t i e s o f a l l s t r i p samples de
s c r i b e d above were o b t a i n e d f o r sample l e n g t h s of a t l e a s t 6.5cm. 
The temperature dependence of the dynamic m e c h a n i c a l p r o p e r t i e s 
were o b t a i n e d i n t e n s i o n w i t h the Rheovibron DDVII which was 
m o d i f i e d to preve n t sample s l i p p a g e and ambient m o i s t u r e conden
s a t i o n on the sample a t low temperatures (_7, 8 ) . A l l experiments 
were performed a t a frequency o f 11 Hz and over the temperature 
range -160°C to 320°C w i t h a h e a t i n g r a t e o f one degree (°C) per 
minute. The samples i n the Rheovibron were m a i n t a i n e d i n an 
atmosphere of dry n i t r o g e n . The d a t a o b t a i n e d were r e c o r d e d and 
p l o t t e d i n the form of the t r a d i t i o n a l t a n δ, and dynamic m o d u l i 
(E f and E " ) . 

I n i t i a l l y some concern was expressed over the m o i s t u r e r e 
moval from the samples d u r i n g the sample mounting and da t a c o l 
l e c t i o n p e r i o d s . G e n e r a l l y , s o n i c modulus d a t a was c o l l e c t e d 
w i t h i n minutes a f t e r removal from the sample's environment. B u l k 
water l o s t o r gai n e d by the sample d u r i n g t h i s p e r i o d o f time 
r e p r e s e n t s a n e g l i g i b l e change i n the b u l k modulus. However, the 
sample mounting and c a l i b r a t i o n o p e r a t i o n s f o r dynamic m e c h a n i c a l 
experiments g e n e r a l l y caused about a two-hour d e l a y between sam
p l e environment removal and i n i t i a l d a t a p o i n t c o l l e c t i o n a t 
-160°C. Even l o n g e r p e r i o d s e x i s t e d b e f o r e dynamic m e c h a n i c a l 
p r o p e r t y d a t a were c o l l e c t e d a t e l e v a t e d temperatures. F u r t h e r 
more, e x p e r i m e n t a l c o n d i t i o n s exposed the samples t o a dry n i t r o 
gen atmosphere f o r a near 8-10 hour d a t a c o l l e c t i o n p e r i o d . T h i s 
e x p e r i m e n t a l procedure i n t r o d u c e d n e g l i g i b l e e n v i r o n m e n t a l 
changes f o r d e s i c c a t e d composite samples. On the o t h e r hand, 
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Figure 4, Comparison of dynamic mechanical properties of a 30° composite and 
neat epoxy resin showing β, ω, and a transitions 
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water d i d escape from soaked samples d u r i n g t h i s p e r i o d . Our 
e x p e r i m e n t a l r e s u l t s suggest t h a t not a l l o f the water a f f e c t i n g 
composite p r o p e r t i e s can ever be r a p i d l y removed u n t i l h i g h 
temperatures a r e reached. T h i s consequence p r o v i d e s new i n s i g h t 
i n t o the n a t u r e of m a t r i x p l a s t i c i z a t i o n (and/or d e g r a d a t i o n ) as 
w e l l as m o i s t u r e a b s o r p t i o n k i n e t i c s . 

D i s c u s s i o n 

V i s c o e l a s t i c B e h a v i o r . T y p i c a l dynamic m e c h a n i c a l s p e c t r a 
f o r a carbon f i b e r composite a r e shown next t o a s i m i l a r c u rve f o r 
neat r e s i n i n F i g u r e 4. The f i b e r s i n the composite samples a r e 
o r i e n t e d a t 30° w i t h r e s p e c t t o the d i r e c t i o n of 11 Hz dynamic 
mec h a n i c a l o s c i l l a t i o n s  Three major t r a n s i t i o n s a r e e v i d e n t
These correspond t o th
neat 5208 epoxy r e s i n ( 4 )

The low temperature 3 t r a n s i t i o n i s c e n t e r e d near -50°C. I t 
i s p r i m a r i l y a t t r i b u t e d t o minor l o c a l i z e d motion i n the p o l y 
m e r i c m a t r i x network. The ω t r a n s i t i o n i s l i n k e d t o un r e a c t e d 
m o l e c u l a r segments and/or i n h o m o g e n e i t i e s a r i s i n g from d i s s i m i l a r 
c r o s s l i n k d e n s i t i e s . T h i s t r a n s i t i o n o c c u r s i n the 100°C temp
e r a t u r e v i c i n i t y . Measurements on 15°» 30°, and 45° soaked and 
d e s i c c a t e d samples d i d e x h i b i t v a r i a t i o n s i n the v i c i n i t y o f the 
3 and ω temperature t r a n s i t i o n s . However, such measurements were 
made near the s e n s i t i v i t y l i m i t s of the i n s t r u m e n t a t i o n . H i g h 
sample r i g i d i t y c o n t r i b u t e d t o dat a s c a t t e r . G e n e r a l t r e n d s w i t h 
r e s p e c t t o these two t r a n s i t i o n s were noted but need f u r t h e r i n 
v e s t i g a t i o n b e f o r e they can be f u l l y d i s c u s s e d . 

The h i g h temperature α peak i n F i g u r e 4 i s c l e a r l y a t t r i b u 
t e d t o the g l a s s t r a n s i t i o n o f the m a t r i x m a t e r i a l . The peak 
maximum was observed near 275°C. A l l o f the o t h e r noted 
t r a n s i t i o n s have been p r e v i o u s l y observed i n our s t u d i e s o f neat 
r e s i n v i s c o e l a s t i c p r o p e r t i e s ( 4 ) . However, the magnitudes of 
these t r a n s i t i o n s a r e s u b s t a n t i a l l y reduced as a r e s u l t of c a r 
bon f i b e r s t r u c t u r a l r e i n f o r c e m e n t . F i g u r e 4 demonstrates how 
the low temperature t r a n s i t i o n s a r e masked by the presence o f 
f i b e r r e i n f o r c e m e n t . P r e v i o u s work demonstrates t h a t the low 
temperature ω t r a n s i t i o n i s a f f e c t e d by absorbed m o i s t u r e i n the 
neat r e s i n ( 4 ) . The f a c t t h a t no d i s c e r n i b l e d i f f e r e n c e i n the 
ω (and ,3) t r a n s i t i o n s , o t h e r than a s i g n i f i c a n t r e d u c t i o n i n 
magnitude, i s observed f o r composites over neat r e s i n s suggests 
t h a t the presence o f f i b e r s do not a l t e r the network s t r u c t u r e 
of the r e s i n . As might be expected, a composite t a k e s on an 
i n c r e a s i n g l y more m a t r i x - l i k e response as l o a d i s a p p l i e d i n 
t r a n s v e r s e f i b e r d i r e c t i o n s . F i g u r e 5 i l l u s t r a t e s t h i s by p l o t 
t i n g the dynamic e l a s t i c modulus, E f , a t f o u r s e p a r a t e a n g u l a r 
d i r e c t i o n s of s i n g l e p l y T-300/5208 composite, as w e l l as f o r the 
neat epoxy r e s i n . 
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Figure 5. Dynamic moduli, E ' , of the composite at various angles, φ, to fiber 
direction. Neat epoxy data is also plotted for comparison. 
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Water A d s o r p t i o n . One i n t e r e s t i n g comparison o f dynamic 
mechanical p r o p e r t i e s i s between soaked and d e s i c c a t e d samples. 
F i g u r e 6 i l l u s t r a t e s one such comparison f o r a 30° sample. The 
30° sample has been s e l e c t e d here f o r i l l u s t r a t i o n . S i m i l a r 
p l o t s f o r o t h e r a n g l e s demonstrate how v i s c o e l a s t i c p r o p e r t i e s 
f o r soaked samples r e t u r n t o those of d e s i c c a t e d samples i n the 
v i c i n i t y of 240-245°C. T h i s b e h a v i o r i s not p e c u l i a r t o compo
s i t e m a t e r i a l s . S i m i l a r c o n c l u s i o n s were o b t a i n e d by Keenan and 
S e f e r i s (4) on soaked and d e s i c c a t e d neat r e s i n samples. These 
temperatures are w e l l above 100°C temperature a t which one might 
expect a l l water to l e a v e the composite m a t e r i a l . T h i s i s p a r t i 
c u l a r l y u nusual b e h a v i o r f o r s i n g l e - p l y l a m i n a t e s w i t h an ex
tre m e l y t h i n c r o s s s e c t i o n and a h i g h percentage o f exposed c r o s s -
s e c t i o n a l edge. E x p e r i m e n t a l d e s i g  r e q u i r e d th  t h i  soaked 
composite samples t o remai
l e a s t 9 hours p r i o r t o  dynami
p r o p e r t i e s a t 240°C. F i g u r e 1 suggests t h a t a t b e s t , these c i r 
cumstances would l e a v e o n l y 40% of the water o r i g i n a l l y c o n t a i n e d 
i n the sample. (60% would be l o s t t o the d r y n i t r o g e n atmosphere 
d u r i n g t h e p r e c e d i n g 9 hours r e q u i r e d t o r e a c h 240°C). P r o b a b l y 
the a c t u a l percentage i s s i g n i f i c a n t l y l e s s than t h i s s i n c e 
a c t u a l d i f f u s i o n a t e l e v a t e d temperatures would be a c c e l e r a t e d 
w e l l above the 22°C case employed i n F i g u r e 1. 

A v a i l a b l e l i t e r a t u r e d a t a suggest t h a t water i s r e t a i n e d i n 
the 5208 m a t r i x due t o hydrogen bond f o r m a t i o n . T h i s f o r m a t i o n 
i s proposed by C a r t e r and K i b l e r (6) to e x p l a i n some of the 
anomalous m o i s t u r e b e h a v i o r o f the epoxy systems (9, 10). They 
propose t h a t d i f f u s i o n of water i n the 5208 r e s i n m a t r i x i s 
governed by two d i f f u s i n g s t a t e s o f water; one mo b i l e s t a t e and 
one s t r o n g l y bound s t a t e . P r e l i m i n a r y a n a l y s i s (11) of the r e l 
a t i v e magnitudes of the β and ω t r a n s i t i o n s , as they a r e i n f l u 
enced by m o i s t u r e uptake, l e n d s support t o C a r t e r 1 s model ( 6 ) . 

S o n i c Data. S o n i c modulus d a t a does not show any marked d i f 
f e r e n c e between sheet and s t r i p o r between soaked and d e s i c c a t e d 
composite samples. Keenan (12) demonstrated t h a t b o t h sheet and 
s t r i p samples g i v e comparable m o d u l i when c a r e i s taken t o i s o 
l a t e d i s c o n t i n u i t i e s which o c c u r w i t h d a t a taken near the edge o f 
sheet composite samples o r w i t h c l o s e probe s p a c i n g s . The f a c t 
t h a t n e g l i g i b l e d i f f e r e n c e s a r e observed between soaked and 
d e s i c c a t e d m a t e r i a l s o n i c m o d u l i i s not s u r p r i s i n g i n view o f the 
f a c t t h a t low temperature dynamic m e c h a n i c a l d a t a (which a r e 
e q u i v a l e n t t o h i g h temperature s o n i c modulus data) demonstrated 
near s i m i l a r b e h a v i o r . T h i s r e s u l t concurs w i t h the work of 
K a e l b l e and Dynes ( 1 3 ) . 

C o n c l u s i o n s 

The presence o f carbon f i b e r r e i n f o r c e m e n t i n a 5208 epoxy 
m a t r i x tends t o o v e r r i d e the ω and $ t r a n s i t i o n s n o r m a l l y ob-
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Figure 6. Comparison of dynamic moduli, E', for a 30° soaked and desiccated 
composite sample 
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served i n the neat r e s i n m a t e r i a l . The α t r a n s i t i o n however, 
which i s associated wi th the glass t r a n s i t i o n of the matr ix mate
r i a l , p r e v a i l s s t rongly i n s p i t e of f i b e r reinforcement. 

In genera l , moisture serves to p l a s t i c i z e the composite 
m a t e r i a l . Data suggest that moisture d i f f u s i o n i n the composite 
matr ix can be d iv ided in to at l eas t two d i s t i n c t groups: mobile 
and bound species . Bound species remain r e l a t i v e l y f ixed i n the 
matr ix at low temperatures for long periods of time due to s t e r i c 
cons idera t ions . In general , t h i s bound water cons t i tu tes a smal l 
f r a c t i o n of the t o t a l absorbed water. This bound water i s r a p i d 
l y released from the matr ix ma te r i a l by heating the sample to the 
i n i t i a l stages of i t s g lass t r a n s i t i o n . 
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Abstract 

It is w e l l known that the p h y s i c a l p roper t ies of composite 
mater ia l s are h igh ly a n i s o t r o p i c . Consequently, fac tors that 
affect the proper t ies of composite mater ia l s will manifest them
selves differently depending on the direction of experimentation. 
In t h i s work the inf luence and nature of moisture absorpt ion on 
the an i so t rop ic dynamic mechanical and sonic modulus proper t ies 
for s i n g l e p ly lamina composites has been examined. These ex
periments provide further e l u c i d a t i o n of the interaction between 
f ibe r and matr ix components of the composite. 
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Acoustic Fatigue Strength of Fiber-Reinforced Plastic Panels 
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Composite material
ing structural members whic
an all composite aircraft (1). The increased power of aircraft 
engines over the past three decades has resulted in a major social 
and scientific problem - aeronautical noise. Acoustic fatigue of 
the aircraft structure occurs due to the merciless hammering of 
the f l u c t u a t i n g sound pressures (2). In Japan fatigue studies of 
composite materials is limited, although a program is in progress 
at the U n i v e r s i t y of Southhampton, ISVR, which is concerned with 
the acoustic fatigue of carbon fiber reinforced panel-type s t r u c 
tures (3). Consequently, an immediate need e x i s t s to develop 
fundamental data based upon acoustic fatigue tests f o r composite 
materials. 

Four kinds of FRP panels with three layers consisting of 
roving glass c l o t h and/or g l a s s - f i b e r mat reinforced unsaturated 
polyester r e s i n are a c o u s t i c a l l y excited and fatigue test data ob
tained. An observation was made from the tests that the glass-
f i b e r mat reinforced test panel may be more i s o t r o p i c i n the f a i l 
ure pattern than the roving glass c l o t h reinforced test panels. 
The experimental r e s u l t s i n d i c a t e that the acoustic fatigue 
strength of FRP test panels i s considerably lower than the fatigue 
strength of FRP materials tested under constant s t r e s s . Making 
ce r t a i n assumptions the acoustic fatigue l i f e of test panels can 
be predicted from the experimental data of fatigue strength of FRP 
obtained under constant stress t e s t i n g . Measuring any increase of 
acoustic fatigue strength required bonding CFRP on the middle part 
of a panel or laminating carbon f i b e r woven tapes simultaneously 
during panel f a b r i c a t i o n . The l a t t e r s t i f f e n i n g method proved 
more e f f e c t i v e . 

Acoustic Fatigue Tests 

Test Panel. As shown i n Figure 1, the shape of each test 
panel i s rectangular and i d e n t i f i e d with one bay of the a i r c r a f t 
body. Table I shows properties of test panels which are laminated 
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Figure 2, The rehtion between rms 
stress and sound pressure level (5): (Φ) 
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by hand lay-up method and cure d f o r 24 hours a t 60°C. The f o u r 
k i n d s o f t e s t p a n e l s a r e R3, RMR, MRM, and M3 where R i s the g l a s s 
r o v i n g c l o t h , M the g l a s s - f i b e r mat, 3 the number o f l a y e r s , and 
s p e c i f i c i d e n t i f i c a t i o n r e p r e s e n t s the sequence o f l a y e r s . I n 
or d e r to monitor and measure s t r a i n response, a s t r a i n gage i s 
mounted as i n F i g u r e 1 where maximum s t r e s s w i l l o c c u r i n the t e s t 
pane1. 

Table I 

Test panel t Ε W f f n 
R3 1.0 3240 46.5 206 
RM
MRM 1.2 2480 52.5 217 
M3 1.1 1600 57.6 165 

R; r o v i n g g l a s s c l o t h E; t e n s i l e modulus 
M; g l a s s - f i b e r mat (kg/mm 2) 
t ; t h i c k n e s s (mm) Ŵ ; g l a s s c o n t e n t 
f ; fundamental by w e i g h t 

n a t u r a l f r e q . (Hz) 

Journal of the Japan Society for Composite Materials 

R e l a t i o n Between rms S t r e s s and Sound P r e s s u r e L e v e l . The 
r e l a t i o n s h i p between l o a d and s t r e s s ( o r s t r a i n ) i n the a c o u s t i c 
f a t i g u e t e s t i s d i f f e r e n t from t h a t observed i n the u s u a l f a t i g u e 
t e s t under c o n s t a n t s t r e s s . The a c o u s t i c l o a d i s a random n o i s e 
whose i n t e n s i t y i s exp r e s s e d by a sound p r e s s u r e l e v e l (SPL, u n i t : 
dB) and measured by the rms v o l t - m e t e r , w h i l e the spectrum of 
s t r a i n response of the t e s t p a n e l shows m u l t i p l e resonances c h a r 
a c t e r i z e d by v i b r a t i o n mode of the p a n e l . The resonance whose 
i n t e n s i t y peaks i n the spectrum s i g n i f i c a n t l y c o n t r i b u t e s t o the 
f a t i g u e damage of the p a n e l . 

F i g u r e 2 shows the r e l a t i o n s h i p between rms v a l u e o f s t r e s s 
and the sound p r e s s u r e l e v e l f o r each t e s t p a n e l . I t s h o u l d be 
noted t h a t rms s t r e s s a t SPL of 159dB i s e s t i m a t e d by e x t r a p o l a t 
i n g l i n e a r i t y between l o a d and s t r e s s s i n c e the s t r a i n gage i s 
damaged a t SPL v a l u e s o f more than 148dB. 

R e s u l t s of T e s t and D i s c u s s i o n s 

F a i l u r e P a t t e r n . F i g u r e s 3-6 d e p i c t the f a i l u r e p a t t e r n s ob
ser v e d on d i f f e r e n t p a n e l s when exposed t o s t r o n g a c o u s t i c n o i s e . 
F i g u r e 3 shows the f a i l u r e of an u n s a t u r a t e d p o l y e s t e r r e s i n 3mm 
i n t h i c k n e s s . F a i l u r e o f the i s o t r o p i c p a n e l o c c u r s a f t e r a few 
minutes exposure; the c r a c k s t a r t i n g a t p o i n t A o r Β and pro p a g a t -
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Figure 3. Failure pattern for unsaturated polyester resin (5) 

Figure 4. Failure pattern for test panel with a glass-fiber mat layer 
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Figure 5. Failure pattern for RS test panel (5) 

Figure 6, Failure pattern for M3 test panel (5) 
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Figure 7. Failure pattern for RC-B test panel 

Figure 8. Failure pattern for RC-L test panel 
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i n g a l o n g an e l l i p t i c a l l o c u s . F i g u r e 4 shows the e f f e c t o f adding 
one l a y e r o f g l a s s - f i b e r mat as r e i n f o r c e m e n t . The e f f e c t o f the 
f i b e r s r e i n f o r c i n g the m a t r i x i s e v i d e n t from how and where the 
cr a c k s develop. 

F i g u r e s 5 and 6 show the f a i l u r e p a t t e r n s o f R3 and M3 t e s t 
p a n e l s . The r e s u l t s i n d i c a t e t h a t g l a s s - f i b e r mat r e i n f o r c e d 
p a n e l s are more i s o t r o p i c than g l a s s c l o t h r o v i n g r e i n f o r c e d ones. 
The d i f f e r e n c e s i n f a i l u r e p a t t e r n s i s p r o b a b l y due t o d i f f e r e n c e s 
i n r e i n f o r c i n g mechanisms between g l a s s c l o t h r o v i n g and g l a s s -
f i b e r mat. A d d i t i o n a l l y , the M3 t e s t p a n e l i s prone t o c a t a s t r o 
p h i c f a i l u r e compared t o the R3 t e s t p a n e l . A l t h o u g h photographs 
f o r RMR and MRM t e s t p a n e l s are o m i t t e d , t h e i r f a i l u r e p a t t e r n s 
are almost i n t e r m e d i a t e between R3 and M3. 

The i n v e s t i g a t i o n
c r e a s e the a c o u s t i c f a t i g u
was made by bonding CFRP on the m i d d l e o f a p a n e l (RC-B) o r 
l a m i n a t i n g f i b e r woven tapes d u r i n g the molding p r o c e s s (RC-L). 
T h e i r r e s p e c t i v e f a i l u r e p a t t e r n s are shown i n F i g u r e s 7 and 8 . 
The b e s t s t i f f e n i n g method was i n RC-L where d e l a m i n a t i o n c o u l d 
not t a k e p l a c e w h i l e the s t i f f e n e r f o r RC-B debonded when exposed 
t o a c o u s t i c n o i s e . 

A c o u s t i c F a t i g u e S t r e n g t h . T e s t r e s u l t s f o r a c o u s t i c f a t i g u e 
s t r e n g t h of each p a n e l are p l o t t e d i n F i g u r e 9 a l o n g w i t h f a t i g u e 
s t r e n g t h under c o n s t a n t s t r e s s o f specimens h a v i n g s i m i l a r s t a t i c 
s t r e n g t h and g l a s s f i b e r c o n t e n t s . I n F i g u r e 9 the l e f t s i d e o r 
d i n a t e i s i n rms s t r e s s w h i l e the r i g h t s i d e i s i n rms peak s t r e s s 
By m u l t i p l y i n g t e s t d ata by the \J2 to a c h i e v e rms peak s t r e s s , the 
a c o u s t i c f a t i g u e s t r e n g t h of R3 and M3 can be compared on the same 
c h a r t as t h e i r f a t i g u e s t r e n g t h under c o n s t a n t s t r e s s . C y c l e s t o 
f a i l u r e p l o t t e d on the a b s c i s s a are c a l c u l a t e d so t h a t they w i l l 
be a p p r o x i m a t e l y e q u a l t o the v a l u e s o f fundamental n a t u r a l f r e 
quency m u l t i p l i e d by f a i l u r e time of each t e s t p a n e l . 

I t i s found t h a t the a c o u s t i c f a t i g u e s t r e n g t h f o r R3 and M3 
i s c o n s i d e r a b l y lower than the f a t i g u e s t r e n g t h o b t a i n e d from con
s t a n t s t r e s s t e s t i n g . I t i s c o n s i d e r e d t h a t t h i s f a c t i s caused 
by m u l t i p l e resonant phenomenon of the p a n e l a t v e r y h i g h c y c l i c 
f r e q u e n c i e s where the f a t i g u e s t r e n g t h of FRP, i n g e n e r a l , reduces 
due t o the g e n e r a t i o n o f heat ( 4 ) . 

I n o r d e r t o e s t i m a t e the a c o u s t i c f a t i g u e l i f e of t e s t p a n * 
e l s , i t i s assumed t h a t the a c o u s t i c l o a d used i s a random Gaus
s i a n n o i s e . Peak v a l u e s of s t r e s s e s t a k i n g p l a c e i n p a n e l s a r e 
supposed t o be R a y l e i g h d i s t r i b u t e d h a v i n g the p r o b a b i l i t y d e n s i t y 
f u n c t i o n 

f ( o ) = (2σ/σ2 ) e " a 2 / o r m s (1) 
\ / \ ' rms 

The second assumption i s concerned w i t h the fundamental S-N curve 
o b t a i n e d from the f a t i g u e t e s t w i t h c o n s t a n t s t r e s s . I n t h i s 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



312 R E S I N S F O R A E R O S P A C E 

case, we can get 

Na m= C (2) 

where C and m are m a t e r i a l c o n s t a n t s . 
I f the m o d i f i e d M i n e r ' s r u l e i s assumed t o be a p p l i c a b l e t o 

FRP m a t e r i a l s , the c u m u l a t i v e damage d u r i n g f a t i g u e of FRP i s 
g i v e n by 

Σ ( η / Ν ) = ( N f /C)/* omf{a)do 
r ο 

= (HJC)am D(m) , ( 3 ) 
v f ' rms v ' 9 

where means the number of c y c l e s t o f a i l u r e of FRP p a n e l s under 
a c o u s t i c l o a d i n g s and ο
D(m) i s c a l l e d the damag
i n t e g r a l 

D(m) = / " V ^ V ^ d o = r(l+m/2) , ( 4 ) 
0 

where Γ i s t h e Gamma f u n c t i o n . 
Thus, u s i n g E q . ( 3 ) , we can p r e d i c t the a c o u s t i c f a t i g u e 

s t r e n g t h of FRP from the e x p e r i m e n t a l d a t a of f a t i g u e s t r e n g t h of 
FRP o b t a i n e d from c o n s t a n t s t r e s s t e s t i n g . C o m p u t a t i o n a l r e s u l t s 
are g i v e n i n F i g u r e 9 which have the good agreement w i t h t h e i r ex
p e r i m e n t a l d a t a . 

Improvement of A c o u s t i c F a t i g u e S t r e n g t h 

A c o u s t i c f a t i g u e s t r e n g t h f o r g l a s s c l o t h r o v i n g r e i n f o r c e d 
FRP, whose i n h e r e n t s t r e n g t h i s the h i g h e s t among t e s t e d p a n e l s , 
i s improved by making the f o l l o w i n g type l a m i n a t e . RC-B p a n e l i s 
made by bonding CFRP as a sandwich on b o t h s i d e s o f an R3 p a n e l . 
RC-L p a n e l i s l a m i n a t e d so t h a t a carbon f i b e r woven tape i s cen
t e r e d between two l a y e r s o f g l a s s c l o t h r o v i n g . T a b l e I I l i s t s 
d a t a on RC-B and RC-L t e s t p a n e l s i n c l u d i n g w i d t h and t h i c k n e s s 
dimensions f o r the s t i f f n e s s . F i g u r e 10 shows the i n c r e a s e of 
a c o u s t i c f a t i g u e due t o s t i f f e n i n g e f f e c t s . I t s h o u l d be noted 
t h a t t h e s l o p e s o f p l o t t e d d a t a f o r RC-B and RC-L a r e g r e a t e r than 
the s l o p e of the S-N curve f o r R3 under c o n s t a n t s t r e s s . 

T a b l e I I 
T h i c k n e s s Width T e n s i l e modulus 

(mm) (mm) (kg/mm) 

RC-B 0.23 χ 2 10.0 6000 

RC-L 0.5 20.0 8700 
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Figure 9. Experimental and predicted 
results of acoustic fatigue strength of test 
panels in comparison with S-N curves 
under constant stress (5): experimental: 
(Φ) R3, (A) RMR, (A) MRM, (Ο) M3 

Figure 10. Increase of acoustic fatigue strength by CFRP stiffeners: (O) R3, 
fX) RC-B, {•) RC-L 
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Conclusions 

ο Acoustic fatigue strength of FRP panels i s considerably 
lower than their fatigue strength obtained from constant 
stress testing. 

ο Making a few assumptions acoustic fatigue strength can be 
predicted from experimental fatigue strength data with 
reasonably good agreement. 

ο The better method for panel stiffening i s lamination of 
carbon fiber woven tapes. 

Abstract 

Four kinds of FRP panels with three layers consisting of 
glass cloth roving and/or glass mat reinforced unsaturated poly
ester resin were acoustically excited and fatigue tested. From 
the experiments, it i s observed that the laminated structure of 
the test panel may characterize the failure pattern and the glass 
mat reinforced test panel may be more isotropic than the glass 
cloth roving reinforced test panel. In order to predict the 
acoustic fatigue life of test panels, it i s assumed that the 
acoustic load i s a random noise with narrow frequency band-width 
and the modified Miner's rule i s applicable to FRP materials. 
Using these assumptions, the acoustic fatigue life of test panels 
is estimated with good agreement from experimental data of FRP 
fatigue strength obtained under constant stress. Simple s t i f fen
ing methods are investigated to achieve improved acoustic fatigue 
strength. 

L i s t of Symbols 

C, m Material Constants 
D( ) Damage Function 
Ε Tensile Modulus 
f( ) Probabili ty Density Function 
f^ Fundamental Natural Frequency 

M Chopped Strand Glass-Fiber Mat 
Ν, Cycles to Failure 
R Roving Glass Cloth 
t Thickness of Panel 
Ŵr Glass Content by Weight 

Γ( ) Gamma Function 
σ Stress Amplitude 
Orms rms Peak Stress 
Σ(η/Ν) Cumulative Damage 
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A New Polyester Matrix Resin System for Carbon Fibers 

ROBERT EDELMAN and PAUL E. McMAHON 
Celanese Research Company, 86 Morris Avenue, Summit, NJ 07901 

Epoxy resins a r e t h
bon fiber composites today
resins a r e used in recreation and aerospace applications. The 
epox i e s were chosen for their good handling characteristics as 
well as their good ambient and e l e v a t e d temperature composite 
properties. However, epoxy resin systems have certain deficien
cies in t h a t t h e p r e p r e g materials must be kept refrigerated re
sulting in limited out time. Cost is also higher than other 
available thermoset materials and cure time is often l o n g . 

In the aerospace industry, t h e s e deficiencies have been tol
erated when high levels of performance that c o u l d be achieved 
only with epoxy materials, were desired for certain applications. 
However, as additional applications for composites a r e consider
ed, where lower property levels are acceptable, it is likely t h a t 
other t y p e s of prepreg c o u l d be used in place of th e epoxy s y s 
tems currently available, particularly t h e "250°F" curing epoxy 
systems. Polyester r e s i n prepregs s h o u l d be considered as a po
t e n t i a l a l t e r n a t i v e t o t h e s e epoxy m a t e r i a l s , s i n c e t h e y do not 
have t h e i r n e g a t i v e f e a t u r e s . 

Most p o l y e s t e r systems t h a t a r e used today c o n t a i n g l a s s r e 
i n f o r c e m e n t and use s t y r e n e as the r e a c t i v e monomer. S t y r e n e i s 
t h e most f r e q u e n t l y used monomer s i n c e i t p r o v i d e s good ambient 
temperature p r o p e r t i e s a t low c o s t . E l e v a t e d temperature p r o p e r 
t i e s (100 C and above) a r e f r e q u e n t l y poor. S t y r e n e does have a 
s i g n i f i c a n t drawback i n t h a t i t i s q u i t e v o l a t i l e a t room temper
a t u r e l e a d i n g t o e n v i r o n m e n t a l c o n t r o l problems. I n a d d i t i o n , 
s t y r e n e monomer undergoes v e r y h i g h s h r i n k a g e and exotherming on 
cure n e c e s s i t a t i n g t h e use o f e x t e n s i v e f i l l e r a d d i t i o n t o m i n i 
mize warpage and c r a c k i n g . (1,2) T h i s use o f f i l l e r s f r e q u e n t l y 
r e s u l t s i n a d i s t i n c t l o w e r i n g o f t h e p r o p e r t i e s o f th e system. 

I t i s obvious then t h a t a s i g n i f i c a n t l y d i f f e r e n t p o l y e s t e r 
r e s i n system must be c o n s i d e r e d as a p o s s i b l e replacement f o r an 
epoxy m a t e r i a l . There a r e c o m m e r c i a l l y a v a i l a b l e m a t e r i a l s t h a t 
appear to meet t h e n e c e s s a r y r e q u i r e m e n t s . A f o r m u l a t i o n t h a t 
c o n t a i n s d i a l l y l p h t h a l a t e monomer and a h i g h performance u n s a t -

0-8412-0567-1/80/47-132-317$05.00/0 
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TABLE I 

PROPERTIES O
Ο 
II 
C-OCH2-CH==CH2 

•C-OCH -CH=CH„ 

Ο 

VAPOR PRESSURE 

AT ROOM TEMPERATURE 

VOLUME SHRINKAGE 

GELATION TIME 

EXOTHERM DURING 
CURE 

LOW (0.1 T o r r a t 90 C) 

11.8% ( S t y r e n e = 17%) 

Very l o n g a t temperatures up t o 82°C 

Rapid a t temperatures g r e a t e r than 
149°C (1-2 minutes a t 177°C when 
c a t a l y z e d ) 

LOW (93°C) 

Comparable s t y r e n e system exotherms 
to 204°C 

THERMAL RESISTANCE 

MOISTURE RESISTANCE 

Very good at temperatures up t o 121 C 

Very good at temperatures up to 95°C 
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u r a t e d p o l y e s t e r produces an une x p e c t e d l y h i g h l e v e l o f composite 
m e c h a n i c a l p r o p e r t i e s . D i a l l y l p h t h a l a t e i s a commonly a v a i l 
a b l e product t h a t i s used i n c r i t i c a l e l e c t r i c a l / e l e c t r o n i c 
a p p l i c a t i o n s r e q u i r i n g h i g h r e l i a b i l i t y under long-term adverse 
e n v i r o n m e n t a l c o n d i t i o n s . (3) The reasons why d i a l l y l p h t h a l a t e 
was chosen can be seen i n T a b l e I wh i c h shows t h e e x c e l l e n t b a l 
ance o f p h y s i c a l and c h e m i c a l p r o p e r t i e s o f the m a t e r i a l . The 
vapor p r e s s u r e o f the monomer i s low c o n t r i b u t i n g t o reduced 
e n v i r o n m e n t a l hazards. S h r i n k a g e o f th e m a t e r i a l i s the l o w e s t 
o f t h e commonly a v a i l a b l e monomers. T h i s tends t o r e s u l t i n 
lower warpage i n the f i n a l p a r t . G e l time b e h a v i o r i s i d e a l f o r 
a p r e p r e g r e s i n . At temperatures up t o 82°C v i r t u a l l y no c u r e 
w i l l o c c u r i n t h e c a t a l y z e d m a t e r i a l . T h i s i m p o r t a n t p r o p e r t y 
removes the need f o r r e f r i g e r a t i o
w i t h t h e use o f epoxy pr e p r e g s
h a v i o r i s r e l a t e d t o the a c t i v i t y l e v e l o f the s t a b l e a l l y l r a d
i c a l . A t lower temperatures, d e s p i t e t h e a v a i l a b i l i t y o f f r e e 
r a d i c a l s from an i n i t i a t o r , t h e r e a c t i o n r a t e o f th e a l l y l i e 
s p e c i e s i s s i m p l y too s l u g g i s h f o r s i g n i f i c a n t advancement t o 
occ u r . Thus, i t i s n e c e s s a r y t o use h i g h e r temperature i n i t i a 
t o r s t o c a t a l y z e a l l y l i c systems. I n a d d i t i o n , t h e exothermic 
heat r e l e a s e d d u r i n g t h e cure c y c l e i s low compared to o t h e r mono
mers, r e s u l t i n g i n s i g n i f i c a n t l y l e s s c r a c k i n g i n t h e cured p a r t . 
(4) F i n a l l y , p h y s i c a l p r o p e r t i e s such as t h e r m a l and m o i s t u r e 
r e s i s t a n c e a r e good because o f the t i g h t c r o s s l i n k e d network 
t h a t can be developed by th e d i f u n c t i o n a l monomer. E s t e r l i n k 
ages a r e not r e a d i l y a v a i l a b l e f o r a t t a c k by wat e r because o f 
the l a t t e r f e a t u r e . 

R e s u l t s and D i s c u s s i o n 

A carbon f i b e r p r e p r e g was prepared from a p o l y e s t e r m a t r i x 
r e s i n system f o r m u l a t e d w i t h d i a l l y l p h t h a l a t e and a h i g h p e r 
formance u n s a t u r a t e d p o l y e s t e r . 

An i n i t i a l s e t o f room temperature composite p r o p e r t i e s was 
ob t a i n e d by m o l d i n g the p r e p r e g i n a compression mold u s i n g a 
177°C p r e s s . Time i n t h e mold was f i f t e e n minutes a t a p r e s s u r e 
o f 500 p s i (3.5 MPa). The d a t a o b t a i n e d a r e shown i n T a b l e I I . 
The f i b e r used i n a l l o f t h e work d i s c u s s e d i s C e l a n e s e 1 s 
C e l i o n 6000 carbon f i b e r . For purposes o f comparison, key 
p r o p e r t i e s were o b t a i n e d on some prepregs prepared from commer
c i a l l y a v a i l a b l e s t y r e n e - p o l y e s t e r , v i n y l e s t e r as w e l l as an 
epoxy produ c t . The v a l u e s o b t a i n e d a r e shown i n T a b l e I I I . I t 
i s apparent t h a t i n the key a r e a o f i n t e r l a m i n a r shear s t r e n g t h , 
t h e d i a l l y l p h t h a l a t e system and the epoxy m a t e r i a l a r e v i r t u a l 
l y i d e n t i c a l . The o t h e r two m a t e r i a l s a r e d i s t i n c t l y i n f e r i o r . 
However, f l e x and t e n s i l e p r o p e r t i e s a r e q u i t e s i m i l a r f o r most 
of t h e m a t e r i a l s examined. F i b e r volumes o b t a i n e d w i t h the 
v i n y l e s t e r system were q u i t e low and t h i s r e s u l t e d i n a r e 
d u c t i o n o f t e n s i l e and f l e x p r o p e r t i e s . U n f o r t u n a t e l y , t h e 
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TABLE I I 

MECHANICAL PROPERTIES OF CELION -, 
6000/DAP-POLYESTER COMPOSITES (22°C) 

T e n s i l e 

S t r e n g t h , K s i (MPa) 222 (1531) 

Modulus

% E l o n g a t i o n 1.1 

F l e x 
S t r e n g t h , K s i (MPa) 273 (1882) 

( M o d u l u s , M s i (GPa) 17.7 ( 1 2 2 ) 

I n t e r l a m i n a r Shear S t r e n g t h , 
P s i (MPa) 13,600 ( 93.8) 

S t r e n g t h , K s i (MPa) 151 (1041) 

Compressive | Modulus, M s i (GPa) 17.7 ( 122) 

% E l o n g a t i o n 1.6 

T r a n s v e r s e 
T e n s i l e 

S t r e n g t h , P s i 

Modulus, M s i 

% E l o n g a t i o n 

(MPa) 

(GPa) 

5,100 

1.3 

0.39 

( 35.2) 

( 8.96) 

1 Compression molded cure a t 177 C, 500 P s i (3.5 MPa) f o r 
f i f t e e n minutes. 

2 T e n s i l e and f l e x v a l u e s ( e x c l u d i n g t r a n s v e r s e t e n s i l e ) a r e 
n o r m a l i z e d t o 62% f i b e r volume. 
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p o l y e s t e r used i n t h e s t y r e n e and d i a l l y l p h t h a l a t e systems i s 
not t h e same. The p o l y e s t e r i n the former system c o n t a i n s 
s i g n i f i c a n t l e v e l s o f a d i p i c a c i d w h i ch would tend t o have an 
adverse a f f e c t on f l e x and shear s t r e n g t h , p a r t i c u l a r l y a t e l e 
v a t e d temperatures. 

I n T a ble I V , we see a comparison o f key p r o p e r t i e s a t e l e 
v a t e d temperatures. Here, t h e f l e x and shear s t r e n g t h s show a 
g r e a t e r spread o f v a l u e s between t h e D A P / p o l y e s t e r system and 
the epoxy. 

Out Time Of The DAP-P o l y e s t e r System. Carbon f i b e r p r e p r e g 
prepared w i t h t h e D A P - P o l y e s t e r system was s t o r e d i n a p o l y 
e t h y l e n e bag at room temperature f o r a seven and a h a l f month 
p e r i o d . At th e end o
t a c k and drape. P a n e l
s h o r t cure c y c l e o f two minutes a t 163°C i n a compression mold 
f o l l o w e d by a f r e e s t a n d i n g f i f t e e n minute post c u r e a t 177°C 
gave v e r y good m e c h a n i c a l p r o p e r t i e s . These a r e shown i n 
Table V. The epoxy pr e p r e g system used i n t h i s work f o r com
p a r a t i v e purposes has a maximum out time o f one month. 

D A P - P o l y e s t e r Short Cure C y c l e s . The p r e v i o u s d a t a r e l a t 
i n g t o the new p o l y e s t e r p r e p r e g was generated u s i n g a f i f t e e n 
minute compression m o l d i n g c u r e c y c l e a t 177°C and 500 p s i 
(3.5 MPa). I n T a b l e V I , composite p r o p e r t i e s a r e shown as a 
f u n c t i o n o f cure c y c l e . The top row shows t h e p r o p e r t i e s ob
t a i n e d u s i n g a l o n g cure c y c l e . The next two rows show t h a t 
a two t o f i v e minute cure at temperatures o f 138-163°C f o l l o w e d 
by a s h o r t " o f f t h e t o o l " p ost cure r e s u l t s i n v i r t u a l l y o p t i 
mum p r o p e r t i e s . The l a s t two rows i n d i c a t e t h a t a s h o r t c u r e o f 
one o r two minutes a t 177°C w i t h o u t any post c u r e g i v e s q u i t e 
a c c e p t a b l e p r o p e r t i e s . 

D A P - P o l y e s t e r Temperature Performance. I n a s e p a r a t e s e t 
of e x p e r i m e n t s , t h e performance o f C e l i o n 6000/DAP-polyester 
composites was c h a r a c t e r i z e d as a f u n c t i o n o f temperature (the 
l o n g e r c u re c y c l e was employed). I t can be seen (Table V I I ) 
t h a t t h e shear s t r e n g t h a t 82°C i s reduced t o 60% o f i t s ambient 
v a l u e . However, t h e h i g h i n i t i a l v a l u e s t i l l keeps t h i s param
e t e r r e a s o n a b l e a t 82°C. A t 121°C, a f u r t h e r d ecrease i n shear 
s t r e n g t h has o c c u r r e d and t h e f l e x s t r e n g t h has a l s o decayed t o 
60% o f i t s i n i t i a l l e v e l . 

I n a new f o r m u l a t i o n t h a t we have r e c e n t l y e v a l u a t e d , e l e 
v a t e d temperature performance has been improved compared t o t h e 
o r i g i n a l system. I n T a b l e V I I I , p r o p e r t i e s a r e shown as a f u n c 
t i o n o f post c u r e time and temperature. A s h o r t cure c y c l e o f 
two minutes f o l l o w e d by b r i e f f r e e s t a n d i n g post cures o f f i v e 
and twenty minutes a t 177°C r e s u l t i n h i g h l e v e l s o f f l e x and 
shear p r o p e r t i e s . 

I n T a b l e I X , p r o p e r t i e s o b t a i n e d as a f u n c t i o n o f tempera-
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TABLE V 

COMPOSITE MECHANICAL PROPERTIES OF CELION 

6000/DAP-POLYESTER AFTER 7% MONTHS OF ROOM TEMPERATURE AGING' 

INTERLAMINAR 
TEST FLEXURAL SHEAR 

TEMPERATURE STRENGTH MODULUS STRENGTH 

(°C) KSI (MPa) MSI (GPa) PSI (MPa) 

22 294 (2027) 20.6 (142) 13,400 (92.4) 

82 270 (1862) — 9,900 (68.3) 

121 198 (1365) — 6,800 (46.9) 

1 F l e x v a l u e s a r e n o r m a l i z e d t o 62% from 56.9%. 

2 Samples were compression mold cured a t 163°C and 500 PSI 
(3.5 MPa) f o r two minutes. P o s t cure was done f r e e s t a n d 
i n g at 177 C f o r f i f t e e n minutes. 

3 P r e p r e g was kept i n a p o l y e t h y l e n e bag d u r i n g t h i s p e r i o d . 
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TABLE V I I 

PROPERTIES OF CELION 6000/DAP-POLYESTER COMPOSITES 
AS A FUNCTION OF TEMPERATURE 

TEST 
TEMPER- FLEX INTERLAMINAR 
ATURE STRENGTH MODULUS SHEAR STRENGTH 
(°C) K s i (MPa) M s i (GPa) P s i (MPa) 

22 247 (1703) 17.6 (121) 13,400 (92.4) 

82 240 (1655) 15.9 (110) 8,200 (56.5) 

121 155 (1069) 16.3 (113) 5,000 (34.5) 

1 Cured a t 177°C, 500 p s i (3.5 MPa) f o r f i f t e e n minutes. 

2 F l e x v a l u e s n o r m a l i z e d t o 62% f i b e r volume. 
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TABLE IX 

COMPARATIV
CELION 6000/DAP-POLYESTE

"250°F" 
EPOXY 

284(1958) 
142(979) 
19.8(137) 

14,100(97.2) 
7,300(50.3) 

PSI (MPa) 

(1) Compression mold cured a t 163°C, 500 PSI(3.5 MPa) f o r two 
minutes f o l l o w e d by a f i v e minute f r e e s t a n d i n g p o s t c u r e 
a t 177°C. 

(2) Compression mold cured a t 154°C, 500 PSI (3.5 MPa) f o r 
f i f t e e n minutes. No post c u r e was done. 

(3) F l e x v a l u e s a r e n o r m a l i z e d t o 62%. 

FLEXURAL" 

STRENGTH 
KSI (MPa) 
MODULUS 
MSI (GPa) 

TEST 
TEMPERATURE 

(°C) 

22 
121 
22 

121 

DAP -
POLYESTER 

258(1779) 
184(1269) 
19.2(132) 
18.2(125) 

INTERLAMINAR 
SHEAR STRENGTH 

22 
121 

12,700(87.6) 
7,200(49.6) 
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t u r e a r e compared w i t h t h o s e o b t a i n e d u s i n g a ff250°Ffl c u r i n g 
epoxy system. The p o l y e s t e r and epoxy p r e p r e g m a t e r i a l s o f f e r 
s i m i l a r performance. 

The composites prepared from t h e D A P - P o l y e s t e r system can 
be used a t temperatures as h i g h as 150°C f o r s h o r t e x c u r s i o n s . 
An extended post cure o f at l e a s t two hours s h o u l d be done i f 
t h i s l e v e l o f temperature w i l l be e x p e r i e n c e d . A l o n g e r post 
cure o f about f i v e hours i s p r e f e r r e d . I n T a b l e X, ambient and 
150°C p r o p e r t i e s a r e compared a f t e r a two hour post cure. 

M o i s t u r e R e s i s t a n c e o f t h e DAP - P o l y e s t e r System. Another 
s e t o f samples has been used t o check Ĵ he m o i s t u r e s e n s i t i v i t y 
o f t h e m e c h a n i c a l p r o p e r t i e s o f C e l i o n 6000/DAP-Polyester com
p o s i t e s . The r e s u l t s o b t a i n e d  summarized i  T a b l  X I  where
i n t h e e x c e l l e n t r e t e n t i o
a f t e r a 24 hour soak i
ar e regarded as the key p r o p e r t i e s s i n c e they a r e most s e n s i t i v e 
t o changes a t t h e i n t e r f a c e . 

Vacuum Bag - A u t o c l a v e M o l d i n g Of The DA P - P o l y e s t e r P r e p r e g . 
For aerospace a p p l i c a t i o n s , t h e p r e f e r r e d t e c h n i q u e used t o p r e 
pare composite p a r t s would be vacuum bag a u t o c l a v e molding. A 
p o l y e s t e r p r e p r e g c o n t a i n i n g t h e new f o r m u l a t i o n r e f e r r e d t o 
above was used i n t h i s work. P a n e l s were prepared u s i n g a t o t a l 
c u r e c y c l e o f seventy minutes. The l a y up was c o n s o l i d a t e d 
u s i n g a vacuum bag under 7-14 KPa (2-4 i n . Hg) vacuum f o r f i f 
t e e n minutes a t room temperature. The bag was then p l a c e d i n 
an a u t o c l a v e , and a p r e s s u r e o f 85 p s i (0.59 MPa) was a p p l i e d . 
Vacuum was m a i n t a i n e d throughout t h e e n t i r e c u r e . H e a t i n g was 
done a t a r a t e o f 2.2°C/minute u n t i l a temperature o f 65.6°C 
was reached. D w e l l time a t t h i s temperature was t e n minutes. 
H e a t i n g was then c o n t i n u e d a t a r a t e o f 3.9°C/minute u n t i l a 
temperature o f 163°C was reached. D w e l l time a t t h i s tempera
t u r e was f i f t e e n minutes. The p a r t was then q u i c k l y c o o l e d 
under f u l l p r e s s u r e and vacuum. The cure c y c l e used i s shown 
g r a p h i c a l l y i n F i g u r e 1. Composite p r o p e r t i e s o b t a i n e d on t h e 
pane l s a r e shown i n T a b l e X I I . I t sh o u l d be mentioned t h a t i t 
i s v e r y l i k e l y t h a t a s t r a i g h t up c u r e c y c l e c o u l d a l s o be used 
w i t h t h i s system. 

C o n c l u s i o n s 

The p r o p e r t i e s shown f o r t h e composites made from t h e DAP-
P o l y e s t e r carbon f i b e r p r e p r e g system a r e s i m i l a r t o thos e ob
t a i n e d w i t h a ff250°Fff c u r i n g epoxy system. The m a t e r i a l can be 
cured r a p i d l y u s i n g compression m o l d i n g procedures o r by vacuum 
bag a u t o c l a v e molding. Thermal and m o i s t u r e r e s i s t a n c e a r e 
v e r y good. Cost o f t h e r e s i n system i s low and r e f r i g e r a t i o n 
i s not nec e s s a r y . Out time o f t h e product i s i n excess o f s i x 
months. P r e p r e g h a n d l e a b i l i t y i s e x c e l l e n t as evidenced by 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



330 RESINS FOR AEROSPACE 

TABLE X 

COMPOSITE MECHANICAL PROPERTIES OF CELION 6000/DAP-POLYESTER 
AFTER EXTENDED POST CURE 

FLEXURAL 

STRENGTH 

KSI (MPa) 

MODULUS 

MSI(GPa) 

INTERLAMINAR 
SHEAR STRENGTH 
PSI (MPa) 

TEST 
TEMPERATURE (°C) 

22 

150 

22 

150 

22 

150 

292(2013) 

107(738) 

20.2(139) 

17.4(120) 

13,200(91.0) 

4,500(31.0) 

(1) F l e x v a l u e s a r e n o r m a l i z e d t o 62% from 53.5%. 

(2) Samples were compression mold cured a t 163°C, 500 PSI 
(3.5 MPa)for two minutes. P o s t c u r e was f r e e s t a n d i n g 
i n a 177°C c i r c u l a t i n g a i r oven f o r two hours. 

(3) Three p o i n t modulus v a l u e s . F l e x u r a l s t r e n g t h v a l u e s 
a r e f o u r p o i n t measurements. 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



24. E D E L M A N AND M C M A H O N Matrix for Carbon Fibers 331 

EFFECT O
OF CELION 6000/DAP-POLYESTER COMPOSITES 

SAMPLE 
CONDITION
ING 

CONTROL 

TEST 
TEMPER
ATURE 
(°C) 

22 

82 

FLEX 
STRENGTH 
K s i (MPa) 

263(1813) 

240(1655) 

MODULUS 
Msi(GPa) 

18.3(126) 

15.7(109) 

INTERLAMINAR 
SHEAR STRENGTH 

P s i (MPa) 

13,700(94.5) 

8,300(57.2) 

AGED 24 HOURS 22 272(1875) 17.7(122) 13,200(91.0) 
IN 160°F WATER 
TESTED WET 82 248(1710) 16.6(114) 7,300(50.3) 

(1) Compression mold cured a t 177°C, 500 p s i (3.5MPa) f o r 
f i f t e e n minutes. 

(2) F l e x v a l u e s n o r m a l i z e d t o 62% f i b e r volume. 
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170 

140 

>110 

80 

S 
H 50 

20 

Apply 7-14 KPa 
(2-4 in.) 
.Vacuum 

Apply 0.59 MPa(85psi) 

1 1 i ι 1 1— 

10 20 30 40 50 60 
TIME, MINUTES 

70 80 90 

Figure I. Cure cycle for DAP polyester 

TABLE X I I 

MECHANICAL PROPERTIES OF CELION 6000/DAP-POLYESTER 
COMPOSITES - VACUUM BAG AUTOCLAVE MOLDED 

FLEX 
TEST 

TEMPERATURE 

22 

STRENGTH 
KSI(MPa) 

259(1786) 

MODULUS 
MSI(GPa) 

18.4(127) 

INTERLAMINAR 
SHEAR STRENGTH 

PSI(MPa) 

12,500(86.2) 

82 228(1572) 16.6(114) 9,300(64.1) 

(1) F l e x v a l u e s n o r m a l i z e d t o 62% f i b e r volume. 
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good t a c k and d r a p e a b i l i t y . E n v i r o n m e n t a l hazards a r e m i n i m a l 
because o f the absence o f v o l a t i l e monomers. For t h e s e reasons 
t h e m a t e r i a l s h o u l d be c o n s i d e r e d f o r c e r t a i n a p p l i c a t i o n s where 
epoxies a r e now c u r r e n t l y b e i n g used. 
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Nuclear Magnetic Resonance Characterization of Some 
Polyphthalocyanine Precursors 

C . F. PORANSKI, JR. a n d W. Β . Μ Ο Ν Ι Ζ 

N a v a l Research Labora tory , W a s h i n g t o n , DC 20375 

Many organic polymer
adhesives, sealants an
reinforced composites. During the past few decades polymer chem
ists have devoted a considerable amount of effort toward the de
velopment of improved organic polymers for such applications. 
These programs have had various goals, such as increased thermal 
or hydrolytic stability, higher strength, easier processing, low
er costs, etc. A dozen years ago, Helminiak and Gibbs discussed 
the place of characterization of materials in such synthetic ef
forts.(1) They divided characterization into three categories: 
chemical id e n t i f i c a t i o n , utility evaluation and structure
-property relationships. 

These three elements were incorporated in a recent Naval Re
search Laboratory program in the development of high performance 
adhesives and composites for vertical and short takeoff/landing 
aircraft (V/STOL).(2) As part of that program, our efforts were 
directed to the characterization of a variety of organic matrix 
materials used in graphite-fiber reinforced composites. We aimed 
primarily at determining the chemical composition of the polymer 
systems. We found carbon-13 and proton nuclear magnetic reso
nance spectroscopy (nmr) to be extremely useful techniques for 
this purpose.(3-6) 

One of the organic materials studied in this program is N,N' 
-bis(3,4-dicyanophenyl) decane diamide, structure IA in Figure 1. 
This compound is one of a series, synthesized by Griffith and co
workers, which condense upon heating at about 200°C to form 
thermosetting polymers given the name, polyphthalocyanines.(7,8) 
The thermomechanical properties of these resin systems have been 
studied extensively. (9,10,11) In this Symposium, Griff i t h and 
Keller have reported the synthesis of a new class of phthaloni-
t r i l e monomers, in which the dicyanophenyl groups are connected 
by dialkoxy or diphenoxy linkages.(12) The structures of three of 
these new materials are given in Figure 1. 

This paper discusses the chemical characterization, by car
bon-13 and proton nmr, of the compounds shown in Figure 1. In 

T h i s c h a p t e r n o t sub jec t t o U . S . c o p y r i g h t . 
P u b l i s h e d 1980 A m e r i c a n C h e m i c a l S o c i e t y 
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Figure 1. Structures of compounds IA-ID (9). The letters and numerals anno
tating the various carbon atoms are for use with Table I. Note that symmetry 

obviates annotating every carbon atom in each structure. 

A 

buJJujL 

Figure 2. 15-MHz Carbon-13 NMR 
spectra of compounds IA-ID (9). Ex
traneous lines attributable to the solvents 
are located as follows: for IA, the triplet 
of the carbonyl carbon of dimethylform-
amide-άη is centered at 163 ppm, while 
the two multiplets from the carbons of 
the nonequivalent methyl groups con
tribute to the baseline noise around 35 
ppm; for IB and IC, the septet from the 
methyl carbons of dimethylsulfoxide-d6 

is centered at 39.5 ppm; for ID, the tri
plet from chloroform-à is centered at 77 

ppm. 
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the cases of compounds IB, IC and ID, we wanted only to verify 
the proposed structures. In the case of compound LA, however, 
we had a large number of samples from various sources and we 
were able to assess the quality control potential of carbon-13 
and proton nmr for this material. 

Carbon-13 NMR 

Figure 2 gives the carbon-13 nmr spectra of compounds IA to 
ID. At f i r s t glance the spectra seem quite different. We w i l l 
show, however, that there are similarities based on the common 
structural feature of the phthalonitrile ring. Furthermore, the 
differences which do occur are the keys to identification of the 
various X linkages in
each spectrum are identified
case of IC, where the line due to the bridging neo carbon of the 
bisphenol-A moiety is buried in the septet arising from the sol
vent, perdeutero-dimethyl sulfoxide, DMSO-d̂ . The line can eas
i l y be located when the multiplet is expanded, however. Note 
that the spectra were not obtained under quantitative conditions. 
Therefore, in any given spectrum the intensities of the lines are 
not a measure of the relative numbers of each type of carbon nu
cleus in the molecule. 

Table I gives the chemical shifts of the lines observed in 
the carbon-13 nmr spectra of the four compounds. Assignments of 
these lines to the various carbon atoms were made using carbon 
substituent chemical shift calculations (13) and comparisons with 
model compounds. In some cases there are ambiguities? these are 
noted in the table. 

Two spectral features are characteristic of the phthaloni
t r i l e portion of these compounds. We have assigned the lines 
near 116 ppm to the cyano carbons and to the cyano-substituted 
aromatic carbon meta to the X substituent. Also there is a line 
near 108 ppm in each of the four spectra which we have assigned 
to the other cyano-substituted aromatic carbon, the one para to 
the X substituent. 

Analysis of the 140 to 175 ppm regions of the four spectra 
shows significant differences related to the nature of the X 
group. In the spectrum of IA, the line at 173.4 ppm arises from 
the amide carbonyl carbon. In the phthalonitrile rings the aro
matic carbons to which the substituents are attached have differ
ent s h i f t s in the four compounds. In IA, the l i n e from the 
nitrogen-substituted carbon appears at 144.8 ppm. The lines as
signed to the oxygen-substituted carbons in the phthalonitrile 
rings of IB, IC and ID are at 158.7, 160.9 and 162.3 ppm, respec
t i v e l y . Compounds IB and IC each have a second oxygen-
substituted aromatic carbon (#1 in the structures). In IB, the 
assignments of carbons C-l and C-a may be interchanged. For IC 
the assignment of the 151.5 ppm peak to C-l is consistent with 
the result of our substituent effect calculations. The assign-
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merits of the remaining l i n e s i n the 120-140 ppm region are as 
given i n Table I. 

The several l i n e s between 25 and 30 ppm i n the spectra of 
IA and ID arise from the a l i p h a t i c chains i n the X group. The 
main difference between IA and ID i s i n the position of the 
lin e s of the terminal methylene carbons of the chains? the ci
me thylene carbon resonance of the amide, IA, occurs at 37.5 ppm, 
while that of the ether, ID, i s at 69.4 ppm. The two l i n e s from 
the methyl and neo carbon of the isopropylidine group i n IC ap
pear at 30.5 and 42.0 ppm respectively. 

Proton NMR 

The proton nmr spectr
are given i n Figure 3.
matic protons and, i n the aromatic region, their spectra show 
patterns t y p i c a l of spin-spin coupling i n ABC spin systems. The 
aromatic regions of the spectra of IB and IC are more complex 
because of additional l i n e s from the 4 protons of the para d i -
substituted benzene rings i n the l i n k i n g groups. These patterns 
could be completely analyzed i n terms of proton chemical s h i f t s 
and coupling constants should one so wish. 

Compounds IA, IC and ID also have a l i p h a t i c protons. The 
methyl protons of the bis-phenol A structure of IC give a broad, 
featureless l i n e at 1.71 ppm. Both IA and ID have a band be
tween 1.3 and 1.7 ppm typ i c a l of (-CH 2-) n. In ID the protons of 
the methylene group α to the ether oxygen give r i s e to a t r i p 
l e t at 4 ppm. The t r i p l e t due to the methylene protons α to the 
carbonyl group i n IA appears at 2.3 ppm. 

Fi n a l l y , IA has amide protons which, i n dimethyl formamide 
solution, give a broad peak at 10.6 ppm. 

Several points are worth noting about the proton spectra. 
F i r s t , although several d i f f e r e n t solvents were used, there are 
s u f f i c i e n t differences i n these spectra to allow q u a l t i t a t i v e 
d i s t i n c t i o n among the compounds. Of course, to develop a " f i n 
gerprint" type of quali t y control standard, a l l of the compounds 
would have to be run i n the same solvent. 

Second, proton FT nmr spectra are more e a s i l y quantified 
than carbon-13 spectra. Hence integration of the proton spec
t r a can give a proton count to v e r i f y a proposed structure. 
Third, proton nmr i s more sensitive than carbon-13 nmr (by JO.00 
times) and has a higher potential for revealing the presence of 
impurities. This l a s t point w i l l be i l l u s t r a t e d l a t e r . 

Compound IA 

Of the various alkane diamides o r i g i n a l l y synthesized by 
G r i f f i t h and co-workers, the so-called C ] f i diamide, IA, was se
lected for detailed study i n the NRL V/srOL program. A r e l a 
t i v e l y large number of batches of various sizes were available; 
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Figure 3. 60-MHz proton NMR spectra 
of compounds IA-ID (9). Extraneous 
peaks in each spectrum are noted as fol
lows: in IA—4 ppm (HtO), 2.6 and 2.9 
ppm (DMF-d7); in IB and IC—3.5 ppm 
(H20), 2.5 ppm (DMSO-â6), 2.1 ppm 
(acetone). The insert in IA shows the 
peak due to the amide protons of IA. 

_i_L 

i l 1 J > 

3000 2000 Î8ÔÔ 1600 1400 

WAVENUMBER. cm" 1 

1200 1000 

Figure 4. IR spectrum of compound IA (KBr pellet) 
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eleven batches prepared at NRL and five batches produced commer
c i a l l y . We were interested i n how carbon-13 and proton nmr 
would fare in comparison with another potential method of qual
ity control, infrared spectroscopy. 

Figure 4 shows the infrared spectrum obtained from a sample 
of IA synthesized at NRL. We have assigned some of the more 
prominent bands as follows: . 3330 cm (N-H), 3100 cm (aro
matic C-H), 2940 and 2860 cm 1 (aliphatic C-H), 2240 cm _ (C=N), 
1710 cm 1 (0=0), 1590, 1520, 1490 cm 1 (C=C), 1340 cm 1 (PhN-
H), 1255 cm (amide III). Inspection of the infrared spectra 
of the various batches of IA showed that a l l of them were simi
lar to the spectrum in Figure 4. However, variations occurred 
in some bands which could not be correlated with melting point 
or method of purificatio
tions were changes in th
and the_1occasional appearance of a moderately strong band at 
1410 cm which overwhelmed the three small bands in that re
gion. Clearly significantly more work is required before infra
red spectroscopy could function as a quality control vehicle in 
any way other than gross identification of IA. 

The quality control role of carbon-13 nmr is much the same 
as for infrared spectroscopy, but for a different reason. It is 
sensitivity, rather than precision or reproducibility, which 
limits the potential of carbon-13 nmr. For example, the carbon-
13 chemical shifts listed in Table I for compound IA are the av
erage of those measured for over 16 different samples of IA. 
The largest standard deviation found for any line i s 0.3 ppm. 
There are no obvious problems due to the previous histories of 
the samples. However, carbon-13 nmr is hard pressed to detect 
impurities at low levels, say below 5%, without resorting to 
time-consuming accumulations impractical for routine use. The 
primary reason for this low sensitivity i s the 1% natural abun
dance of the carbon-13 isotope. In the case of IA, the problem 
is compounded by i t s low solubility: this results in lowering 
the effective sensitivity towards impurities and leads to dynam
ic range problems in the detection system due to the large sol
vent signals. 

Proton nmr, on the other hand, does not suffer from low 
sensitivity. It provides, therefore, a quick method for iden
tification as well as for determining impurities at the 1-5% 
level. In spite of the low solubility of IA in dimethyl sulf
oxide (DMSCKL-) (̂ 9 mg/ml) we were able to detect in one sample 
Φ2% dimethyl formamide (DMF), a solvent used in the commercial 
preparation of IA (Figure 5), In more concentrated solutions 
in DMF-d7 160 mg/ml) we have observed in the proton nmr spec
trum of several samples of IA, traces (̂  1%) of acetone or ethyl 
alcohol, solvents which may be used to wash IA after synthesis. 

Proton nmr has also given us some insight into the chemis
try of IA systems. For example, we used proton nmr to study the 
reaction product formed when IA was B-staged with a stoichiomet-
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Figure 5. 60-MHz proton NMR spec
trum of IA in DMSO-de (9).
panded insert shows the two
tributable to residual dimethyl form-
amide. The peak attributable to the 
amide protons of IA at 10.6 ppm is not 

shown. 
_X 1 1 X I I J- I I i -

ppm 

J U U K _ . 
5 

p p m 

Figure 6. Proton NMR spectrum (60 MHz) of the material resulting from the 
B-staging of a stoichiometric mixture of IA and SnCl2 * 2H20 
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r i c amount of SnCl 2* 2H20. I t had been found that although 
this system polymerizes, the high temperature properties of the 
resulting polymer are not as good as those of the polymer formed 
by curing IA alone. The proton nmr spectrum of the prepolymer 
from IA and SnCl 2»2H 20 i s given in Figure 6. The spectrum 
contains two features not found in the spectrum of IA alone. 
First, the triplet at 2.0 ppm, arising from the protons of the 
methylene group adjacent to the amide carbonyl group, appears to 
be an unsymmetrical quartet. Second, there are a number of ad
ditional lines between 6.5 and 7.0 ppm due to aromatic protons. 
Subsequent analysis showed that the new aromatic lines were due 
to 4-aminophthalonitrile (Figure 7). This led us to conclude 
that during early stages of curing IA/SnCL-* 2H20 mixtures, the 
SNC19« 2H90 may catalyz
I. 

φ H C ^ C R C 0 2 H 

Scheme I 
Experimental 

Proton decoupled carbon-13 spectra were run on either of 
two spectrometers; a JEOL FX-60Q or a Varian HA-100 modified for 
pulse FT operation at 25.15 MHz and equipped with a Nicolet data 
system for accumulation and Fourier transformation. In both 
cases the sweep width was 250 ppm, the data block was 8192 
points and the pulse angle was 90°. The number of accumulations 
varied according to the needs of the sample. Proton spectra 
were obtained on a Varian HA-100, JEOL PS-100 or FX-60Q spec
trometer. A l l chemical shifts are expressed in parts per mil
l i o n , ppm, from the reference compound, tetramethylsilane 
(IMS). Infrared spectra were run of KBr pellets containing 1% 
by weight of compound on a Perkin Elmer Model 267 spectropho
tometer. 

Materials 

Single samples of IB, IC, and ID were run in DMSO-d̂ , DMSO-
dg, and CDCl^ respectively, at concentrations of 100 mg/ml. 
Eleven samples of NRL prepared, and 5 samples of commercially 
prepared IA were used as received and run in DMSO-d, (9 mg/ml) 
and DMF-dj (160 mg/ml). Most carbon-13 spectra of IA samples 
were obtained with normal DMF as the solvent. 
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Torsional Pendulum Analysis of the Influence of 
Molecular Structure on the Cure and Transitions of 
Polyphthalocyanines 

JOHN K. GILLHAM 

P o l y m e r Mater ia ls Program, Depar tment of C h e m i c a l E ng ineer ing , 
Pr ince ton Univers i ty , Pr inceton, NJ 08544 

This report follows up an earlier study (1) i n which an 
automated torsion pendulum was used to investigate the transfor
mation (cure) of a "C10 diamide phthalocyanine" re s i n monomer to 
thermoset polymer using supported specimens [torsional braid 
analysis, TBA, (2,3). 

The ov e r a l l chemical reaction for polymerization of the C10 

diamide monomer is shown in Figure 1. The bis aromatic ortho
dinitrile monomer reacts to form a network of C10 diamide segments 
linked by tet r a functional phthalocyanine branching sites. In 
general thermosetting polymerization proceeds from liquid monomer 
(with a glass t r a n s i t i o n temperature below the initial melting 
temperature of the pure monomer), through gelation (as branched 
molecules of infinite molecular weight form), through the rubbery 
state (as network molecules form), and finally (when the tempera
ture of reaction is below the maximum attainable glass t r a n s i t i o n 
temperature) to vitrification. Fabrication can involve use of 
tractable prepolymer (i.e. non-gelled oligomer) for molding in situ to intractable product. 

Cure was examined d i r e c t l y from isothermal plots at di f f e r e n t 
temperatures, and also from tr a n s i t i o n temperatures, which were 
obtained from thermomechanical plots of intermittently cooled 
specimens, versus time of isothermal cure. In the present work 
the influence of molecular structure on the transitions, particu
l a r l y the glass t r a n s i t i o n (Tg) and a cryogenic t r a n s i t i o n ( T s e c ) 
associated with the f l e x i b l e molecular segment of the monomer and 
of the resulting network, has been investigated using a n a l y t i c a l l y 
pure monomers designated Cg-methyl, C I Q , and C22 diamide 
phthalocyanine resin monomers. A preliminary report has been pub
lished (4) . 

0-8412-0567-l/80/47-132-349$05.00/0 
© 1980 A m e r i c a n C h e m i c a l S o c i e t y 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



RESINS FOR AEROSPACE 

M O N O M E R S N C ^ N H C O ( C H 2 ) 8 C O N H - 0 - C N HEAT 

P O L Y M E R S ~ R H 0 C ^ N K C D O " R " ι 
1 ΛΚ Ι ft-cf NP=N 

~ R ~ S -fNHCOtCHgîeCONHf 

Figure 1. Overall chemical reaction: C10 
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Experimental 

Monomers. 

The monomers, which d i f f e r i n the linkage connecting the two 
aromatic ends, were obtained from the Naval Research Laboratory, 
Washington, D.C. The chemistry of their synthesis and polymeri
zation has been reported (_5). The monomers and their designa
tions were: 

"C 6-methyl diamide" 
i . e . , Ν,Ν'-bis(3,4-dicyanophenyl) 3-methyIhexanediamide, 
mp 203-206°C. 

"C 1 0 diamide" 
i . e . , Ν,Ν'-bis (3,4-dicyanophenyl) decanediamide
mp 185-189°C. 

"C l i + diamide" 
i . e . , Ν,Ν'-bis(3,4-dicyanophenyl) tetradecanediamide, 
mp 163-165°C. 

" C 2 2 diamide" 
i . e . , Ν,Ν'-bis(3,4-dicyanophenyl) docosanediamide, 
mp 144-147°C. 

Torsion Pendulum. 

An automated, intermittently activated, freely vibrating 
torsion pendulum operating at about 1 Hz (2̂ ,_3) was used for a l l 
experiments. (A version of the instrumental system i s available 
from Pl a s t i c s Analysis Instruments, Inc., P.O. Box 408, Princeton, 
NJ.) Each specimen was made by dipping a glass braid into a 
slurry of monomer i n ethyl alcohol. After mounting a specimen i n 
the apparatus at room temperature (RT) the temperature was raised 
to the isothermal cure temperature at 5°C/min. Cure was monitored 
both continuously at the isothermal temperature and, i n a separate 
experiment, by intermittently cooling and then heating back (gen
e r a l l y at 1.5°C/minute) to the isothermal cure temperature to 
record the thermomechanical spectra (which were used to assign 
t r a n s i t i o n temperatures). A l l experiments were performed i n dry 
helium. Each specimen consumed about 20 mg of monomer. 

The torsion pendulum plots display the r e l a t i v e r i g i d i t y 
(1/P 2, where Ρ i s the period i n seconds of a freely damped wave) 
and logarithmic decrement Δ(= In A-j/Ai+i, where Αχ i s the ampli
tude of the ith o s c i l l a t i o n of a wave) versus temperature (mV from 
an iron-constantan thermocouple) or time. These mechanical param
eters relate d i r e c t l y to dynamic mechanical testing i n that the 
r e l a t i v e r i g i d i t y i s d i r e c t l y proportional to the in-phase shear 
modulus (G1 ) and Δ - TTtanO, where δ i s the phase angle between 
c y c l i c stress and s t r a i n . Transition temperatures were assigned 
using the peaks of the logarithmic decrement; i n t e n s i t i e s of 
transitions were assigned using values of Δ. 
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Results and Discussion 

An isothermal temperature of 250°C was selected for studying 
structure-property relationships since higher temperatures lead to 
weak glass transitions and to degradation. The immediate d i s 
cussion emphasizes Tg which was i d e n t i f i e d as the most dominant 
loss peak at high temperature i n a thermomechanical spectrum. 
Other transitions are considered more completely l a t e r . The 
glass t r a n s i t i o n temperatures versus time of cure at 250°C are 
included i n Tables I - I V and i n Figures 2-5. The i n i t i a l Tg for 
a l l of the monomers was less than 100°C. On heating, the glass 
t r a n s i t i o n temperature increased more rapidly and, after about 
5 hours, reached a higher l i m i t i n g temperature (designated 2 5QTg«>) 
the shorter the length of the inter-aromatic molecular linkages
Values for 250Tg°° (see Tabl
202°C, Cm * 185°C, and
number of inter-aromatic C atoms, which i s an index of segmental 
molecular f l e x i b i l i t y , i s shown i n Figure 6. As the temperature 
of Tg increased with extent of cure, the intensity of Tg decreased 
for a l l four materials (Tables I to IV). This could lead to an 
uncertainty i n designating Tg (see below). 

Plots of isothermal cure for 5 hours at 250°C for the four 
monomers are shown i n Figures 7A, 7B, 7C, and 7D. The corres
ponding subsequent thermomechanical plots (250°C -* -190°C) are 
shown i n Figures 8A, 8B, 8C and 8D. Comparison of each pair of 
isothermal and thermomechanical plots shows that two loss pro
cesses (peaks or shoulders) occur isothermally neither of which 
i s assigned as the glass t r a n s i t i o n ( v i t r i f i c a t i o n ) , which i s 
revealed i n the corresponding thermomechanical plots at lower 
temperatures than the isothermal cure temperature. The f i r s t i s o 
thermal loss peak probably occurs at an isoviscous l e v e l and has 
been used to measure gelation times (1/2.* 3j ; the second isothermal 
"peak" presumably corresponds to the T££ (or Τ > Tg) relaxation 
(1,6) which occurs immediately above Tg i n temperature scans of 
thermoplastic material (see l a t e r ) . 

The procedure for assigning Tg i s more convincingly demon
strated than i n Figures 7A-7D and Figures 8A-8D by comparing the 
p l o t of isothermal cure at 220°C (Figure 9) and the subsequent 
thermomechanical p l o t (Figure 10) of the Cji+ material: there can 
be l i t t l e doubt i n this case that the intense relaxation below 
the temperature of isothermal cure i s Tg. V i t r i f i c a t i o n was not 
observed as a t h i r d process on isothermal cure for the four mater
i a l s since the temperatures (250°C, Figures 7A to 7D and 220°C, 
Figure 9) were above the maximum Tg attained i n the time scale of 
the experiments. In the absence of thermal degradation f u l l cure 
would be expected to lead to a network of short linkages (i.e. 
high crosslink density) which would give r i s e only to a weak glass 
t r a n s i t i o n perhaps better characterized as a secondary t r a n s i t i o n . 
If isothermal cure occurs at temperatures just below the glass 
t r a n s i t i o n temperature of the f u l l y cured material, the loss peak 
associated with the r i s i n g glass t r a n s i t i o n temperature (i. e . 
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TABLE I. C 6 _ C H 3 : Transitions (>RT) Versus Cure Time at 250°C. 

TRANSITIONS 
Time at 250°C Plot ΔΤ/ât Tg (Δ) Τ > Tg 

Min. No. - or + °C °C 
1 + 

5 2 - 92 (0.964) 111 
5 3 
23 4  (0.274) 
23 5 + 139 (0.267) 223 
41 6 - 186 (0.147) >250 
41 7 + 185 (0.141) 
83 8 - 212 (0.105) 
83 9 + 213 (0.0986) 
133 10 - 226 (0.0829) 
133 11 + 222 (0.0786) 
230 12 - 233 (0.0646) 
230 13 + 231 (0.0605) 
545 14 244 (0.0441) 

TABLE II. C 1 0: Transitions (>RT) Versus Cure Time at 250°C. 

TRANSITIONS 
Time at 250°C Plot ΔΤ/ât Tg (Δ) Τ > Tg 

Min. No. - or + °C 
10 1 — 60.5 (2.587) 81.5 
10 2 + 60 (2.648) 79.5 
28 3 71 (1.801) 106 
28 4 + 71 (1.782) 106.5 
46 5 99.5 (0.818) 183.5 
46 6 + 99 (0.804) 182 
94 8 -/+ 165.5 (0.362) 
131 9 -/+ 187.5 (0.283) 
269 10 -/+ 199 (0.208) 
635 11 -/+ 202.5 (0.139) 
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TABLE III. Cmz Transitions (> RT) Versus Cure Time at 250°C. 
TRANSITIONS 

Time at 250°C Plot ΔΤ/A
Min. No. -

0 1 + 
5 2 -5 3 + 
5 4 -5 5 + 
5 6 + 
23 7 -23 8 + 
33 9 -33 10 + 
66 11 
99 12 
99 13 + 
465 14 -465 15 + 

1005 16 -1005 17 + 
1695 18 -1695 19 + 
2355 20 -

49 (2.218) 70 (̂  86) 
49 (2.222) * 
50 (1.832) 75 (VL02) 
50. 5(1.829) * 
51 (2.499) * 
64 (1.414) 132 (^204) 
65 (1.404) 131 (^222) 
100 (0.551) 202 
99 (0.534) 198 
150 (0.334) 
168 (0.257) 
169 (0.250) 
183 (0.137) 
185 (0.132) 
176 (0.100) 
175 (0.0986) 
163 (0.0840) 
161 (0.0830) 
152 (0.0784) 

Plots display multiple melting/crystallization transitions 
(e.g. see Figure 11 for Plot No. 5). Adjacent plots obtained 
on cooling ( i . e . 2,4,7) display amorphous behavior with Τ > Tg 
and T* > Tg relaxations. 
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TABLE IV. -22· Transitions (> RT) Versus Cure Time at 250°C. 

Time at 
250°C Plot ΔΤ/At Tg (Δ) 

TRANSITIONS 
Τ > Tg (T» > Tg)[Other] 

Min. No. - or + °C °C 

5 2 _ 87(?) (0.243) [ T c r y 93] 
5 3 + 90 (0.217) [T m 134] 

23 4 - 58 (0.538) 124 (219) 
23 5 + 60 (0.535) 129 [141A231] 
41 6 - 71 (0.388) 184 (^254) 
41 7 + 
89 8 -89 9 + 111 (0.250) ^226 

131 10 - 128 (0.202) 
131 11 + 130 (0.200) 
296 12 - 145 (0.143) 
296 13 + 147 (0.145) I>50] 
824 14 - 156 (0.101) 

2432 15 - 157 (0.100) 
2432 16 + 151.5 (0.0789) [ 5 2 A 8 8 ] 
5048 17 - 153 (0.0660) 
5048 18 + 148 (0.0685) [^48] 

TABLE V. 2 5 0 T g o o Versus Ef f e c t i v e Number of Inter-Aromatic 
Carbon Atoms. 

Polymer Effe c t i v e Number _ _ . T (°C) 250 g°° of Carbon Atoms* 

C 6 - C H 3 
5.5 > 244 

C 1 0 10 ^ 202 
C 1 Î + 14 ^ 185 
C 22 22 ^ 157 

E f f e c t i v e number of carbon atoms/inter-aromatic segment i s 
taken as the number of unbranched C atoms between the amide 
Ν atoms i n the monomer, except for C 6 - C H 3 which i s assigned 
0.5 less than 6 because of the s t i f f e n i n g e f f e c t of a 
branched C. 
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Figure 2. C6-CHs: transitions (> RT) vs. cure time at 250°C 

Figure 3. C10: transitions (> RT) vs. cure time at 250°C 

Figure 4. C u : transitions (> RT) vs. cure time at 250°C 
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Figure 5. C22: transitions (> RT) vs. cure time at 250°C 
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Figure 6. i S 0 T v s . effective number of interaromatic carbon atoms 
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Figure 7A. Isothermal cure (250°C/5 hr): C6-CHS 

TEMPERATURE C O 

ure 8A. Thermomechanical spectra (220° -» —190°C) after 250°C/5 hr cure: 
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Figure 7B. Isothermal cure (250°C/5 hr): C-
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Figure 8B. Thermomechanical spectra (220° -> -190°C) after 250°C/5 hr cure: 
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Figure 7C. Isothermal cure (250°C/5 hr): C-

TEMPERATURE (°C) 

Figure 8C. Thermomechanical spectra (220° -> -190°C) after 250°C/5 hr cure: 
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Figure 7D. Isothermal cure (250°C/5 hr): C, 

TEMPERATURE (eC) 

Figure 8D. Thermomechanical spectra (220° -> -190°C) after 250°C/5 hr cure: 
CM 
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Figure 10. Thermomechanical spectra (220° -> 45°C, Δ Τ / A t < 1.5°C/min) 
after 220°C/16.5 hr cure (same specimen as for Figure 9): C u 
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v i t r i f i c a t i o n ) would be observed isothermally as a prolonged (be
cause the rate of reaction would be controlled by the low concen
t r a t i o n of reactive groups at late stages of chemical conversion) 
and weak process. It does appear that of the four materials the 
maximum glass t r a n s i t i o n temperature may be above 250°C only for 
the Cg-methyl material; comparison of Figures 7A and 8A shows that 
the maximum Tg attained (after 5 hours at 250°C) i s close to 250°C. 

The thermomechanical plots (Figures 8Ά, 8B, 8C and 8D) for 
the four materials obtained a f t e r curing at 250°C for 5 hours d i s 
play two transitions below Tg. Numerical values are given i n 
Table V I . The cryogenic, more intense t r a n s i t i o n , designated T s e c , 
i s ascribed (1^,4^,7) to motion of the f l e x i b l e inter-aromatic seg
ments. As anticipated, the more f l e x i b l e the segment the more 
intense the cryogenic mechanical loss peak: the intensity there
fore increases i n the orde
least f l e x i b l e segment
s i b l e for i t s loss peak being at a higher temperature (-98°C) than 
for i t s higher homologues (̂  -140°C). The weaker T s e c * t r a n s i t i o n 
between Tg and T s e c also occurs at higher temperatures the lower 
the segmental f l e x i b i l i t y ; however i t s intensity increases r e l a 
t i v e to the background and r e l a t i v e to that of i t s T s e c relaxation 
i n the order Cg-methyl > CIQ > C 1 L f > C 22- The o r i g i n of the T g ^ 1 

relaxation i s unknown. 
Just as two relaxations occur p r i o r to v i t r i f i c a t i o n i n i s o 

thermal cure, so two relaxations occur above Tg (designated T 1 > 
Tg and Τ > Tg) i n TBA thermomechanical plots of low molecular 
weight material (1,6_). They move quickly to higher temperatures 
with extent of cure, as indicated i n Figures 2 to 5 for Τ > Tg 
and Figures 4 and 5 for Τ 1 > Tg, and revealed i n the corresponding 
thermomechanical plots (not shown here, but see reference JL for 
the CIQ diamide). They should be of importance to processing 
since they occur above Tg. 

In the course of th i s work high resolution thermomechanical 
spectra of low molecular weight material were obtained, including 
the following example. 

Melting of the Cm monomer (RT -> 250°C, ΔΤ/At 5°C/min; 
250°C/5 min) and subsequent cooling (ΔΤ/At <_ 0.5°C/min) resulted 
i n a material the thermomechanical behavior (RT -> 200°C, ΔΤ/At 
0.5°C/min) of which i s shown i n Figure 11 (see also footnote to 
Table I I I ) . Interpretation i n terms of the sequence of t r a n s i 
tions (designated by the loss peaks) follows: 

The r i g i d i t y of the glass decreases through Tg (50.5°C), 
increases as a consequence of c r y s t a l l i z a t i o n (68°C) and decreases 
through a series of well-defined melting steps (132°C, 143°C, 
152°C and 163°C). The reported melting range was 163-165°C (5). 
The thermomechanical spectra on heating were reproducible for a 
fixed cooling rate from the melt. By changing the cooling condi
tions from the melt i n the prehistory, the r e l a t i v e i n t e n s i t i e s of 
the transitions could be changed systematically. Multiple melting 
peaks have been observed on phthalocyanine prepreg material using 
DSC (8). 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



364 R E S I N S F O R A E R O S P A C E 

TABLE VI. Polyphthalocyanines: Transitions (°C) 
After 5 Hour Cure at 250°C. 

Polymer T g(A) T s e c
f (Δ) T g e c (Δ) 

C6-CH 3
 2 3 4 (0.180) 19 (0.0443) -98 (0.0415) 

C 1 0 194 (0.136
Clk 178 (0.160)  (0.0427)  (0.155) 
C 2 2 137 (0.234) 1 (0.0459) -139 (0.229) 

Figure 11. C n monomer: thermomechanical spectra ( R T - » 200° C, ΔΤ/Δί < 
0.5°C/min) after melting (250°C/5 min) and subsequent cooling (ΔΤ/Δί < 

0.5° C/min) 
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Summary 

An automated torsion pendulum has been used to study struc
ture/property relationships of four phthalocyanine resins desig
nated Cg-CH3, C | Q , Cm. and 0 22· The designation r e f l e c t s the 
differ e n t segments between the aromatic nuclei of the monomers and 
of the resulting molecular networks. Cure at 250°C resulted i n 
l i m i t i n g glass t r a n s i t i o n temperatures, 2 50Tg°°' which decreased 
as the segmental length increased: the values were Cg-methyl > 
244°C, C 1 0 ^ 202°C, C l i f ^ 185°C and C 22 ^ 157°C. After a standard 
cure of 250°C/5 hr. the thermomechanical spectra revealed two 
transitions below Tg. That at cryogenic temperatures (designated 
T s e c ) was attributed to motions of the inter-aromatic molecular 
segments? the greater th  f l e x i b i l i t f th  segments  th  lowe
the temperature and th
relaxation between Tg an s e c (designate  T g ^  )
at lower temperature the greater the segmental f l e x i b i l i t y but 
with decreasing intensity (relative to the background). Two 
other relaxations occurring above Tg moved to higher temperatures 
more rapidly than Tg on cure: these bear on the p r o c e s s i b i l i t y 
of the materials i n the early stages of cure. 
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Dynamic Fracture in Aerospace High Polymers 
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High polymers are widely used i n aerospace vehicles nowadays. 
One widely used high polymer for aircraft windshields i s poly
methyl methacrylate (PMMA). Suppose the aircraft encounters vio
lent air turbulence resulting in heavy gust load during flight. 
The aircraft windshield material i s then subjected to loads lead
ing toward possible dynamic fracture. Perhaps the windshield is 
one of the weakest portions throughout the entire aircraft struc
ture against such dynamic loading. 

In the present paper, both macroscopic and microscopic aspects 
of dynamic fracture in PMMA are reported. F i r s t , the running crack 
propagation velocity p r o f i l e s at room temperatures subjected to 
various stra i n rates were investigated from the macroscopic point 
of view, and the strain rate dependency essential to viscoelastic 
solids were studied. Then, another topic related to microscopic 
basis is treated. That is, the released energy rates during dy
namic fracture were measured, and the correlations between fracture 
surface patterns observed microscopically and corresponding char
acteristic fracture mechanics parameter such as energy release 
rates during dynamic crack propagation were surveyed at dif f e r e n t 
test temperatures under stable crack propagation with the aid of 
linear fracture mechanics and microscopic tools. 

Running Crack Propagation Velocity P r o f i l e s 

Measurement of Crack Propagation Velocity. For years the 
present authors have been engaged in the experimental study on 
dynamic crack propagation in high polymers. There are several 
techniques to measure the running crack propagation ve l o c i t y (1), 
i . e . , the velocity gage method, the e l e c t r i c potential method, the 
ultrasonics method and the high speed photography method. Among 
these methods the ve l o c i t y gage method i s most favorable especial
ly for p l a s t i c s because of their e l e c t r i c insulation properties. 
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Figure 1. Velocity gauge arrangement 
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Figure 2. Electronic circuit 
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Figure 3. Test specimen for macroscopic 
study 
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Figure 4. Strain-rate-dependent crack propagation velocity profiles: ( ) e = 
48 sec1, ( ; e — 2.6 X JO"2 sec-1, ( ) e = 2.6 X 10 5 sec'1 ( ) 

£ = 2.6 χ 10~7 sec1 
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I n the p r e s e n t s t u d y , v e l o c i t y gages were employed, o f which 
d e t a i l s a r e as shown i n F i g u r e 1. I n F i g u r e 1 the c o n d u c t i v e s i l 
v e r c o a t i n g m a t e r i a l , DuPont No. 4817, forming a s e r i e s o f con
d u c t i n g w i r e s , i s p a i n t e d p e r p e n d i c u l a r t o the expected c r a c k 
p r o p a g a t i o n passage so as to be broken as the r u n n i n g c r a c k f r o n t 
passes a c r o s s the c o n d u c t i n g w i r e s , r e s u l t i n g i n the e l e c t r i c r e 
s i s t a n c e change i n the e l e c t r o n i c c i r c u i t shown i n F i g u r e 2. 
Thus the r u n n i n g c r a c k p r o p a g a t i o n v e l o c i t i e s between p a i n t e d con
d u c t i v e w i r e s a r e measured combined w i t h the i n t r o d u c t i o n o f time 
s c a l e from the t r a c e on a synchroscope. 

Specimens. PMMA., manufactured by Sumitomo Chemical Co. L t d . , 
Japan, was used and the specimen c o n f i g u r a t i o n i s as shown i n 
F i g u r e 3. F o i l gages o f e l e c t r i c r e s i s t a n c e type a r e p l a c e d on 
the specimen to check th

E x p e r i m e n t a l R e s u l t s o f Crack V e l o c i t y P r o f i l e s . I n perform
i n g the experiment a c o n v e n t i o n a l I n s t r o n - t y p e t e n s i l e t e s t e r was 
used to r e a l i z e the mode I c o n s t a n t s t r a i n - r a t e t e n s i o n l o a d i n g 
on a specimen f o r the s t r a i n r a t e s between 2.6 χ 10 ̂ /s to 
2.6 χ 10 ^ / s , w h i l e the s p e c i a l l y designed h i g h speed t e n s i l e 
t e s t e r , UTM-5, made by Toyo-Baldwin, Japan, was employed f o r the 
s t r a i n r a t e o f 48/s. A l l the t e s t s were done a t room temperature. 
These t e s t r e s u l t s a r e shown i n F i g u r e 4, where c = the a r b i t r a r y 
c r a c k l e n g t h and C Q = the i n i t i a l c r a c k l e n g t h o f 5 mm. 

D i s c u s s i o n s . I t i s q u i t e e v i d e n t t h a t t h e r e e x i s t s the 
s t r a i n r a t e dependency i n dynamic c r a c k p r o p a g a t i o n v e l o c i t y p r o 
f i l e s as seen from F i g u r e 4. Th i s i s v e r y i n t e r e s t i n g , because 
PMMA has long been t r e a t e d r a t h e r e l a s t i c a t l e a s t a t room temper
a t u r e s so f a r . However, the o b t a i n e d s t r a i n r a t e dependent c r a c k 
p r o p a g a t i o n v e l o c i t y p r o f i l e s t e l l us t h a t PMMA s h o u l d be t r e a t e d 
as v i s c o e l a s t i c r a t h e r than e l a s t i c , s i n c e the s t r a i n r a t e depend
ency emerges more o r l e s s from the v i s c o u s component i n h e r e n t t o 
such v i s c o e l a s t i c s o l i d s c o r r e s p o n d i n g to the a p p l i e d s t r a i n r a t e s 

F r a c t u r e S u r f a c e s and Energy Release Rates 

Next, f r a c t u r e s u r f a c e s were observed m i c r o s c o p i c a l l y and 
t h e i r c o r r e l a t i o n s w i t h energy r e l e a s e r a t e s were s t u d i e d . 

Energy Release Rates. As i s well-known, energy i s r e l e a s e d 
as a c r a c k advances when the e x t e r n a l l o a d i s a p p l i e d on a s p e c i 
men. There a r e v a r i o u s methods o f c h a r a c t e r i z i n g r e s i s t a n c e to 
c r a c k i n g o r r e l e a s e d energy i n m a t e r i a l s . Among methods, one can 
measure the s p e c i f i c work o f f r a c t u r e o f a q u a s i - s t a t i c a l l y propa
g a t i n g c r a c k . C o n v e n t i o n a l t e c h n i q u e s to o b t a i n toughness i n met
a l s a r e r a t h e r c o m p l i c a t e d i n case a p p l i e d to v i s c o e l a s t i c s o l i d s , 
s i n c e the compliance c a l i b r a t i o n s v a r y w i t h d i f f e r e n t t e s t i n g 
c rosshead speeds and d i f f e r e n t c r a c k p r o p a g a t i o n v e l o c i t i e s d u r i n g 
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Figure 5. Load-displacement relation 
employed for the sector area method 
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Figure 6. Compact tension specimen 
for microscopic study 

H=120 mm h=55 mm L=125 mm 
W=100 mm C«=33 mm D=25 mm 
Thickness: t=8 mm 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



27. K O B A Y A S H i AND O H T A N i Dynamic Fracture 371 

f r a c t u r e because o f s t r a i n r a t e dependent m a t e r i a l m o d u l i . The 
s e c t o r a r e a method proposed by Gurney and Hunt (2) i s a p o w e r f u l 
t e c h n i q u e under these c i r c u m s t a n c e s , as the v e r y method e l i m i n a t e s 
t e d i o u s and troublesome compliance c a l i b r a t i o n s . Furthermore, i t 
o f f e r s many i n c r e m e n t a l r e l e a s e d energy v a l u e s from a s i n g l e t e s t . 
I f the specimen i s prepared such t h a t the c r a c k p r o p a g a t i o n v e l o 
c i t y v a r i e s d u r i n g q u a s i - s t a t i c c r a c k p r o p a g a t i o n , t h i s might r e 
f l e c t s t r a i n r a t e dependency i n the work o f f r a c t u r e . 

V i a s e c t o r method, the energy r e l e a s e r a t e G p r e s c r i b e d by 
two q u a n t i t i e s , a l o a d Ρ and a d i s p l a c e m e n t ô a t the l o a d i n g p i n , 
can be e x p e r i m e n t a l l y measured as shown i n F i g u r e 5, where f o r 
example, ΔΟΑΒ denotes the v e r y energy r e l e a s e as the c r a c k f r o n t 
advances c o r r e s p o n d i n g to the d i s p l a c e m e n t increment Α^Βΐ· Ρ i s 
measured by a l o a d c e l

Specimen. To r e a l i z e the q u a s i - s t a t i c c r a c k p r o p a g a t i o n , a 
compact t e n s i o n type specimen as shown i n F i g u r e 6 was used, where 
v e l o c i t y gages a r e a l s o employed to measure the c r a c k v e l o c i t y . 

E x p e r i m e n t a l P r o c e d u r e s . I n the p r e s e n t experiment, these 
energy r e l e a s e r a t e s were measured d u r i n g q u a s i - s t a t i c c r a c k prop
a g a t i o n produced by mode I t e n s i o n w i t h an I n s t r o n type t e n s i l e 
t e s t e r a t 0.5mm/minute cr o s s h e a d speed. Three t e s t temperatures 
(243°K, 285°K and 328°K) were o b t a i n e d w i t h the a i d o f l i q u i d 
n i t r o g e n , room temperatures and hot a i r blower, r e s p e c t i v e l y . As 
d e s c r i b e d b e f o r e , the r u n n i n g c r a c k p r o p a g a t i o n v e l o c i t y was meas
ured by v e l o c i t y gages, l o a d by a l o a d c e l l and the d i s p l a c e m e n t 
a t the l o a d i n g p i n by a c l i p gage d u r i n g f r a c t u r e . A f t e r f r a c t u r e , 
f r a c t u r e s u r f a c e s were observed by a microscope w i t h some 50 to 
400 times m a g n i f i c a t i o n s . 

E x p e r i m e n t a l R e s u l t s and D i s c u s s i o n s . Thus o b t a i n e d energy 
r e l e a s e r a t e s i n terms o f r u n n i n g c r a c k f r o n t p o s i t i o n d u r i n g 
s t a b l e c r a c k p r o p a g a t i o n a r e shown i n F i g u r e s 7 to 9. I n these 
f i g u r e s , the energy r e l e a s e r a t e G i s ex p r e s s e d by the energy r e 
l e a s e d i v i d e d by the f r a c t u r e s u r f a c e a r e a c o r r e s p o n d i n g to i n d i 
v i d u a l c r a c k f r o n t advance. I n F i g u r e s 7 to 9, each c h a i n l i n e 
shows the weighted average c u r v e , w h i l e the shaded r e g i o n denotes 
the s c a t t e r v a l u e s . I t i s r e c o g n i z e d t h a t G i s a t i t s maximum 
when the s t a b l e c r a c k p r o p a g a t i o n i n i t i a t e s and then the monoto
n o u s l y d e c r e a s i n g tendency f o l l o w s h e r e a f t e r f o r a l l c a s e s . The 
maximum G v a l u e decreases w i t h the i n c r e a s e o f t e s t temperature. 
F u r t h e r , i n view o f F i g u r e 10, dG/dc becomes l a r g e as the decrease 
i n t e s t temperature. 

Crack p r o p a g a t i o n v e l o c i t i e s i n terms o f a r u n n i n g c r a c k 
f r o n t a t i n d i v i d u a l t e s t temperature a r e shown i n F i g u r e 11. I n 
F i g u r e 11, c r a c k v e l o c i t y p r o f i l e s f o r b o t h 328°K and 285°K a r e 
r a t h e r s i m i l a r , but t h a t f o r 243°K i s d i s t i n c t i v e and always show
i n g lower v a l u e s compared to the p r e v i o u s two h i g h e r temperature 
c a s e s . A l l the cu r v e s a r e o f d e c r e a s i n g f u n c t i o n o f a r u n n i n g 
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Figure 7. Variation of energy release 
rate caused by crack propagation 

Figure 8. Variation of energy release 
rate caused by crack propagation 
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Figure 9. Variation of energy release 
rate caused by crack propagation Î-0 
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Figure 10. Comparison of nondimen-
sional energy release rates in terms of 

nondimensional crack fronts 
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Figure 11. Crack propagation velocities 
at various temperatures: ( ) 328 K, 

( — j 285 K, ( )243K 
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Figure 12. Microscopically observed 
fracture surface at 243 Κ (G = 0.05 Kg · 

mm/mm2) 

Figure 13. Microscopically observed 
fracture surface at 285 Κ (G = 0.05 Kg · 

mm/mm2) 
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Figure 14. Microscopically observed 
fracture surface at 328 K(G = 0.05 Kg · 

mm/mm2) 

Figure 15. Microscopically observed 
fracture surface at 243 K(G = 0.02 Kg · 

mm/mm2) 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



376 RESINS FOR AEROSPACE 

Figure 16. Microscopically observed 
fracture surface at 285 K(G = 0.02 Kg · 

mm/mm2) 

Figure 17. Microscopically observed 
fracture surface at 328 K(G = 0.02 Kg · 

mm/mm2) 
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c r a c k f r o n t as the c r a c k advances. 
M i c r o s c o p i c i n s p e c t i o n o f f r a c t u r e s u r f a c e s r e v e a l s t h a t 

t h e r e e x i s t s two c h a r a c t e r i s t i c p a t t e r n s i r r e s p e c t i v e o f t e s t 
temperatures. One i s a combined h a c k l e and r i v e r p a t t e r n and the 
ot h e r i s r e p r e s e n t e d by r i v e r p a t t e r n o n l y . Furthermore, i t was 
found t h a t the energy r e l e a s e r a t e s measured were almost i d e n t i c a l 
a t those c h a r a c t e r i s t i c p a t t e r n r e g i o n s though the t e s t tempera
t u r e s were d i f f e r e n t . I n F i g u r e s 12 to 14 i t i s observed t h a t 
t h e r e e x i s t h a c k l e l i n e s and r i v e r p a t t e r n s c o n c u r r e n t l y , and G i s 
eq u a l t o about o.05 Kg-mm/mm2 i r r e s p e c t i v e o f t e s t temperature. 
Next, as the r u n n i n g c r a c k f r o n t advances f u r t h e r , once appeared 
h a c k l e l i n e s v a n i s h and the f r a c t u r e s u r f a c e i s t o be covered w i t h 
r i v e r p a t t e r n s and smooth s u r f a c e s , h a v i n g G = 0.02 Kg-mm/mm2 o r 
so, f o r a l l t e s t temperatur
I t i s i n t e r e s t i n g t o f i n
e f f o r t s h o u l d be t r i e d

C o n c l u s i o n s 

Two a s p e c t s o f dynamic f r a c t u r e b e h a v i o r , macroscopic and 
m i c r o s c o p i c , were s t u d i e d f o r PMMA.. M a c r o s c o p i c a l l y the s t r a i n 
r a t e dependent c r a c k p r o p a g a t i o n v e l o c i t y p r o f i l e s were phenome-
n o l o g i c a l l y observed a t room temperature, c a l l i n g a t t e n t i o n to the 
f a c t t h a t PMMA. sh o u l d be t r e a t e d as v i s c o e l a s t i c r a t h e r than e l a s 
t i c even a t room temperature l e v e l . I n m i c r o s c o p i c a s p e c t two 
c h a r a c t e r i s t i c f r a c t u r e s u r f a c e p a t t e r n s were found, one w i t h a 
combined h a c k l e and r i v e r p a t t e r n , and the o t h e r w i t h r i v e r p a t 
t e r n o n l y , w h i l e the former has G o f 0.05 Kg-mm/mm2 and the l a t t e r 
0.02 Kg-mm/mm , a l l i r r e s p e c t i v e o f t e s t temperature. 
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Several r e s e a r c h e r s have r e p o r t e d t h a t the tensile s t r e n g t h 
of glassfiber reinforced plastics (GRP) increases with increasing 
strain rate (l,2,3,4,5). Though many materials become more brit
tle under impact conditions, the impact strength and fracture 
strain o f GRP composites increase. Under impact conditions GRP 
composite show increased ductile fracture b e h a v i o r . I n addition, 
the impact energy is considerably l a r g e r than the static fracture 
energy. T h i s advantage o f GRP composites will become increasing
ly i m p o r t a n t in future applications. Even though this phenomena 
is well r e c o g n i z e d , it remains to be a n a l y z e d . 

With increasing stress rate, the constituent materials react 
mechanically in a different way than they do under static condi
tions. The resin-fiber interface may also react differently. 
Accordingly, we propose two models: a time dependent probabilistic 
failure model and a mechanical model which recognizes the non
linear b e h a v i o r at the interface. These two models can be used 
to a n a l y z e the strength dependency of GRP on the stress rate. 

Time Dependent P r o b a b i l i s t i c F a i l u r e Model 

Damage F u n c t i o n . Damage f u n c t i o n i s d e f i n e d as the i n t e g r a l 
o f the p r o b a b i l i t y o f f r a c t u r e per u n i t time o r the t r a n s i t i o n 
p r o b a b i l i t y o f f r a c t u r e w i t h r e s p e c t to time. L e t Ρ be the prob
a b i l i t y o f f r a c t u r e o f a m a t e r i a l and D be the damage f u n c t i o n . 
Then 

P=l-exp(-D) 

The f r a c t u r e p r o c e s s i s regarded as a 2 - s t a t e , 1-step 
s t o c h a s t i c p r o c e s s (see Ref. §_ f o r s t o c h a s t i c f r a c t u r e p r o c e s s ) . 
The t r a n s i t i o n p r o b a b i l i t y m has been expressed so f a r as f o l -

0-8412-0567-l/80/47-132-379$05.00/0 
© 1980 A m e r i c a n C h e m i c a l S o c i e t y 
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l o w s ( 7 ) , 

m=yS (γ,δ; c o n s t a n t s , S; s t r e s s ) ( 2 ) 

In t h i s c ase, t he f r a c t u r e s t r e s s i s g i v e n by 

(1+6)S 
Ύ 

1+6 2+δ 
1+6 

( 3 ) 

where S i s s t r e s s r a t e and Γ denotes gamma f u n c t i o n . I t s h o u l d be 
noted t h a t t he f r a c t u r e s t r e s s changes by 47% when the s t r e s s r a t e 
changes by 10 times i f δ=5.0 ( 8 ) . However, t h e i n c r e a s e i n t h e 
s t r e n g t h o f GRP composit
ges by 10 t i m e s . 

To remove t h i s d i s c r e p a n c y , t he f o l l o w i n g form o f the t r a n 
s i t i o n p r o b a b i l i t y i s proposed. 

m ( t ; S ) = Y S u f ( t ) (4) 

where f i s an a r b i t r a r y f u n c t i o n which i s d e f i n e d f o r t=0 and can 
be i n t e g r a t e d w i t h r e s p e c t t o t i m e . When the co n s t a n t s t r e s s S i s 
a p p l i e d t o a specimen f o r time t , t h e damage f u n c t i o n D i s d e f i n e d 
as 

t . 
D(t;S)=f m(x;S)dT=YS°F(t) (5) 

0 
where 

F(t)=/ f ( t ) d x 
0 

(6) 

Reduced Time Method When the a p p l i e d s t r e s s changes, the e v a l u 
a t i o n o f the damage f u n c t i o n i s performed by "the reduced time 
method". F i g u r e 1 shows the s i m p l e s t s t r e s s h i s t o r y . L et IÏIQ be 
the t r a n s i t i o n p r o b a b i l i t y f o r S = S Q and m̂  f o r S=Sj. 

• 0 « Y S o f i t 3 (7a) 

(7b) 

These are shown i n Fig. 2. 
The value of the damage function at t=tj, Dj, i s equal to the 

area OABC. 

Dr^ so F (V (8) 

The damage for So, D^, should be shifted to an equivalent damage 
in order to evaluate the damage occurred from t=tj to t=t2» This 
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Figure 2. Transition probability 
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can be done by p u t t i n g 

YS^F(tJ)=D 1 (9) 
* * where i s the reduced time o f t j . From Eqs. (8) and ( 9 ) , t j can 

be o b t a i n e d . 

F ( t * ) = ̂ 0 F ( t p (10) 

When t = t ^ , the damage f u n c t i o n D i s expressed as 

D = Y S ^ F ( t J + t 2 - t ) (11) 

F r a c t u r e S t r e s s under a C o n s t a n t - s t r e s s - r a t e Loading C o n d i t i o n 
I n t h i s paper, f ( t ) i n a t r a n s i t i o n p r o b a b i l i t y i s assumed as 

the f o l l o w i n g form 

f ( t ) = t X (λ: c o n s t a n t ) (12) 

Then t , 
F ( t ) = f f (x)dT=Y~Y t (13) 

0 1 + λ 

A c o n s t a n t - s t r e s s - r a t e l o a d i n g c o n d i t i o n i s expressed as 

S=at (a; c o n s t a n t ) (14) 

Si n c e the damage f u n c t i o n i s e v a l u a t e d by "the reduced time me
th o d " , the i n c r e a s i n g s t r e s s i s approximated t o the com b i n a t i o n o f 
co n s t a n t s t r e s s e s as shown i n F i g . 3. 

L e t At be the time i n t e r v a l where the s t r e s s i s c o n s t a n t , 
then 

t r = r A t ( Γ = 1 , 2 , · · · , η ) (15) 

and 
S =at =arAt (16) r r K J 

U s i n g Eqs. (13) and (16), Eq. (10) can be w r i t t e n as 

f r - 1 t*= r (t*^+ât) (17) 

where 
ξ=6/(1+λ) (18) 

T h e r e f o r e , 

In Resins for Aerospace; May, C.; 
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Time 

Figure 3. Approximation of stress history 
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t*= 
η 

n-1 
η 

n-1 
η At+ n-1 n-2 

n-1 CtJJ_2+At) 

n-1 n-2 n-3 + * · · + η At 

n-1 
= Σ At 
r=0 

From Eq. ( 1 5 ) , At i s g i v e n by 

At=t /n η 
S u b s t i t u t i o n o f Eq. (20) i n t o Eq. (19) y i e l d s 

n-1 
t*=t Σ ~ η η A η r=0 

(20) 

(21) 

When η approaches i n f i n i t y , Eq. (21) becomes 

n-1 - r \ 

t * = l i m t Σ — — η _ η Λ η η 
^ 1 ζ 1 

= t n J
0
 χ d x = û f *η 

S u b s t i t u t i o n o f Eq. (18) i n t o Eq. (22) y i e l d s 

t * & J i 2 L t 

η 1+λ+δ η 

(22) 

(23) 

When t=t , the damage f u n c t i o n i s e v a l u a t e d by u s i n g Eqs. ( 5 ) , (13), 
and (23)? 

D=-
1 η 
1+λ 

1+λ 
1+λ+δ η 

1+λ 
(24) 

S u b s t i t u t i n g Eq. (14) i n t o Eq. (24) and l e t t i n g D=D (D : c r i t i c a l 
v a l u e o f damage f u n c t i o n . D c=0.693 when the p r o b a b i l i t y o f f a i 
l u r e i s 5 0 % ) , the f r a c t u r e s t r e s s under c o n s t a n t - s t r e s s - r a t e 
l o a d i n g c o n d i t i o n can now be o b t a i n e d as 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



28. F u j n AND M i K i Tensile Strength of FRP 385 

1+λ 
S =a c 

1+λ+δ f(l +X +ô) 1 + XD c l 

l γ(ΐ+λ)' 

1+λ+δ 
(25) 

I f λ=0, t h a t i s , the t r a n s i t i o n p r o b a b i l i t y does not i n f l u e n c e d 
by t i m e , Eq. (25) i s reduced t o 

1 

S =a c 
1+δ 

Ύ 

1+δ 
(26) 

which i s same as Eq. ( 3 ) e s s e n t i a l l y . 

M e c h a n i c a l Model w i t h N o n - l i n e a

When the r e l a t i o n between shear d e f o r m a t i o n and f o r c e i n the 
f i b e r m a t r i x i n t e r f a c e i n f i b r o u s composite m a t e r i a l s i s l i n e a r 
o r p e r f e c t l y p l a s t i c , the a n a l y t i c a l treatment i s co m p l e t e d ( 9 ) . 
But the shear d e f o r m a t i o n i n t h e i n t e r f a c e becomes n o n - l i n e a r ac
c o r d i n g t o the i n c r e a s e o f l o a d , l o a d i n g r a t e and the change o f 
enviro n m e n t a l c o n d i t i o n a t aerospace. I t can be thought t h a t many 
p a t t e r n s e x i s t as the n o n - l i n e a r s h e a r i n g d e f o r m a t i o n and f o r c e re
l a t i o n . F or the s i m p l i c i t y o f the a n a l y t i c a l c o n s i d e r a t i o n , we 
adopted the r e l a t i o n o f the m-th power o f i n t e r f a c i a l s hear f o r c e 
i s p r o p o r t i o n a l t o shear d e f o r m a t i o n . Then the r e l a t i o n becomes 
s o f t o r ha r d a c c o r d i n g t o m>l o r m<l, r e s p e c t i v e l y . 

The d i s p e r s e d s t a t e o f f i b e r i n t o the m a t r i x i s c o n s i d e r e d 
w i t h v a r i o u s c a s e s . That i s , the f i b e r i s con t i n u o u s o r d i s c o n 
t i n u o u s and the o r i e n t a t i o n i s r e g u l a r o r random e t c . F i g u r e 4 i s 
the fundamental case o f the d i s c o n t i n u o u s f i b e r d i s p e r s i n g i n t o 
the m a t r i x r e g u l a r l y . F i g . 5 shows the déformâted s t a t e o f u n i t 
a r e a o f f i b e r and m a t r i x . 

C o n s i d e r i n g the e q u i l i b r i u m o f displacement and f o r c e , t h e 
f o l l o w i n g e q u a t i o n i s i n t r o d u c e d . 

k o T ( d p / d x ) m - A P = - B (27) 

where A= ( 1 / E ^ ) + (1/Ef A f ) 

B= Ρ /Ε A +P ~ our m m o f 
E m , A m: Young * s modulus and s e c t i o n a l a r e a o f m a t r i x 
E f , A f : Young 1 s modulus and s e c t i o n a l a r e a o f f i b e r 

F i g u r e 6(a) shows the shear d e f o r m a t i o n s at the i n t e r f a c e . 
dP/dx, h and d f are shear f o r c e , t h i c k n e s s o f i n t e r f a c e and f i b e r 
d i a m e t e r , r e s p e c t i v e l y . F i g . 6(b) i s the r e l a t i o n between shear 
f o r c e and shear d e f o r m a t i o n . S Q i s any co n s t a n t adopted f o r n o r 
m a l i z a t i o n o f shear d e f o r m a t i o n . 
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Figure 4. Schematic of short-fiber-rein
forced composites Matrix Interface Fiber 
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Figure 5. Schematic of deformed state of fiber, interface, and matrix 
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F i g u r e 7 shows the examples o f i n t e r f a c i a l shear f o r c e and 
de f o r m a t i o n . As i s shown i n t h i s f i g u r e , t he r e l a t i o n becomes 
s o f t curve when m>l and hard when m<l. The s o l u t i o n o f Eq. (27) 
becomes d i f f e r e n t t y pes a c c o r d i n g t o the v a l u e o f m. 

(a) m>l Let P=P + Σ λ P„ and s u b s t i t u t e i t i n t o Eq. ( 2 7 ) , then 0 n = 1 η 
the s o l u t i o n i s o b t a i n e d from the c o e f f i c i e n t s o f the same o r d e r 
term o f λ. 

m+1 
—=- a - a. P=-(B/A)+Cx +C χ X> +C χ 1,1 1,Ζ 

(28) 

a. . and a 1 _ are the r o o t

2 
y + 

2A. (m-2) 
m-1 

r - i } 

ÂAA((m+l)/(m-l)) m-2 
=0 (29) 

where A A=Â 2(-ÏÏ1-"hl) , Â=km/A 
( m - l ) m + 1 

C t / ( and C t |2 are the c o n s t a n t s determined by the boundary con
d i t i o n s . That i s , P=0 at the end o f f i b e r and P=P at the cen-~ max t e r o f f i b e r . 

(b) m<l The s o l u t i o n i s o b t a i n e d i n the case o f m=l/3 as f o l l o w s . 

P=-(B/A)-Cx" 2+C 1 1 x " 1 + C 1 2 (30) 

(c) m=l I n t h i s c a s e , the b e h a v i o r o f i n t e r f a c e i s l i n e a r . The 
s o l u t i o n i s o b t a i n e d as f o l l o w s 

where 

P=(B/A) 

A/k= 

χ. coshA/k ( i / 2 - x ) l 
cosh/Â/T 1/2 J 
Λ ^ ( d . + h) 

(31) 

Ε A m m E f A f -
G: t a n g e n t i a l modulus o f i n t e r f a c e 
I: l e n g t h o f f i b e r 

A c c o r d i n g t o t h e "Law o f M i x t u r e " , the s t r e n g t h o f f i b r o u s 
composites S c i s expressed as f o l l o w s . 
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Matrix ^ 

dx ' 

^ F i b e r 

I n t e r f a c e 

( a ) 

lOOOU 

AO 1,1 

«g) - s 
1 1 

S„ m 

(2) 

w ( d f + h ) ( f ) G m=333(f ) 

( b ) 

Figure 6. Relations of interfacial force and deformation 

5 * 1 0 0 0 Μ P a 

h = 1 0 d f 

s*s 0.1 mm 

Figure 7. Examples of nonlinear inter-
facial force and deformation 
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Sc=(a£u/a)Vf+(0in) (1-Vf) (32) 
f u 

where a i s the r a t i o o f o^max t o Ojmean. i s the v o l u m e t r i c 
c o n t e n t o f f i b e r . OfU ana a r e u l t i m a t e s t r e n g t h and s t r a i n o f 
f i b e r r e s p e c t i v e l y . F i g . 8 shows the r e l a t i o n between α and the 
exponent o f n o n - l i n e a r l i t y . As i s shown i n t h i s f i g u r e , t he i n c 
r ease i n α i s c o r r e s p o n d i n g t o t h e i n c r e a s e i n m. 

When the b e h a v i o r o f i n t e r f a c e i s expressed by the Maxwell 
type model, l i n e a r s p r i n g and l i n e a r v i s c o u s damper are connected 
s e r i e s l y . Hence the f o l l o w i n g e q u a t i o n i s i n t r o d u c e d . 

§• J £ (dP/dx)+(l/n)(dP/dx)=ds/dt (33 ) 

where : modulus o
i n t e r f a c e m echanical model 

η : c o e f f i c i e n t o f v i s c o u s i t y 

Let dP/dx=at ( a ; c o n s t a n t ) (34) 

S u b s t i t u t i n g Eq. (34) i n t o Eq. ( 3 3 ) , Eq. (33) becomes the f o l l o w 
i n g e q u a t i o n . 

2 
s=(l/GJ(dP/dx) + ( l/2n) ( d P{ d x ) (35) 

a. 

Hence (s) a^= (1/G J (dP/dx) 

and ( s ) a ^ o = ( l / 2 n a ) ( d P / d x ) 2 

In t h e l a t t e r c a s e , i t c o i n c i d e s w i t h t he case o f m=2. T h i s means 
the s t r e n g t h decrease a c c o r d i n g t o the decrease o f l o a d i n g r a t e . 
S i m i l a r l y t he V o i g t type model i s a p p l i e d t o the b e h a v i o r o f 
i n t e r f a c e , t h a t i s , l i n e a r s p r i n g and l i n e a r v i s c o u s damper a re 
connected i n t o p a r a l l e l . Hence the f o l l o w i n g e q u a t i o n i s i n t r o 
duced. 

dP/dx=G*s+nds/dt (36) 

Let dP/dx=at ( a ; c o n s t a n t ) (37) 

S u b s t i t u t i n g Eq. (37) i n t o Eq. ( 3 6 ) , Eq. (36 ) becomes the f o l l o w i n g 
e q u a t i o n . 

s= (1/GJ (dP/dx)-(na/GJd i df / d x ) (38) 
we assume t h a t t he modulus G^ i n c r e a s e s a c c o r d i n g t o the i n c r e a s e 
i n s. Hence . 

( s W ( d P / d x ) 1 / 3 

In t h i s case, t he exponent o f n o n - l i n e a r i t y decreases a c c o r d i n g t o 
the i n c r e a s e o f l o a d i n g r a t e . 

In Resins for Aerospace; May, C.; 
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a * 2.0 

1.01 i « Ι
Ο 1 2 3 

m 

Figure 8. Ratio of fiber stress concentration and the exponent of nonlinear inter-
facial deformation property 

Table I Material 
Designation Reinforcement Matrix Glass Content Longitudinal 

(vol. %) Modulus (GPa) 
CD Plain woven glass Unsaturated 3 6 . 9 1 6 . 0 

cloth, MG253 (Asahi Polyester resin, 
CH Fiber Glass Co.) Polymal 8 2 7 9 2 5 . 8 

(Takeda Chemical 
MD Chopped strand Industries Ltd.) 2 4 . 6 

glass mat (Asahi 
MF Fiber Glass Co.) 1 5 . 3 

R 0 3 . 6 6 

In Resins for Aerospace; May, C.; 
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E x p e r i m e n t a l 

M a t e r i a l s Table I shows the m a t e r i a l d e s c r i p t i o n and F i g . 9 shows 
the dimensions o f t h e specimen used. 

T e s t i n g Arrangement S t a t i c t e n s i l e t e s t s were c a r r i e d out on an 
I n s t r o n type u n i v e r s a l t e s t i n g machine at crosshead speed o f 0.5, 
5.0, 50, and 500 mm/min. The impact t e n s i l e t e s t s were performed 
on a drop weight impact t e s t e r ( 4 ) . I t g i v e s an i m p u l s i v e t e n s i l e 
l o a d by u s i n g a f r e e f a l l o f the weight. Lead cone b u f f e r s were 
a p p l i e d t o the impact t e s t e r t o produce c o n s t a n t l o a d i n g r a t e . 

R e s u l t s 

F i g u r e 11 shows t y p i c a
impact t e n s i l e t e s t s . F i g u r
t e n s i l e s t r e n g t h and the s t r e s s r a t e . The s t r a i g h t l i n e s are the 
l i n e a r r e g r e s s i o n l i n e s . 

D i s c u s s i o n 

As shown i n F i g . 12, the t e n s i l e s t r e n g t h o f GRP i n c r e a s e s 
a c c o r d i n g t o the i n c r e a s e o f l o a d i n g r a t e . Then the f o l l o w i n g 
e q u a t i o n can be o b t a i n e d . 

(S ) =S (S/S ) C (39) v c'exp coK ' oJ v J 

where S c; t e n s i l e s t r e n g t h , S c o ; t e n s i l e s t r e n g t h under u n i t 
s t r e s s r a t e , S; s t r e s s r a t e , SQ; u n i t s t r e s s r a t e 
(IMPa/s), c; c o n s t a n t , 

the s l o p e s o f the s t r a i g h t l i n e s o b t a i n e d by l e a s t square a n a l y s i s 
i n F i g . 12, which are equal t o t h e c o n s t a n t c, are a p p r o x i m a t e l y 
equal t o each o t h e r and the mean v a l u e i s 0.0453. By s e t t i n g 
t h i s v a l u e equal t o (1+λ)/ (l+λ+δ) i n Eq. (25 ) , we have 

λ=0.04756-1 (40) 

Consequently, we may conclude t h a t a c o n s t a n t non-zero v a l u e o f λ 
e x i s t s f o r GRP composites when δ i s c o n s t a n t (A--0.7 i f 6 = 6 ( 8 ) , 
f o r example), and t h e r e f o r e t h e time dependent p r o b a b i l i s t i c f a i 
l u r e model i s an a n a l y t i c a l approach f o r i n v e s t i g a t i n g t h e e f f e c t 
o f s t r e s s r a t e on t h e f r a c t u r e s t r e s s e s o f some m a t e r i a l s . 

When the r e i n f o r c i n g f i b e r i s d i s c o n t i n u o u s , not o n l y t he 
f i b e r s t r e n g t h but a l s o t he i n t e r f a c i a l b e h a v i o r becomes impor
t a n t . The a n a l y t i c a l s t r e n g t h o f the mechanical model w i t h non
l i n e a r i n t e r f a c i a l b e h a v i o r i s expressed by 

(S ) , . .*σ~ VJa (41) c 7 a n a l y t i c a l f u f K J 

w i t h t he c o n t r i b u t i o n o f the m a t r i x n e g l e c t e d . I n t h i s c a s e , 
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w b Thickness 

C o m p o s i t e s 12 8 2 - 5 

R e s i n 19 14 5 7 

Figure 9. Dimension of the specimen 

Figure 10. Drop weight tensile testing machine 
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1 2 3 4 
Τ i m e ( m s ) 

Figure 11. Typical load-time and 
strain—time curves for impact tensile tests 

ι ιο' ίο2 ίο 3 ίο4 ίο5 ίο6 

S t r e s s rate ( MPa/s ) 

Figure 12. The effect of strain rate on 
the tensile strength of GRP composites: 
(O) CD; (Φ) CE, (A) MD, (A) MF, 
( Q ) R> (M) McAbee et al; ( ) Linear 

reg. 
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a/ am=l i s c o r r e s p o n d i n g t o ( S 0 / S ) c . 

C o n c l u s i o n s 

We found t h a t the l i n e a r r e l a t i o n s h i p s are e s t a b l i s h e d b e t 
ween the t e n s i l e s t r e n g t h o f v a r i o u s GRP composites and the s t r e s s 
r a t e on l o g - l o g p l o t under a c o n s t a n t - s t r e s s - r a t e l o a d i n g c o n d i 
t i o n . The s t r e s s r a t e ranged from 0.57 t o 270000 MPa/s and the 
s l o p e s o f the s t r a i g h t l i n e s were a l l n e a r l y equal t o 0.0453. 
The e f f e c t o f the s t r e s s r a t e on the f r a c t u r e s t r e s s c o u l d be 
a n a l y z e d by u s i n g a time dependent p r o b a b i l i s t i c f a i l u r e model and 
a mechanical model w i t h n o n - l i n e a r i n t e r f a c i a l b e h a v i o r . The 
t r a n s i t i o n p r o b a b i l i t y o f f r a c t u r e i n the time dependent p r o b a b i 
l i s t i c f a i l u r e model was assumed t o be y S ^ t ^ ( S ; s t r e s s t , t i m e
γ,δ,λ;constants). The t h e o r e t i c a
w i t h the e x p e r i m e n t a l r e s u l t s
s t r e s s i s p r o p o r t i o n a l t o the s t r e s s r a t e t o the (1+λ)/(1+λ+δ). 
For a g l a s s f i b e r r e i n f o r c e d p l a s t i c s , the c o n s t a n t s λ and δ were 
found t o be about -0.7 and 6, r e s p e c t i v e l y . Consequently, t h e 
t r a d i t i o n a l time independent p r o b a b i l i s t i c t h e o r y o v e r e s t i m a t e s 
the e f f e c t o f s t r e s s r a t e on the s t r e n g t h o f m a t e r i a l s . 

A d d i t i o n a l l y , the decrease i n the r a t i o o f the maximum s t r e s s 
t o the mean s t r e s s i n the d i s c o n t i n u o u s r e i n f o r c i n g f i b e r under 
impact c o n d i t i o n s c o u l d be e x p l a i n e d by the mechanical model w i t h 
n o n - l i n e a r i n t e r f a c i a l b e h a v i o r . S i n c e the l o a d i s t r a n s f e r r e d 
o n l y through the f i b e r - r e s i n i n t e r f a c e f o r s h o r t f i b e r r e i n f o r c e d 
p l a s t i c s , t h i s type o f n o n - l i n e a r model i s c o n s i d e r e d t o be an 
a n a l y t i c a l approach t o i n v e s t i g a t e the s t r e s s r a t e dependency o f 
t h e s t r e n g t h o f t h e composites w i t h d i s c o n t i n u o u s f i b e r s . 

Literature Cited 

1. McAbee, E. and Chumura, Μ., P r o c . Annual Tech. Conf., Society 
of Plastic E n g i n e e r s , Vol. X I ( 1 9 6 5 ) , Section VII. 

2. Rotem, A. and Lifshitz, J.M., P r o c . 26th Annual Tech. Conf., 
RP/C D i v . , The Society of the Plastic I n d u s t r y ( 1 9 7 1 ) , Sec .10G. 

3. Lifshitz, J.M., J . Composite Materials, Vol. 10(1976), 92. 
4. Fujii, T. and Miki, M., P r o c . 31st Annual Tech. Conf., RP/C., 

The Society o f the Plastic I n d u s t r y ( 1 9 7 6 ) , Section 21-D. 
5. Fujii, T. and Miki, Μ., P r o c . 20th Japan Congr. Mater. Res., 

(1977), 246. 
6. Y o k o b o r i , T., An Interdisciplinary Approach t o Fracture and 

Strength o f Solids, (1968), W o l t e r s - N o r d h o f f L t d . 
7. Y o k o b o r i , T., J. A p p l . Phys. 25-5 (1954), 593. 
8. Miki, M. and Fujii, T., Bulletin o f JSME, The Japan Society 

of M e c h a n i c a l E n g i n e e r s , 21 (1978), 963. 
9. Rosen, B.W.,Fiber Composite Materials ,ASM 72, 79(1965). 

RECEIVED January 30, 1980. 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



29 

Experimental Analysis of Hydrothermal Aging in Fiber-
Reinforced Composites 

D . H. KAELBLE 

R o c k w e l l International Science Center , T h o u s a n d Oaks , CA 91360 

There recently has been an increasing interest and research 
e f f o r t in characterizing the influence of moisture absorption on 
the physical response of polymer matrix composite materials. 
Three recent workshops have been exclusively devoted to t h i s 
subject (1-3). E a r l i e r studies indicated that moisture degrades 
both the interfacial bond strength and modifies the matrix bulk 
response by internal plasticization (4, 5). Recent studies show 
that the appli c a t i o n of polyurethane protective coatings on graph
ite fiber i n epoxy matrix (Thornell 300/NARMCO 5208) composite 
delayed but did not prevent the moisture degradation of composite 
strength (6). Quantitative chemical analysis programs for charac
terizing the composite prepreg for q u a l i t y assurance have now been 
developed (7-9). These systematic approaches to chemical separa
t i o n and analysis of polymer composites and adhesives provide an 
important new tool for analyzing the physiochemical mechanisms of 
enviromental degradation. 

The objective of the present study is to implement an inte
grated chemical, physical and mechanical test program to analyze 
the environmental d u r a b i l i t y of a standard 177°C (350°F) service 
c e i l i n g graphite/epoxy composite based on T300 graphite f i b e r 
(Union Carbide Corp.) and 5208 epoxy matrix (NARMCO D i v i s i o n , 
Celanese Corp). In order to more c l e a r l y highlight the influence 
of polymer matrix chemistry, comparison data for two other c l o s e l y 
related graphite/epoxy composites are included as reference sys
tems. 

A uniaxial reinforced panel of graphite T300 i n 5208 epoxy 
prepreg (NARMCO Lot 823 Roll 3) was layed up by using 48 pl i e s of 
0.0132 cm thick and 30 cm wide prepreg to produce a f l a t panel of 
dimensions by 100 cm length by 0.63 cm thickness. Details of the 
standard f a b r i c a t i o n and cure cycle are summarized i n Table I. 
The cure cycle described in Table I i s standard for t h i s 
composite. The o u t l i n e of experimental methods applied for 
physiochemical characterization and evaluation of environmental 

0-8412-0567-l/80/47-132-395$05.75/0 
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Table I 
Fabrication and Curing Cycles for T300 

Graphite Fibe
(Vol un

Step No* Procedure 

1 Lay up 48 l i n e a r l y aligned p i i e s graphite epoxy 
prepreg between 6 bleeder p i i e s of 120 glass cl o t h 
and 6 p i i e s of 181 glass and vacuum bag. 

2 Vacuun on part with heating rate of 1.2 to 3.3°C/min 
from 22 to 135°C. 

3 Hoid part under vacuum for 60 mi η at 135°C at 
ambient external pressure. 

4 Raise external pressure to 6.0 Kg/cm2 and release 
part vacuum at 2.0 Kg/cm2 external pressure. 

5 Raise temperature to 180°C at heating rate of 1. 2 to 
3.3°C per min. and hold 120 mi η at 180°C. 

6 Cool from 180°C to 65°C under 6.0 Kg/cm2 pressure 
with thermal gradient in part of less than 25°C. 

7 Remove vacuum bag and return unconstrained part f o r 
oven post cure at 180°C for 6 hr. 
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d u r a b i l i t y are summarized i n Table I I . D e t a i l s of the test 
methods are outlined in e a r l i e r reports (9-11). 

Results and Discussion 

In order to focus the discussion, the r e s u l t s of t h i s study 
are subgrouped under s p e c i f i c categories. 

Chemical Network Defects 

Continued development and appl i c a t i o n of the physiochemical 
analysis system outlined in the upper portion of Table II provide 
further insight into the chemical network defects which 1imit the 
environmental d u r a b i l i t f t 177°C (350°F) servic  c e i l i n
graphite-epoxy composites
chemical network structure g  Fig
being common to the graphite-epoxy composites studied i n t h i s 
program (9-11). 

The o r i g i n a l c h a r a c t e r i z a t i o n program of Table II has previ
ously been applied to uniaxial Type AS graphite f i b e r in 3501-5 
epoxy matrix and to Union Carbide T300 graphite f i b e r in f i b e r i t e 
934 epoxy matrix. The T300 in f i b e r i t e 934 epoxy matrix composite 
forms the primary skin structure of the cargo bay doors of the 
Space Shuttle Orbiter and thus i s exposed to the environmental 
regions of ambient t e r r e s t i a l exposure, space f l i g h t , and re-entry 
to earth atmosphere (12). By comparing these two reference com
posite material s with the T300 i n 5208 epoxy of t h i s study, a much 
clearer picture of the role of chemical structure defects on envi
ronmental d u r a b i l i t y i s established. 

The lower portion of Fig. 1 shows two c r o s s l i n k i n g reactions 
and chemical c r o s s l i n k structures. Current analysis shows that 
the epoxy can homopolymerize (c r o s s l i n k reaction 1) to form the 
c r o s s l i n k shown i n the lower l e f t of Fig. 1 (13, 14). Conversely, 
the co-reaction of epoxide with amine ( c r o s s l i n k reaction 2) pro
duces the c r o s s l i n k shown i n the lower r i g h t view of F i g . 1 (13, 
14). The data of Table III show that the matrix glass t r a n s i t i o n 
temperature Tg i s lowered and equilibrium moisture uptake i s i n 
creased by chemical compositions that favor reaction 1 over 
reaction 2 i n Fig. 1. The use of the BF 3 c a t a l y s t i s known to 
favor reaction 1 and to lower the temperature range for curing f or 
easy p r o c e s s a b i l i t y , as shown i n the DSC ( d i f f e r e n t i a l scanning 
calorimeter) thermograms of Fig. 2. 

In the curves of Fig. 2, the rate of chemical curing corre
lates d i r e c t l y with the amplitude dH/dt of heat release rate. 
Thermal polymerization of pure DGMDA epoxy requires very high 
temperature. Addition of 2% by weight c a t a l y s t i s shown to i n i 
t i a t e curing at r e l a t i v e l y low temperature. The co-reaction of 
DGMDA epoxy with DDS c i r a t i v e i s shown to i n i t i a t e and complete 
during at intermediate temperatures. The curves of Fig . 2 and 
data of Table III show that the network dominantly formed from 
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Table II 
Outline for Composite D u r a b i l i t y Characterization 

Part 1: Analysi s of Separated Fiber and Matrix 
l a . Obtain and separate uncured prepreg components 
l b . Analyze f i b e r and matrix surface energies 
l c . Analyze re s i n chemistry and curing mechani sm 
Id. Define curing k i n e t i c s and network structure 
l e . Analyze hydrothermal aging e f f e c t s on network 

structure 

Part 2: Analysi s of Composite Laminate Aging 
2a. Obtain composite laminates for aging studies 
2b. Measure k i n e t i c s of water d i f f u s i o n into composite 
2c. Determin

moisture content. 
Outline for Composite D u r a b i l i t y Characterization 

2d. Determine fracture energy versus moisture content 
2e. Measure dynamic mechanical (NDT) response versus 

moisture content 

Part 3: Data Analysis and NDT Methodology 
3a. Determine r e l a t i o n between strength degradation 

mechani sms and NDT methodology 
3b. Design NDT experiments and s t a t i s t i c a l analysis f o r 

tracking strength degradation 
3c. Define improved matrix and interface chemistries 

E f f e c t s of Chemical Composition on Tg(dry) and Moisture 
Uptake of Cured Resin (cured 5 hr at 188°C) 

Table I I I 

Composition (wt%) Tg(°C) 

Equil ibrium 
Moisture Uptake 
at 100°C 
Immersion (wt%) 

71 
29 

Epoxy (TGMDA) 
Curative (DDS) 249 5.5 - 6.0 

70 
28 
2 

98 
2 

100 

Epoxy (TGMDA) 
Curative (DDS) 
BF 3 Catalyst 
Epoxy (TGMDA) 
BF 3 Catalyst 
Epoxy 

228 5.5 - 6.0 

202 

198 
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Figur 2. DSC thermograms for reactions of known compositions: (ΦΧ pure 
TGMDA epoxy, (O) 71 wt % TGMDA epoxy + 219 wt % DDS curative, (A) 

epoxy + 2wt% BF3 catalyst 
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cure reaction 1 (see F i g . 1) can be expected to display lower 
environmental d u r a b i l i t y than that formed from reaction 2. 

Chemical Defects and Environmental Response 

The DSC thermograms f o r the commercial epoxy matrix material s 
are shown in Fig. 3. The low temperature i n i t i a t i o n of curing i n 
F i b e r i t e 934 and Hercules 3501-5 resins correlates with the BFo 
c a t a l y s t - a s s i s t e d reaction 1, shown in Figs. 1 and 2. NARMCO 5208 
shows a curing k i n e t i c s i n F i g . 3 which c l o s e l y correlates with 
reaction 2 of Figs. 1 and 2. The thermograms of Fig. 3 thus show 
that F i b e r i t e 934 and Hercules 3501-5 resins are more r e a d i l y 
cured at low temperatures than i s NARMCO 5208. The catalyzed 
reaction of epoxy group
shown by the curves of
s i t i o n damping peak at lower temperature than i n amine crosslinked 
NARMCO 5208 composite. The effect of exposure of these cured com
posites to moisture aging, followed by thermal scanning of damping 
properties, i s shown in Fig. 5. F i b e r i t e 934 and Hercules 3501-5 
resins soften and display onset of high damping at 150°C due to 
higher moisture s e n s i t i v i t y of t h e i r c r osslink networks as com
pared to NARMCO 5208 which re t a i n s low damping sol i d state 
response to 200°C. 

The curves of Figs. 3-5 f o r commercial epoxy re s i n s r e f l e c t 
the r e l a t i o n between chemical network composition, p r o c e s s a b i l i t y , 
and environmental d u r a b i l i t y , which are consistent with the two 
network reactions of Fig. 1 and the thermograms of Fig. 2 f o r 
known reaction mixtures. 

Methods of Chemical Characterization 

A knowledge of prepreg chemical properties i s now established 
as important information f o r q u a l i t y assurance and manufacturing 
process optimization. The summary for chemical c h a r a c t e r i z a t i o n 
of graphite-epoxy pregreg material s i s shown i n Table IV. The 
methodologies used are based on instrumental techniques and y i e l d 
q uantitative information concerning the physiochemical properties 
of the pregreg material (7_-9). For example, the higher level of 
free DDS curative i n NARMCO 5208 correlates with the lower degree 
of cure and higher heat of polymerization, as shown in the data 
summary of Table IV. The data of Table IV shows the importance of 
d i f f e r e n t i a t i o n between t o t a l DDS curat i v e , as measured by IR 
spectroscopy, and free amine, as measured by quantitative mole
cular separation using l i q u i d chromatography. The numeric i n f o r 
mation r e l a t i n g the chemical composition of the prepreg systems 
summarized in Table IV forms part of the materials and processes 
approach to chemical defects d e f i n i t i o n outlined i n e a r l i e r 
reports {J^9). 
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Figure 3. DSC thermograms for curing reactions of commercial epoxy matrix 
materials extracted from prepreg (DSC scan rate φ = 20° C/min): ( Q ) Fiberite 

934, (O) Hercules 3501-5, (A) Narmco 5208 

0 50 100 150 200 250 300 350 

Temperature ( ° C ) 

Figure 4. Rheovibion thermal scans for flexural damping in cured uniaxial rein
forced graphite—epoxy composite in the dry unaged condition: (O) Fiberite 

934/T300, (Π) Hercules 3501-5/AS, (A) Narmco 5208/T300 
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0 50 TOO 150 200 250 300 350 
Temperature ( ° C ) 

Figure 5. Rheovibion thermal scans of flexural damping in cured uniaxial rein
forced graphite-epoxy composite in the wet-aged condition: (O)Fiberite 934/ 

T300, (Π) Hercules 3501-5/AS, (A) Narmco 5208/T300 

Table IV 
Chemical Characterization of Graphite-Epoxy Prepreg Material s 

Reference Systems 

Epoxy Matrix 

Graphite Fiber 

% Total DDS Curative 
by IR Spectroscopy 

% Free DDS Curative 
by Liquid Chromatography 
Epoxide Equivalent 

Wt. % BF 3 Type Boron 

Relative Degree of 
Cure by Liquid 
Chromatography 

Heat of Polymerization 
by DSC (Cal/g polymer) 

Hercules 
3501-5 

Hercules 
Type AS 

29.2 

18.1 

205 

0.047 

22 

107 

F i b e r i t e 
934 

U. Carbide 
T300 

27.8 

14.5 

227 

0.022 

27 

107 

This Study 

NARMCO 
5208 

U. Carbide 
T300 

22.1 

17.8 

173 

.0005 

6.9 

140 
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Table V 

Environmental D u r a b i l i t y Characterization of Major 
177°C (350°F) Service Temperature Graphite 
Epoxy Composites (Standard Cure, Uniaxial) 

1. General 
Reference System 

Epoxy Matrix 

Graphite Fiber 

Fiber F i n i s h 

Post Cure Cycle 

Fiber Vol ume 
Fraction 

Hercul es 
3501-5 

Hercules 
Typ

Non

3 hr at 
188°C 

0.60 

F i b e r i t e 
934 

U. Carbide 
T300 

y
wt bisphenol-A 
epoxy 

2 hr at 
177°C 

0.60 

This Study 

NARMCO 
5208 

U. Carbide 
T300 

y
wt bisphenol-A 
epoxy 

6 hr at 
180°C 

0.60 

Surface Energies (dyn/cm) 
Uncured Matrix 

Cured matrix 

Fi ber 

Y d 30.9 ± 2.1 2 9 . 9 ± 2 . 4 2 9 . 2 ± 2 . 3 
γΡ 10 .1 ± 2 . 2 14.4 ± 2 . 9 13.4 + 2 .8 

Y d 2 8 . 8 ± 2 . 0 2 8 . 0 ± 2 . 2 2 8 . 5 ± 2 . 1 
γρ 12.4 ± 2 .1 14.5 ± 2.4 13 .2 ± 2 .3 

Y d 2 6 . 7 ± 3 . 0 2 4 . 4 ± 2 . 6 2 4 . 9 ± 2 . 6 
Y P 29 .9 ± 5 . 8 23.4 ± 3 . 8 25 .2 ± 3 . 8 

3 . 75°C Matrix Moisture Absorption 
Max. Ho0 Uptake 

fwt%) 6 . 50 6 .39 5 .84 

Diffusion C o e f f i c i e n t 
D R ( 1 0 _ a cm z/sec) 2 . 0 8 . 8 9 1 . 4 5 

4 . Dynamic Mechanical Damping (110 Hz, Flexure, Unaged) 
Alpha Transition (°C) 252 .0 258TÔ 282 .0 

tan 6 m a x , 110 Hz 

Range (V2tan <5max)(°C) 4 3 . 0 3 7 . 0 2 4 . 0 
tan 6 m a x

 a x 0 .13 0 .25 0.12 
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Table V (Continued) 
Environmental D u r a b i l i t y Characterization of Major 

177°C (350°F) Service Temperature Graphite 
Epoxy Composites (Standard Cure, Uniaxial) 

References System This Study 

5. 75°C Moisture Absorption C o e f f i c i e n t s ( D i = 10" 8 cm 2/sec) 
1st Cycle D i 1.30 0.53 0.76 

D o 0.44 0.20 0.38 
D 3 0.39 0.40 0.47 

2nd Cycle D i 3.9
Do 0.8
D 3 0.85 0.80 0.74 

ΰι = transfibrous surface, D̂  = transiaminar surface, 
D3 = interlaminar surface οτ uniaxial composite. 

6. Ultrasonic Response 23°C, 2.25 MHz, Longitudinal Wave 
Spatial Attenuation a L (neper/cm) 

Unaged, dry 3.80 4.75 5.37 
Aged, redried 4.82 6.20 5.17 

Wave Velocity Cj_ (km/s) 

Unaged, dry 3. 13 3. 13 3. 13 
Aged, redried 3.13 3.13 3.13 

7. 23°C Interlaminar Shear Strength D i s t r i b u t i o n s S=exp(-X/Xo)n 

m Ιηλ m Ιηλ m Ιηλ 
Unaged 7.60 6.73 11.2 6.37 15.0 6.61 
Aged, wet 3.90 6.46 10.0 6.13 16.2 6.52 
Aged, 3.90 6.46 10.2 6.52 12.2 6.63 

redried 

m 
0 

23°C Transfibrous Fracture Energy D i s t r i b u t i o n s S=exp(-Wu/W b o) 
m inW b o 

Imaged - 10.8 4.18 
Aged, wet - - - 17.0 4.23 
Aged, - - - - 14.1 4.33 

redried 
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E n v i r o n m e n t a l D u r a b i l i t y C h a r a c t e r i z a t i o n 

A c o m p r e h e n s i v e e n v i r o n m e n t a l d u r a b i l i t y c h a r a c t e r i z a t i o n f o r 
A S / 3 5 0 1 - 5 and T300/934 c o m p o s i t e s had been c a r r i e d o u t p r i o r t o 
t h i s s t u d y . T h e s e r e f e r e n c e r e s u l t s a r e compared i n T a b l e V w i t h 
d a t a on T 3 0 0 / 5 2 0 8 , w h i c h i s shown t o d i s p l a y l o w e r h y d r o t h e r m a l 
s e n s i t i v i t y . The t o t a l a n a l y s i s o f c o m p o s i t e r e s p o n s e d e p e n d s i n 
an i m p o r t a n t way on c h a r a c t e r i z a t i o n o f b u l k p h a s e s , bonded i n t e r 
f a c e s , and c o m p o s i t e s y s t e m r e s p o n s e . 

E i g h t c a t e g o r i e s o f i n f o r m a t i o n a r e i n t r o d u c e d i n T a b l e V. 
C a t e g o r y ( 1 ) d e s c r i b e s g e n e r a l p r o p e r t i e s o f t h r e e c o m p o s i t e s . 
C a t e g o r y (2) d e s c r i b e s t h e r e s u l t s o f s u r f a c e e n e r g y a n a l y s i s o f 
b o t h m a t r i x and r e i n f o r c i n g f i b e r s . C a t e g o r i e s ( 3 ) t h r o u g h ( 8 ) 
summari ze t h e r e s u l t s o
n o n d e s t r u c t i v e t e s t i n g

S u r f a c e e n e r g y a n a l y s i s has now been e x t e n s i v e l y a p p l i e d ( 1 1 , 
13) t o p r e d i c t t h e m o i s t u r e d e g r a d a t i o n o f t h e f i b e r - m a t r i x 
b o n d . A m o d i f i e d G r i f f i t h f r a c t u r e m e c h a n i c s r e l a t i o n w h i c h 
d e s c r i b e s t h e r a t i o o f c r i t i c a l f r a c t u r e s t r e s s i n a i r aQ ( a i r ) 
and w a t e r oQ ( w a t e r ) i s g i v e n as f o l l o w s (9^ 1 5 ) . 

f R 2 R 2 , l / 2 
0c(water) i R ( H 2 Q ) " V 

* c U i r ) ( R 2
( a i r ) - R 2

2 ) 1 / 2 

0 . 3 9 ( 1 ) 

R 2 = [ a 2 - 0.5 ( 0 ^ + a 3 ) ] 2 + + i ^ ) ] 2 ( 2 ) 

R 2 = 0 . 2 5 [(α χ - a 3 ) 2 + ( β χ - f ^ ) 2 ] ( 3 ) 

where 

a l » ^1 = s u r fjaçe,̂  pro per t j o f epoxy m a t r i x 
( Y I ^ ' S ( Y I P ) J 

a 3 , 3 3 = s u r J a ç ^ P r o P e ^ | ^ °f g r a p h i t e f i b e r 

α?, 3 o = s u r f a c e - p r o p e r t i e s o f i m m e r s i o n phase 
2 = (Y2 ) » { y z V ) i n 

when t h e s u r f a c e p r o p e r t i e s r e p o r t e d i n T a b l e V a r e i n t r o d u c e d 
i n t o E q s . (1) t h r o u g h (3) t h e p r e d i c t i o n o f a 61% s t r e n g t h r e d u c 
t i o n o f t h e f i b e r - m a t r i x i n t e r f a c e bond i s o b t a i n e d f o r a l l t h r e e 
c o m p o s i t e s . The m a g n i t u d e o f i n t e r n a l s t r e s s σγ normal t o t h e 
f i b e r s u r f a c e a t t h e f i b e r - m a t r i x i n t e r f a c e a t a m b i e n t t e m p e r a t u r e 
Τ c a n be e s t i m a t e d from t h e f o l l o w i n g r e l a t i o n ( 1 6 ) : 
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σ τ = α(Τ 0 - Τ)[Ε0 - a(T - T Q ) ] = 77.9 MNnf2 (11.3 K $ I ) ( 4 ) 

where 

α = temperature c o e f f i c i e n t of 1inear thermal expansion [a = 2.92 
10" b(°C" 1)], T 0 = reference temperature of zero s t r e s s , ( T 0 = 
177°C), E 0 = transverse Young's modulus ( E Q = 7.88 Gnm"^ =1143 
KSI), and a = dE/^j i s the thermal c o e f f i c i e n t of modulus change 
[a = 63. 6 MNnf1 = 5.13 Ksi (°F) - 1 which i s assumed constant 
between T Q and the f i n a l temperature Τ = 22°C. 

The combination of moisture degradation given by Eq. (1) com
bined with the high internal stress predicted by Eq. (4) explain 
many of the i r r e v e r s i b l e property changes due to moisture c y c l i n g 
shown in measurement categorie

Solution to the i n t e r f a c i a
c a l l y indicated by the surface energy diagram of Fig. 6. Both the 
epoxy and f i b e r surface properties, as shown i n F i g . 6, 1ie close 
to those of water. By s h i f t i n g these surface properties to a 
region of high a> 6.0(dyn/cm) 1 7^ and low 3< 1.5 (dyn/cm) 1'^ the 
theory stated by Eq. (3) predicts high interface bond strength in 
both a i r and water immersion. Equally important i s modification 
of the matrix network structure so that the present high bulk 
water absorption (Φ(ΗοΟ) = 5.8 to 6.5 wt %, see Table V.3) i n the 
matrix i s s u b s t a n t i a l l y decreased, to less than Φ(Η 20) < 1.0 wt %. 
This second modification r e l a t e s back to basic changes i n the 
chemical structures shown in Fig. 1 to minimize or eliminate polar 
groups which produce the moisture i n t e r a c t i o n s . Current analysis 
dealing with structure-property r e l a t i o n s in structural polymers 
are being developed to explore t h i s c r i t i c a l issue of optimized 
chemistry for hydrothermal r e s i s t a n t polymers. 

Nondestructive Eva!uation 

Dynamic mechanical response of graphite-epoxy composites as 
measured by the damping pro perties in the alpha (or glass) t r a n s i 
t i o n are quite s e n s i t i v e to matrix chemical structure, as shown i n 
Table V.4 and in the curves of Fig. 4. These properties are i r r e 
v e r s i b l y modified by moisture exposure, as shown by intercomparing 
the curves of Fig. 4 and Fig. 5. Moisture d i f f u s i o n analysis i s 
shown to be a s e n s i t i v e method f o r recognizing i r r e v e r s i b l e 
e f fects of moisture degradation, as shown in the data of 
Table V.5. A new methodology f o r moisture d i f f u s i o n analysi s has 
been recently developed (17), which provides a measure of the 
three p r i n c i p a l d i f f u s i o n c o e f f i c i e n t s f o r successive cycles of 
moi sture absorption and desorption. As shown i n Table V.5, the 
moisture absorption c o e f f i c i e n t s f o r d i f f u s i o n p a r a l l e l ( D ^ ) and 
transverse ( D 2 , D o ) to the f i b e r axis of the three graphite epoxy 
composites are s u b s t a n t i a l l y increased from f i r s t to second cycles 
of moisture absorption and desorption at 75°C. These increased 
values of D ^ , D 2 , and D3 f o r second cycle absorption r e s u l t from 
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POLAR β = ( γ Ρ ) 1 / 2 (dyn/cm) 

Figure 6. Griffith surface energy analysis of graphite epoxy composites (see 
Equation 3) 

1 1 1 1 

L ' . V - u 

ό cL = 3.13 

1 1 I i I 1 I I L_ 
0 400 800 1200 1600 

AGING TIME (hr) 

Figure 7. Effects of high-moisture aging (100° C water immersion) and redrying 
upon ultrasonic wave velocity cL and attenuation aL for T300 graphite fiber in 
(A, O) 934 epoxy matrix composite and in (A> · ) 5208 epoxy matrix composite; 

sound propagation normal to plys 
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microstructure degradation during the f i r s t cycle of moisture 
absorption. 

Measurement of ultrasonic properties, transverse to the f i b e r 
axis in a uniaxial composite for moisture aged and dried specimens 
shows, as summarized in Table V.6 and Fi g . 7, that ul t r a s o n i c wave 
v e l o c i t y , C|_, i s not influenced by prior moisture exposure. 
Extensions of these studies show that ultrasonic wave v e l o c i t y 
changes at 23°C can be correlated with moisture concentration i n 
the composite (11 ). This f i n d i n g can be u t i l i z e d to convert maps 
of ultrasonic wave v e l o c i t y to maps of mositure concentration. 

Conversely, the data of Table V.6 and the upper curves of 
Fig. 7 show that ultrasonic attenuation i s i r r e v e r s i b l y increased 
by p r i o r moisture exposure i n the T300/934 epoxy and remains es
s e n t i a l l y constant in T300/520
ultrasonic attenuation i
in recgnizing i r r e v e r s i b l e microstructure degradation. The com
bined ultrasonic mapping of both v e l o c i t y , C L and spat i a l atten
uation, cxj_ i s shown by these r e s u l t s to of f e r an important new 
tool for chemical defect analysi s and microstructure degradation 
in the three composites described in Table V. 

Strength D i s t r i b u t i o n Analysis 

The extension of standard strength t e s t i n g to measure the 
s t a t i s t i c a l d i s t r i b u t i o n s of composite strengths under varied 
hydrothermal aging i s shown in the r e s u l t s summarized i n Table V.7 
and Fig. 8 and 9. These strengths are measured in conjunction 
with quantitative NDE to provide c o r r e l a t i o n s between fracture and 
physical responses. A special statement of the Weibul1 (or ex
treme value) method of s t a t i s t i c a l evaluation for shear strength, 
λ, i s given by the following r e l a t i o n (11, 18): 

S = exp (-X/X 0) m V (5) 

where S i s the p r o b a b i l i t y of s u r v i v a l , and V = 1.0 i s the nor
mal ized volume for uniform shear loading. The Weibul1 parameters, 
λ , and m are evaluated by taking logarithms of Eq. (5) to provide 
the f o l lowing l i n e a r r e l a t i o n (11, 18): 

ln(-*n S) = m[lnX - In X Q] (6) 

with slope m and intercept λ = XQ when S = e" 1 = 0.37. The test 
r e s u l t s shown in Figs. 8 and 9 are arranged s e r i a l l y j = 1, 
2,...N i n increasing order of λ, and the survival probabil i t y i s 
defined as follows (11, 18): 

S = l . F = l - U - 0 - 5 ° } ( ? ) 
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Figure 8. Survival probability (S) vs. interfominar shear strength λ for graphite 
T300 fiber in 5208 epoxy matrix; interhminar: (O) dry unaged, (0) aged 2000 

hr in 100°C H20, (A) aged 2000 hr in 100°C H20 and dried at 100°C 
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Figure 9. Weibull plots of interhminar shear strength data for graphite T300 
fiber in 5208 epoxy matrix; interhminar: (O) dry unaged, (0) aged 2000 hr in 

100°C H20, (A) aged 2000 hr in 100°C H2Q and dried at 100°C 
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where F i s f a i l u r e p r o b a b i l i t y and Ν i s the number of observa
t i o n s . The data of Table V.7 summarizes the ef f e c t s of hydro-
thermal aging on the d i s t r i b u t i o n s of interlaminar shear strengths 
at 23°C. 

Inspection of Table V.7 shows that Hercules AS/3501-5 com
posite d i s p i ays the 1argest loss in strength response on wet aging 
and the lowest strength recovery on redrying. The T300/508 com
posite characterized by t h i s study i s shown by the curves of Figs. 
8 and 9 and data summary of Tabl e V. 7 to suffer the lowest 
strength loss on wet aging and highest strength recovery on 
redrying. The high environmental d u r a b i l i t y demonstrated for the 
shear strength d i s t r i b u t i o n of T300/5208 epoxy i s consistent with 
expectations derived from chemical a n a l y s i s , network structure, 
and nondestructive characterizatio
systems, as e a r l i e r discussio

Fracture Toughness Analysis 

A n a l y t i c modeling predicts and experimental studies v e r i f y 
(19, 20) that lowering of interlaminar shear strength, λ, as a 
r e s u l t of environmental degradation should increase the trans-
fibrous fracture energy Wu. The additional degradation r e l a t e d 
contributions to Wb are the r e s u l t of more extensive f i b e r 
debonding and added energy d i s s i p a t i o n due to f i b e r pull out at 
the crack t i p (9_). In order to test these predictions f o r T300 
graphite in 5208 epoxy, a special study of hydrothermal aging on 
f r a c t u r e , which used specimen geometries and test methods 
described previously (20), was undertaken. The experimental 
r e s u l t s are graphed in plots of survival p r o b a b i l i t y , S, versus 
fracture energy, Wb in Fig. 10 for three hydrothermal exposure 
hi s t o r i e s . These data can be analyzed for t h e i r Weibul1 d i s t r i 
bution of fracture energies by the following r e l a t i o n : 

S = exp(-W b/W b 0) m V (8) 

where Wb i s fracture energy, V = 1.0 i s the normalized volume for 
f r a c t u r e damage, and WuQ and m are Wei b u l l parameters. The 1inear 
least squares f i t of the experimental data (see Fig. 10) to the 
logarithmic form of Eq. (8) provides the Wei b u l l parameters for 
fracture energy tabulated in Table V.8. It i s evident that hydro-
thermal aging, which s h i f t s the d i s t r i b u t i o n of shear strengths λ 
to lower values in T300/5208 composite, produces the predicted 
upward s h i f t in the d i s t r i b u t i o n of fracture energies, Wb, f o r 
aged wet specimens tested at 23°C. It i s i n t e r e s t i n g to note, 
however, that redrying produces a further upward s h i f t in the d i s 
t r i b u t i o n of fracture energies, Wb (see Fig. 10), while the shear 
strength d i s t r i b u t i o n , λ (see Fig. 8), i s restored to values 
s i m i l a r to unaged composite. 
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Summary and Conclusions 

Results summarized under t h i s study show that both chemical 
network (see Fig. 1) and manufacturing defects ( voids, del ami na
t i o n s , etc.) produce concurrent and i n t e r a c t i v e degradation of 
composite microstructure and strength. Rational approaches to 
improved composite design of repair procedures can benefit by 
u t i l i z a t i o n of the outline for composite d u r a b i l i t y c h a r a c t e r i 
zation summarized i n Table II and detailed i n the data summary of 
Table V. The detailed o u t l i n e presented in Table I represents a 
spe c i a l i z e d a p p l i c a t i o n of a general technical approach for 
polymer composite r e l i a b i l i t y studies defined by the block diagram 
of F i g . 11. 

The systematic organizatio
as shown in Fig. 11, provide
cable to many s p e c i f i c problem areas involving both polymers and 
composites. The technical program outlined in Fig. 11 and 
u t i l i z e d in t h i s study encompasses matrix chemistry and bulk 
properties, i n t e r f a c i a l bonding mechanisms, composite environ
mental response, and fracture mechanics. The special organization 
of c a p a b i l i t i e s in Fig. 11 moves from macro to micro response by 
following the upward directed arrows and from material s to 
composite system response in moving from l e f t to r i g h t . The 
over a l l output of t h i s approach i s the decomposition of the 
composite r e l i a b i l i t y analysis into fundamental mechanistic 
constituents and methodologies f o r detection and correction (9_). 

The following detailed conclusions have been derived from t h i s 
st udy: 

1. The pr o c e s s a b i l i t y and environmental d u r a b i l i t y of three 
state-of-the-art 177°C (350°F) service temperatue graphite epoxy 
composites can be d i r e c t l y correlated with chemical composition 
and cr o s s l i n k network structure of the epoxy matrix. 

2. Analytic methods for determining chemical composition and 
state of cure i n graphite epoxy prepregs have been established and 
are suitable for production c o n t r o l . 

3. A comprehensive environmental d u r a b i l i t y c h aracterization 
of each composite type c l a r i f i e s the separate r o l e s of matrix 
rheology and interface bonding in composite d u r a b i l i t y . 

4. The low strength loss under hydrothermal aging and high 
( e s s e n t i a l l y 100%) strength recovery of T300 graphite in 5208 
epoxy composite i s traceable to chemical structure and curing 
mechanism. 

5. I r r e v e r s i b l e interlaminar shear strength degradation due 
to hydrothermal aging can be detected nondestructively by 
increased values of transiaminar ultrasonic signal attenuation. 

6. Ultrasonic v e l o c i t y perpendicular to the f i b e r provides a 
di r e c t measure of current moisture content and i s i n s e n s i t i v e to 
micrstructure damage due to hydrothermal aging in the three 
composites studied. 
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Figure 10. Survival probability (S) vs. transfibrous fracture energy WF for 
graphite T300 in 5208 epoxy matrix: (O) dry unaged, (0) aged 2000 hr in 100°C 
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Figure 11. Technical approach for characterizing polymer composite reliability. 
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7. The Weibul 1 d i s t r i b u t i o n s of interlaminar shear strength 
and transfibrous fracture energy provide quantitative analysis of 
environmental d u r a b i l i t y i n terms useful to a design engineer 
concerned with high survival p r o b a b i l i t y and long term d u r a b i l i t y . 
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Abstract 

Hydrothermal exposure (combined high moisture and temperature) 
of graphite f i b e r reinforced epoxy matrix composites can produce 
irreversible reduction in shear strength and modify the Weibull 
distribution for survival probabilities. Nondestructive analysis 
of moisture diffusion k i n e t i c s and ultrasonic response shows that 
strength degradation is dominated by matrix bulk properties. 
Ultrasonic 2.25 MHz wave velocity is sensitive to current moisture 
content, while acoustic attenuation transverse to f i b e r s corre
l a t e s with microcracking as indicated by diffusion k i n e t i c s and 
irreversible shear strength l o s s . Comparative chemical analysis 
of two catalytically cured graphite-epoxy composites and an aro
matic amine cured epoxy matrix clearly shows that curing mecha
nisms and epoxy network structure influence thermal response and 
environmental durability. The development of a systematic program 
for composite durability c h a r a c t e r i z a t i o n which encompasses matrix 
chemistry and bulk properties, interfacial bonding mechanisms, 
composite environmental response, and fracture mechanics is 
demonstrated. 
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Moisture Diffusion and Microdamage in Composites 

CHUK L. LEUNG and DAVID H. KAELBLE 

R o c k w e l l International Science Center , T h o u s a n d Oaks , CA 91360 

Because of their favorable performanc  characteristics, ad
vanced composites u s i n
ment are increasingly b e i n
tures in aerospace applications. There has been much c o n c e r n , 
however, about the extent and mechanisms of strength degradation 
of these composites when exposed to moisture for l o n g periods o f 
time . Moreover, a logic is needed for damage analysis and re
pair of composite laminates, wherein the quality and environ
mental durability of the composites are to be quantified through 
the t e c h n i q u e s of hydro t h e r m a l stress analysis. T h i s analysis 
will also p r o v i d e guidance for the mech a n i c a l requirements for 
composite reliability and material replacement o r repair due to 
temperature/moisture l o a d s . 

Theory 

Analytical Profilometry M o d e l i n g . A method for d e t e r m i n i n g 
the depth/concentration profile of moisture in a composite is 
discussed in terms of mathematical analysis and experiment. 
This new methodology is termed m o i s t u r e profilometry. The ex
periment involves heating of the composite to a desired control 
temperature, f o l l o w e d by measurement of the r a t e of m o i s t u r e 
e f f u s i o n as a f u n c t i o n of time. The a n a l y t i c a l problem i s then 
to determine the i n i t i a l d i s t r i b u t i o n of water, i . e . , the con
c e n t r a t i o n c Q ( x ) = c(x,o) as a f u n c t i o n of χ (where χ i s the 
d i s t a n c e i n t o the t h i c k n e s s of the c o m p o s i t e ) , from t he subse
quent h i s t o r y of e f f u s i o n r a t e measurements. The attempt t o 
t r e a t t h i s as a d e t e r m i n i s t i c problem l e a d s t o d i f f i c u l t i e s . 
One of these d i f f i c u l t i e s i s a s s o c i a t e d w i t h the i n e v i t a b l e i n 
completeness of the e x p e r i m e n t a l d a t a , namely, any r e a l e x p e r i 
ments, can y i e l d o n l y a f i n i t e s e t of numbers. A p a r t i c u l a r l y 
c o nvenient way i s t o a p p l y s t a t i s t i c a l e s t i m a t i o n t h e o r y t o t h e 
a n a l y s i s . 
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SOLN OF 
DIFFUSION 
EQUATION 

ESTIMATOR ESTIMATOR ESTIMATOR ESTIMATOR 

1 t 
! ! 
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c-i - CONCENTRATION OF WATER IN THE COMPOSITE CORRESPONDING 
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Figure I. Schematic of the estimation process 
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The inverse-diffusion system i s i l l u s t r a t e d i n more explic
i t form i n Fig. 1. The material i s assumed to be a rectangular 
block of polymeric material occupying a region of space defined 
by the inequalities 

0 < χ < L x 

0 < χ < L (1) 
0 « χ < Vz 

where x, y, ζ are the usual Cartesian coordinates. It i s also 
assumed that the material i s homogeneous but anisotropic, with 
the p r i n c i p a l axes of the diffusion tensor p a r a l l e l to the co
ordinate axes. The p r i n c i p a l values of the d i f f u s i o n tensor are 
denoted by ϋ χ , D y and D  The i n i t i a l concentration i s assumed 
to depend only on x, i . e .

C(x,y,z, t - o) = c 0(x) . (2) 

It i s further assumed that the measurements involve the t o t a l 
d i f f u s i o n rate from the entire surface at a s p e c i f i c set of 
later times. The inversion problem therefore involves a theo
r e t i c a l solution of the above diffusion problem with an a r b i 
trary c Q(x) and dry boundary conditions (cj_ = o). The solution 
i s given by Richardson.— The matrix L m n shown i n Figure 1 i s 
then used to obtain from the measured J (the t o t a l d i f f u s i o n 

<\ m 
rate) at times t f f i, estimates a n of the coefficients of 
sin(nirx/L x), i . e . , 

Ν ηχ ΤΓ 

c o(x) - C l + ^ a n s i n f ^ . (3) 
1 x 

This process of going from the J m obtained from experimental 
measurements to the estimates a n i s incorporated i n the box 
labelled "estimator" i n Figure 1. The f i n a l result of the en
t i r e estimation process i s presented as a plot of the o r i g i n a l 
moisture concentration at time t = ο on the ordinate and the 
depth of moisture penetration the abscissa. 

To establish the v a l i d i t y and accuracy of the estimator, 
called the Inverse Diffusion Solution, a Direct Model i s de-
veloped;-=- this i s based on a numerical solution of Fickian 
diffusion equation. The Direct Model gives data for: 

(a) Moisture p r o f i l e at any specified time, 
(b) Moisture diffusion rate at each time i n t e r v a l , 
(c) Moisture content at each time i n t e r v a l . 

Theoretical moisture effusion rates obtained from the 
Direct Model, item (b), can therefore be analyzed by the Inverse 
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Diffusion Model, yielding moisture p r o f i l e s which should corre
late to those generated d i r e c t l y from Fick's Law, item (a), thus 
validating the Inverse Diffusion Model. 

The Moisture Program. A computer program developed by Shen 
and Springeri computes, by f i n i t e difference method, the mois
ture d i s t r i b u t i o n within each layer of a multi-layered composite 
material. For each layer, the following parameters are supplied 
to the program as input variables: 

(a) density 
(b) thermal conductivity 
(c) boundary condition c o e f f i c i e n t s 
(d) Arrhenius-typ  diffusio  coefficient
(f) temperature
(g) cycling of T'/R.H  specifie  ( f )

The output of the program consists of: 

(a) o r i g i n a l input data 
(b) moisture d i s t r i b u t i o n for each time int e r v a l ; the 

average moisture concentration for each layer 
(c) i f the number of cycles or number of hydration/ 

dehydration steps within each cycle i s greater than 
one, the moisture concentration i s of course addi
t i v e , so that each l i n e of output r e f l e c t s the accum
ulated moisture d i s t r i b u t i o n within the sample. 

The Stress Analysis Program. This computer program was 
o r i g i n a l l y developed by the Los Angeles Division of Rockwell 
I n t e r n a t i o n a l I t calculates: 

(a) the laminate f l e x u r a l and extensional constants when 
treated as a set of laminae or as an orthotropic 
homogeneous material, 

(b) the stress, s t r a i n and margins of safety for pre
scribed layers, given the external load. These ex
ternal loads being i n plane, rotational, and trans
verse as well as temperature d i f f e r e n t i a l within each 
lamina· 

The output of the program gives the layer-by-layer stress 
analysis of shear load (Q), extensional load (σ) both i n the 
laminae (σ τ, σ^, σ^ τ) and i n the laminate (σ χ, σ , σ ) · The 
margins of safety for the f i b e r and matrix material for each 
layer are also calculated. 

The Moisture-Stress Program. The combination Of the 
Moisture Program i n Paragraph 2 and the Stress Analysis Program 
i n Paragraph 3 would therefore give the effect of stress-strain 
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f o r c e s due to m o i s t u r e a b s o r p t i o n on the performance and r e l i a 
b i l i t y of the composite when an e x t e r n a l l o a d i s imposed on t h e 
composite. T h i s s h o u l d be a v a l u a b l e t o o l t o a d e s i g n engineer 
when working w i t h composite m a t e r i a l s . 

C o n s i d e r a m a t e r i a l s u b j e c t e d t o a s t r e s s , σ^, a t a temper
a t u r e , T, and m o i s t u r e c o n c e n t r a t i o n , H. The t o t a l s t r a i n on 
the m a t e r i a l i s then the sum of the mechanical (ε ) and non-
mech a n i c a l s t r a i n s ( ε Ν): 

B± = £ i + £ i 9 ( i = 1» 2* 6 ) * ( 4 ) 

The m e c h a n i c a l s t r a i n i n Eq. (4) i s , a c c o r d i n g t o l a m i n a t i o n 
t h e o r y , 

£ i = S i j ( T , H ) 0 j ( 5 ) 

where S4 . i s the compliance. The nonmechanical s t r a i n i s 
i l Γ ψ υ d i v i d e d i n t o t h e r m a l , ε χ, and s w e l l i n g due t o m o i s t u r e , ε : 

ε® - ε* (Τ) + ε® (Η) (6) 

Assuming t r a n s v e r s e i s o t r o p y w i t h the a x i s of symmetry i n 
the l o n g i t u d i n a l d i r e c t i o n , the nonmechanical s t r a i n s of t h e 
composite a r e : 

^ - (V Ε ε Ν
τ + V. Ε_ ε^τ ) / (V Ε .+ V, Ε,_ ) L m mL mL f f L f L m mL f f L 

and (7) 

Ν Ν Ν Ν Ν 
ε Τ - \ EmT + V f £ f T

 + Vm ν
Λ Τ

 β Λ + V f VfLT E f L 

~i (Vm V T + V f V £ L T > ( 8 ) 

where V = volume f r a c t i o n 
m = m a t r i x 
f = f i b e r 
Ε « modulus 
ν = P o i s s o n ' s r a t i o 

I t has been shown t h a t f o r e p o x i e s , s w e l l i n g i n c r e a s e s p r o 
p o r t i o n a l l y t o the a d d i t i o n s of m o i s t u r e c o n t e n t . The p r o p o r 
t i o n a l i t y c o n s t a n t , c a l l e d c o e f f i c i e n t of h y g r o s c o p i c e x p a n s i o n , 
i s a p p r o x i m a t e l y e q u a l t o the s p e c i f i c g r a v i t y of t h e e p o x i e s , 
S m, i n d i c a t i n g volume dependence. Thus f o r the epoxy m a t r i x , 
due t o i t s i s o t r o p y , 
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M o i s t u r e a b s g r p t i o n i n the f i b e r s i s assumed t o be n e g l i 
g i b l e and so i s ε i n Eq. ( 8 ) . T h e r e f o r e , Eq. (8) becomes 

ε Η = ε Ε + ν ε Η (10) Τ mT mLT mL ν ; 

p e r u n i t volume. S u b s t i t u t i o n of Eq. (9) i n t o Eq. (10) 
generates the t r a n s v e r s e s w e l l i n g s t r a i n of the composite, 

•a 1 + \ 
e m = ô S H · ( I D l J m 

The t o t a l s t r a i n i s t h e r e f o r
s t r a i n due t o t h e r m a l e x p a n s i o n
t i o n , Eq. (6) becomes 

1 + ν 
ε τ = 3

 m S m Η + α χ ΔΤ (12) 

where i s the c o e f f i c i e n t of thermal expansion i n the t r a n s 
v e r s e d i r e c t i o n and ΔΤ i s the temperature d i f f e r e n t i a l from room 
temperature. The s t r a i n of the l o n g i t u d i n a l d i r e c t i o n , o t h e r 
than t h a t due t o the e x t e r n a l l o a d , i s 

£ L = °ί Δ Τ (13) 

s i n c e s w e l l i n g i s assumed n e g l i g i b l e i n the l o n g i t u d i n a l 
d i r e c t i o n . 

The a d d i t i o n of the S t r e s s A n a l y s i s Program i n t o the 
M o i s t u r e Program t h e r e f o r e c a l c u l a t e s the h y d r o t h e r m a l s t r e s s i n 
each p l y of the composite. The most l i k e l y l o c a t i o n f o r p l y 
f a i l u r e can be p r e d i c t e d when the h y d r o t h e r m a l s t r e s s of each 
p l y i s compared w i t h the a l l o w e d s t r e s s d e s i g n a t e d by the 
d e s i g n e r and the margins of s a f e t y . 

Procedures 
1 2 

A n a l y t i c a l m o d e l i n g ^ ' — was a c h i e v e d and coded i n t o computer 
programs t o generate the m o i s t u r e depth p r o f i l e s w i t h i n a com
p o s i t e by measuring the m o i s t u r e e f f u s i o n r a t e s and then sub
j e c t i n g the d a t a t o a s t a t i s t i c a l e s t i m a t i o n a n a l y s i s ; t h i s en
a b l e d the depth c o n c e n t r a t i o n s of m o i s t u r e a t time t=0 t o be 
c a l c u l a t e d . The a c c u r a c y of t h i s i n v e r s i o n t e c h n i q u e was v e r i 
f i e d by a s e p a r a t e program which generates the m o i s t u r e depth 
p r o f i l e through an a n a l y s i s of d i f f u s i o n w i t h a r b i t r a r y boundary 
c o n c e n t r a t i o n s based on F i c k i a n d i f f u s i o n k i n e t i c s . 
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A h y d r o t h e m a l s t r e s s a n a l y s i s program, based on Shen and 
S p r i n g e r ' s — M o i s t u r e Program as w e l l as the P o i n t S t r e s s 
A n a l y s i s Program developed by R o c k w e l l I n t e r n a t i o n a l , was de
v e l o p e d . I t c a l c u l a t e s the e f f e c t of m o i s t u r e s w e l l i n g on t h e 
mech a n i c a l p r o p e r t i e s and the r e l i a b i l i t y of the m u l t i d i r e c 
t i o n a l f i b r o u s composites. 

R e s u l t s and D i s c u s s i o n 

The i n f l u e n c e of the the r m a l / m o i s t u r e environment on the 
be h a v i o r and performance of composite m a t e r i a l s i s complex and 
im p o r t a n t . F i r s t , the a b s o r p t i o n of m o i s t u r e has been shown t o 
lower the Tg of the p o l y m e r i c m a t r i x , thus d i m i n i s h i n g t he 
m a t r i x - i n f l u e n c e d p r o p e r t i e f th  composit t e l e v a t e d tem
p e r a t u r e s . Second, m o i s t u r
r e s u l t s i n the s w e l l i n g  composite g
r e s t r a i n e d i n the f i b e r d i r e c t i o n , s i g n i f i c a n t i n t e r n a l s t r e s s 
i s developed i n the m u l t i d i r e c t i o n a l l a m i n a t e by m o i s t u r e 
a b s o r p t i o n . 

A s e r i e s of the p r o f i l e s generated by the e s t i m a t i o n p r o 
cess a r e compared a g a i n s t the p r o f i l e s from a d i r e c t F i c k i a n 
s o l u t i o n , as shown i n F i g s . 2 and 3. These specimens were a s 
sumed t o be c o m p l e t e l y s a t u r a t e d w i t h m o i s t u r e p r i o r t o e f f u s i o n 
measurements and the m o i s t u r e p r o f i l e s were c a l c u l a t e d a t times 
of 20 and 100 minutes a f t e r e f f u s i o n had s t a r t e d . 

A much more severe t e s t of the e s t i m a t o r i s f o r the case of 
v a r y i n g boundary c o n c e n t r a t i o n s , i n which case the h y p o t h e t i c a l 
specimen was p a r t i a l l y s a t u r a t e d , removed from m o i s t u r e and the 
mo i s t u r e p e n e t r a t i o n mapped a f t e r v a r i o u s l e n g t h s of d r y i n g 
t i m e s . A n a l y t i c a l s o l u t i o n s of m o i s t u r e p r o f i l e s s o l v e d f o r 20 
and 100 minutes of a b s o r p t i o n and v a r i o u s d r y i n g times a r e shown 
i n F i g s . 4 and 5. 

S e v e r a l i m o r t a n t c o n c l u s i o n s can be drawn from the r e s u l t s 
shown i n F i g s . 2-5. In each c a s e , t h e r e i s e x c e l l e n t agreement 
between the d i r e c t F i c k i a n s o l u t i o n and the i n v e r s e e s t i m a t o r 
s o l u t i o n , thus v a l i d a t i n g t he E s t i m a t o r model. P a r t i c u l a r l y f o r 
F i g s . 4 and 5, which show t h a t a f t e r d e h y d r a t i o n has begun, a 
r i d g e of h i g h m o i s t u r e c o n t e n t i s p r e s e n t immediately beneath 
the d r y s u r f a c e . I t i s e n t i r e l y f e a s i b l e t h a t d i f f e r e n t s t a t e s 
of s t r e s s e x i s t t o the r i g h t ( i n t o the sample c o r e ) and t o t h e 
l e f t ( t o the s u r f a c e ) of the r i d g e of water beneath the s u r 
f a c e . I f a th e r m a l s p i k e i s a p p l i e d t o the composite a t t h i s 
t i m e , f o r example d u r i n g a s u p e r s o n i c dash of an a i r c r a f t , the 
d i f f e r e n t s t r e s s s t a t e s can cause m i c r o c r a c k s o r d e l a m i n a t i o n s 
beneath the s u r f a c e of the composite. 
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20 MINUTES DESORPTION 

X/L 

Figure 2, Moisture profile via analytical modeling of a fully saturated composite 
after 20 min desorption: ( ) direct Fickian solution, ( ) estimator inverse 

solution 

1 0 0 MINUTES DESORPTION 

Figure 3. Moisture profile via analytical modeling of a fully saturated composite 
after 100 min desorption: ( ) direct Fickian solution, ( ) estimator inverse 

solution 
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20 MINUTES ABSORPTION 

11 • 

0.9 -

0.8 -

X/L 

Figure 4. Analytical moisture profile of partially saturated composite after 20 
min absorption: ( ) direct Fickian solution, ( ) estimator inverse solution 

Figure 5. Analytical moisture profile of partially saturated composite after 100 
min absorption: ( ) direct Fickian solution, ( ) estimator inverse solution 
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1 START I • 
I n p u t ACTIO V a r i a b l e s 

N o r m a l i z e I n i t i a l C o n c e n t r a t i o n 
And A s s i g n I n i t i a l C o u n t i n g 

V a r i a b l e s 

• 

\ P r i n t o u t o f I n p u t / 

Input AC3 V a r i a b l e s 
C a l c u l a t e L o c a t i o n 

o f M i d d l e L a y e r 

\ 
\ P r i n t o u t o f I n p u t / 

X V a r i a b l e s f o r A C 3 / 

C a l c u l a t i o n f r o m ACTIO o f M o i s t u r e 
C o n c e n t r a t i o n i n Each L a y e r 

f o r One Time I n t e r v a l 

\ P r i n t o u t o f M o i s t u r e C o n c e n t r a t i o n / 
Ny and D i s t r i b u t i o n i n Each L a y e r / 

\ 
A s s i g n t h e A v e r a g e M o i s t u r e 

C o n c e n t r a t i o n i n Each L a y e r t o t h e 
C o r r e s p o n d i n g L a y e r i n AC3 

C a l c u l a t i o n o f AC3 f o r Q-,-j; 
A , Β and D M a t r i c e s ; L a m i n a t e M o d u l i ; 

| A x i a l F o r c e s due t o H y d r o t h e r m a l G r a d i e n t s ; 
AxiaT L o a d s , M a r g i n s o f S a f e t y , e t c . 

Figure 6. Flowchart of Hydrothermal Stress Analysis Program 
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The h y drothermal s t r e s s a n a l y s i s program i s t h e r e f o r e 
developed as a p r e d i c t i v e methodology i n composite d e s i g n . The 
most l i k e l y l o c a t i o n f o r p l y f a i l u r e can be p r e d i c t e d when the 
h y d r o t h e r m a l s t r e s s of each p l y i s compared w i t h the maximum 
a l l o w a b l e s t r e s s / s t r a i n parameters chosen by the e n g i n e e r , t h e 
margins of s a f e t y . 

F i g u r e 6 shows the f l o w c h a r t f o r the a d d i t i o n of the 
M o i s t u r e Program ( d e s i g n a t e d AC110) i n t o the S t r e s s A n a l y s i s 
Program ( d e s i g n a t e d AC3). In AC110, the i n p u t v a r i a b l e s 
i n c l u d e : the number of l a y e r s i n the l a m i n a t e ; whether i t i s 
i n s u l a t e d a t one or both s i d e s ; the i n i t i a l m o i s t u r e c o n c e n t r a 
t i o n d i s t r i b u t i o n ; and the t h i c k n e s s , t h e r m a l c o n d u c t i v i t y , 
d e n s i t y , and d i f f u s i o n c o e f f i c i e n f h lamin  i  th
p o s i t e . In the AC3 program
p e r t i n e n t m e c h a n i c a l p r o p e r t i e
Young's modulus, P o i s s o n ' s r a t i o , c o e f f i c i e n t s of t h e r m a l and 
m o i s t u r e e x p a n s i o n s , the a x i a l and r o t a t i o n a l s t r a i n s , the a x i a l 
and shear l o a d s , temperature d i f f e r e n t i a l among the l a m i n a e , t h e 
a p p l i e d s t r e s s , and the a l l o w a b l e s t r a i n and s t r e s s of each 
l a m i n a . 

For a h y p o t h e t i c a l 8-ply composite of f i b e r o r i e n t a t i o n 
(0/±45/90) g, which had undergone a complete e n v i r o n m e n t a l tem
p e r a t u r e / m o i s t u r e c y c l e as shown i n F i g . 7, the m o i s t u r e d i s t r i 
b u t i o n i n the composite c a l c u l a t e d by the AC110 program i s shown 
i n F i g . 8. T h i s d i s t r i b u t i o n p r o f i l e bears a c l o s e resemblance 
to t h a t shown i n F i g s . 4 and 5 i n t h a t , d u r i n g d e h y d r a t i o n , the 
n e a r - s u r f a c e m o i s t u r e c o n c e n t r a t i o n i s h i g h e r than t h a t near the 
core of the sample. 

When the composite sample i s s u b j e c t e d to an e x t e n s i o n a l 
l o a d of 2000 l b / i n d u r i n g the e n v i r o n m e n t a l c y c l i n g , d i f f e r e n t 
l e v e l s of s t r e s s e x i s t w i t h i n the composite. The s t r e s s d i s 
t r i b u t i o n as c a l c u l a t e d by the h y d r o t h e r m a l s t r e s s program, i s 
shown i n F i g s . 9-11. The x,y and x-y components of the s t r e s s 
w i t h i n the i n i t i a l l y d ry sample a r e shown i n F i g s . 9A, 10A and 
11A, r e s p e c t i v e l y . D u r i n g each e n v i r o n m e n t a l c y c l e , the com
p u t e r code i s a b l e t o f o l l o w the m o i s t u r e and s t r e s s d i s t r i b u 
t i o n s w i t h i n each p l y , as shown by F i g s . 9B t o Ε, 10B t o Ε and 
11B t o E. The most prominent r e s u l t from h y d r o t h e r m a l e f f e c t i s 
shown i n F i g s . 10B t o E, which d e s c r i b e s the y component of the 
t o t a l s t r e s s i n the l a m i n a t e . Due t o the f a c t t h a t (1) the 
outermost p l y has the h i g h e s t m o i s t u r e content and (2) s w e l l i n g 
o c c u rs o n l y i n the d i r e c t i o n t r a n s v e r s e t o f i b e r o r i e n t a t i o n , 
the f i r s t p l y and f o u r t h p l y undergo r a p i d s t r e s s f l u c t u a t i o n as 
m o i s t u r e goes i n t o and out of the l a m i n a t e . I t i s because of 
these d i f f e r e n t types and l e v e l s of s t r e s s t h a t m i c r o c r a c k s and 
d e l a m i n a t i o n s w i t h i n a composite are produced. 
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% RH 

Figure 7. Environmental conditions of 1 cycle 

Figure 8. Moisture distribution from Hydrothermal Stress Analysis Program 
after 1 cycle: (A) interval 1;(B) interval 2;(C) interval 3; (D) interval 4 
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Figure 9. Stress distribution of composite in x-direction: (A) dry sample; (B) 
cycle 1; (C) cycle 2;(D) cycle 3; (E) cycle 4 
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Figure 10. Stress distribution of composite in y-direction: (A) dry sample; (B) 
cycle 1; (C) cycle 2; (D) cycle 3; (E) cycle 4 
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Figure 11. Stress distribution of composite in xy-direction: (A) dry sample 
cycle 1; (C) cycle 2; (D) cycle 3; (E) cycle 4 
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Conclusion 

It has been shown that moisture effusion measurements can 
be used as an effec t i v e methodology i n nondestructive evaluation 
of moisture penetration i n fibrous composites. It has also been 
shown that hydrothermal stress analysis can be used to predict 
the performance of a composite laminate, whether i n component 
design or repair circumstances, as a part of computer-aided-
design (CAD) c a p a b i l i t i e s . 
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Self-Stress-Enhanced Water Migration in Composites 

N. R. FARRAR1 and K. H. G. ASHBEE 

H. H. Willis Physics Laboratory, Royal Fort, Tyndall Avenue, 
Bristol BS8 1TL, England 

The resin swelling that
reinforced plastics is strongly
between three closely packed fibres ( F i g u r e 1A) would, if uncon
strained by the presence of the fibres, undergo t h e shape change 
illustrated in Figure 1(B). The concentration of water reaches 
saturation in the resin a d j a c e n t to the external s u r f a c e and a 
well defined region o f saturated swelling b e g i n s to move inwards 
as indicated in Figure 1(c). However, the resin is not free to 
adopt t h e s e shape changes because of fibre constraint and, as a 
result, the swollen resin e x p e r i e n c e s compression and, c o r r e s p o n d 
ingly, the unswollen resin e x p e r i e n c e s tension. These m e c h a n i c a l 
constraints a re exerted radially in the core and circumferentially 
in the flanges of the fillet. The tensile stresses so gene r a t e d 
attract absorbed water t h e r e b y giving rise to enhanced migration 
rates. 

In order to study this phenomenon in a specimen geometry 
representative o f the thin flange s e c t i o n between a d j a c e n t f i b r e s , 
samples o f p o l y e s t e r r e s i n and samples o f epoxy r e s i n measuring 
-10 ym i n t h i c k n e s s and c o n t a i n i n g entrapped a i r b u b b l e s , were 
c a s t between g l a s s cover s l i p s , cured i n s t r i c t accordance w i t h 
recommendations by t h e r e s p e c t i v e manufacturers and immersed i n 
water. Rates o f water uptake a t 100° C. were measured by n o t i n g 
t h e t i m e s a t which water d r o p l e t s appeared i n s i d e t h e entrapped 
a i r bubbles which were c o n v e n i e n t l y d i s t r i b u t e d a t v a r i o u s r a d i a l 
d i s t a n c e s from t h e edge o f each r e s i n l a y e r . The d a t a so ob
t a i n e d , i n d i c a t e water d i f f u s i o n c o e f f i c i e n t s o f -ΙΟ" 4 cm 2 s" 1 i n 
p o l y e s t e r s and -10" 7 cm 2 s""1 i n e p o x i e s , i . e . d i f f u s i o n c o e f f i 
c i e n t s which a r e over an o r d e r o f magnitude g r e a t e r t h a n v a l u e s 
p u b l i s h e d f o r water d i f f u s i o n i n t h e r e s p e c t i v e b u l k r e s i n s . 

Subsequent work, d e s c r i b e d h e r e , concerns measurements o f t h e 
s t a t e s o f s t r e s s and s t r a i n generated i n t h i n l a y e r s o f mechani
c a l l y c o n s t r a i n e d r e s i n d u r i n g water uptake. 

1 Current address : Department o f M a t e r i a l s S c i e n c e and E n g i n e e r 
i n g , C o r n e l l U n i v e r s i t y , Bard H a l l , I t h a c a , New York lU853 USA. 

0-8412-0567-l/80/47-132-435$05.00/0 
© 1980 American Chemical Society 
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Figure 1. Swelling of resin fillet in fiber 
reinforced composite 

t-p FILTER 
1 = 1 GROUND GLASS 

Figure 2. Experimental arrangement for 
Newton's rings experiment. (8) 

OPTICAL FLAT 

SPECIMEN 
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The displacement normal t o a t h i n l a y e r o f r e s i n between two 
adherends can be m o n i t o r e d d u r i n g s w e l l i n g caused by water uptake 
at i t s edge, by o b s e r v i n g changes i n t h e p a t t e r n o f Newton's r i n g s 
c r e a t e d between one o f t h e adherends, and a r e f e r e n c e f l a t . A 
r e g u l a r 150 ym t h i c k m i c r o scope cover s l i p s e r v e s as an adherend 
which i s t h i n and f l e x i b l e such t h a t i t f o l l o w s t h e d e f o r m a t i o n 
of t h e r e s i n f i l m . A s l a b o f m e t a l i s used as t h e o t h e r adherend. 
The e x p e r i m e n t a l arrangement i s shown i n F i g u r e 2. F i l t e r e d 
l i g h t , o f wavelength λ, from a mercury vapour lamp i s d i r e c t e d 
t h r o u g h t h e o p t i c a l f l a t towards t h e cover s l i p , and i n t e r f e r e n c e 
between i n c i d e n t and r e f l e c t e d beams o c c u r s w i t h i n t h e v a r i a b l e 
t h i c k n e s s gap l o c a t e d between t h e two  The Newton's r i n g s a r e 
photographed u s i n g l i g h
h a l f s i l v e r e d m i r r o r . I
t o n ' s r i n g s i s a consequence o f i n t e r f e r e n c e between j u s t two 
beams, namely t h e i n c i d e n t beam and t h e r e f l e c t e d beam. The 
f r i n g e c o n t r a s t i s c o n s i d e r a b l y enhanced by s i l v e r i n g t h e upper 
s u r f a c e o f t h e c o v e r s l i p and h a l f s i l v e r i n g t h e lower s u r f a c e o f 
t h e o p t i c a l f l a t i n o r d e r t o produce m u l t i p l e r e f l e c t i o n s and 
hence m u l t i p l e beam i n t e r f e r e n c e . To ensure t h a t changes i n t h e 
p a t t e r n a r i s e o n l y from d i s t o r t i o n o f t h e cover s l i p caused by 
r e s i n s w e l l i n g , i t i s e s s e n t i a l t h a t each experiment be c a r r i e d 
out w i t h o u t d i s t u r b i n g t h e s p e c i m e n / o p t i c a l f l a t assembly. A l l 
o f t h e components a r e s e t up on an o p t i c a l bench and, f o r hot 
water t e s t s , i t has been n e c e s s a r y t o develop a r i g which a v o i d s 
c o n d e n s a t i o n onto t h e o p t i c a l components. 

Adjac e n t r i n g s o f t h e same c o l o u r ( b l a c k or w h i t e ) are l o c i 
o f p o i n t s f o r which t h e o p t i c a l p a t h l e n g t h , i n t h e space between 
cover s l i p and o p t i c a l f l a t , d i f f e r s by one wavelength. By t h e 
same t o k e n , a displacement i n t h e p a t t e r n o f Newton's r i n g s by an 
amount e q u a l t o one r i n g w i d t h corresponds t o a change i n p a t h 
l e n g t h e q u a l t o one wavelength. By o b s e r v i n g changes i n t h e num
ber o f r i n g s between f i x e d m a r kers, such as entrapped a i r b u b b l e s , 
d i s p l a c e m e n t s normal t o t h e j o i n t d u r i n g water uptake can be 
measured t o an a c c u r a c y o f λ A . I f r e q u i r e d , d i s p l a c e m e n t s which 
are a t l e a s t as s m a l l as λ/10 can be measured by s u p e r i m p o s i t i o n 
o f images i n o r d e r t o c r e a t e M o i r e p a t t e r n s . 

E x p e r i m e n t a l 

M a t e r i a l s . Long term experiments have been c a r r i e d out u s i n g 
CIBA-GEIGY MY 750 DGEBA epoxy r e s i n mixed w i t h t h e manufacturer's 
recommended p r o p o r t i o n s o f m e t h y l t e t r a h y d r o p h t h a l i e a n h y d r i d e 
hardener and triamyl-ammonium phenate a c c e l e r a t o r . The mix i s 
c a s t between a degreased and n i t r i c a c i d c l e a n e d t h i n g l a s s c o v e r 
s l i p and a b l o c k o f 9 9 - 9 9 % p u r i t y aluminium c l e a n e d by s u c c e s s i v e 
d e g r e a s i n g , d e - o x i d i s i n g and a n o d i s i n g p r o c e d u r e s . The r e s i n f i l m 
t h i c k n e s s i s about 15 ym and i s c o n t r o l l e d by t h e mass o f r e s i n 
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used f o r b o n d i n g , t h e cover s l i p b e i n g a l l o w e d t o s e t t l e under i t s 
own w e i ght. A f t e r t h e m a n u f a c t u r e r ' s recommended c u r i n g schedule 
a r e f l e c t i v e c o a t i n g i s vacuum d e p o s i t e d on t h e cover s l i p and t h e 
sample exposed t o d i s t i l l e d water. T e s t s have been c a r r i e d out a t 
room temperature and a t t h e b o i l i n g p o i n t o f water. Good f r i n g e 
c o n t r a s t r e q u i r e s a water r e s i s t a n t r e f l e c t i v e c o a t i n g and m i n i 
m i s a t i o n o f t h e number o f h i g h l y r e f l e c t i n g a i r / g l a s s i n t e r f a c e s 
o r t h e use o f t r a n s m i t t i n g c o a t i n g s o f i n t e r m e d i a t e r e f r a c t i v e 
i n d e x . 

O b s e r v a t i o n s . F i g u r e 3 shows a t y p i c a l sequence o f Newton's 
r i n g s p a t t e r n s observed a f t e r p r o g r e s s i v e l y l o n g e r exposure t i m e s 
i n room temperature water. One c h a r a c t e r i s t i c f e a t u r e i s t h e 
inward m i g r a t i o n o f a c i r c u m f e r e n t i a l l o c u s o f k i n k s i n t h e 
i n d i v i d u a l f r i n g e s ; t h
B, where t h e f r i n g e o r i e n t a t i o
produced. The k i n k s d e l i n e a t e an abrupt change i n r e s i n f i l m 
t h i c k n e s s . The water c o n c e n t r a t i o n , and hence t h e s w e l l i n g 
a s s o c i a t e d w i t h water u p t a k e , s a t u r a t e s and g i v e s r i s e t o a 
s h o u l d e r s e p a r a t i n g f u l l y s a t u r a t e d from l e s s t h a n f u l l y s a t u r a t e d 
r e s i n and t h i s s h o u l d e r p r o g r e s s i v e l y moves inward from t h e r i m 
o f t h e specimen. T h i s i s shown s c h e m a t i c a l l y i n F i g u r e 1+A-B. 

A second c h a r a c t e r i s t i c f e a t u r e i s t h e o c c u r r e n c e and growth 
o f an edge c r a c k l y i n g p a r a l l e l t o t h e i n t e r f a c e s and g i v i n g r i s e 
t o c i r c u m f e r e n t i a l i n t e r f e r e n c e f r i n g e s . To m a i n t a i n c o n t a c t 
w i t h t h e o u t e r annulus o f u n i f o r m l y s w o l l e n r e s i n ( F i g u r e ^ C ) , 
t h e adherends would need t o bend w i t h c u r v a t u r e o p p o s i t e t o t h a t 
i n s i d e t h e s h o u l d e r . F a i l u r e t o adopt such "S" w i s e bending 
m a n i f e s t s i t s e l f as t h e observed i n t e r f a c i a l c r a c k . 

A n a l y s i s o f Measurements from Newton's Ri n g s Experiments. 
D i s p l a c e m e n t , normal t o t h e specimen p l a n e , o f one q u a r t e r o f a 
wavelength i s r e v e a l e d as a r e v e r s a l o f c o n t r a s t i n t h e p a t t e r n 
o f Newton's r i n g s . Thus t h e b r i g h t -* dark change a t t h e f r i n g e 
i n d i c a t e d by arrow A i n F i g u r e 3(a) -> ( c ) i n d i c a t e s a d i s p l a c e 
ment o f 136.5 nm (λ = 5^-6.1 run f o r t h e green l i g h t e m i t t e d by t h e 
mercury vapour lamp used i n t h e p r e s e n t experiments) a t a p o i n t 
6 mm i n from t h e r i m a f t e r o n l y two weeks exposure t o room tem
p e r a t u r e water. A c r o s s t h e l o c u s o f k i n k s i n F i g u r e 3 , t h e 
f r i n g e d e v i a t i o n amounts t o a p p r o x i m a t e l y two r i n g w i d t h s , i . e . 
a normal displacement o f λ ( 0.5*+6l ym) i n an a n n u l a r r i n g w i d t h 
o f a p p r o x i m a t e l y 0.8 mm. A l o c a l t h i c k e n i n g o f t h e 15 ym t h i c k 
r e s i n f i l m by 0.5^61 ym corresponds t o a l i n e a r s w e l l i n g o f 
almost k% which i s c l o s e t o t h e v a l u e expected f o r s a t u r a t e d 
s w e l l i n g , as determined i n p r e v i o u s t e s t s . U s i n g p r e v i o u s l y 
measured v a l u e s o f r e s i n modulus t h i s s t r a i n i n d i c a t e s normal 
s t r e s s e s o f about two k i l o b a r s i n t h e s a t u r a t e d r e s i n . 

Timoshenko 1 s (1) f o r m u l a f o r t h e a x i a l s t r e s s σ produced by an 
a x i a l l o a d ¥ on a t h i n p l a t e clamped at i t s r i m i s 
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Figure 3. Swelling and debonding of an epoxy layer during water uptake at its 
edge (8). The changing pattern of Newtons rings is produced by the gap between 
an optical flat and a flexible cover slip (see text); 20° C water. Patterns recorded 
after (a) 0, (b) 116, (c) 356, (d) 1008, (e) 2329, and (f) 3043 hr, viewing from left to 

right and top to bottom. 
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Figure 4. Inhomogeneous swelling an
ticipated for a layer of resin during water 
uptake at its edge (8). LES without any 
mechanical constraint; RHS with me
chanical constraint due to presence of 

adherends. 
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σ = ~ [(ΐ + ν ) (0Λ85 I n f" + 0.52) + 0.U8] 
1— " h 

where h i s t h e p l a t e t h i c k n e s s and 2a i s i t s d i a m e t e r , ν i s 
P o i s s o n * s r a t i o . The a x i a l d i s p l a c e m e n t i s g i v e n "by Love (2) as 

Ε i s Young's modulus. S u b s t i t u t i n g  dyne
ν = 0.25 and h = 150 ym, f o r t h e g l a s s cover s l i p i t i s found 
t h a t D = ~10 5 e r g s , 2a = 19 mm, hence, ω = 136.5 nm g i v e s ¥ = 
ikk dynes and σ = 2.33 b a r s . 

T h i s e s t i m a t e f o r σ assumes t h a t t h e cover s l i p i s r i g i d l y 
clamped a t i t s r i m but i s o t h e r w i s e f r e e t o undergo a u n i f o r m 
c u r v a t u r e d e f o r m a t i o n under t h e a c t i o n o f t h e a x i a l l o a d ¥. I n 
f a c t , t h e cover s l i p i s bonded over t h e whole o f i t s a r e a o f con
t a c t w i t h t h e r e s i n and t h e d e f o r m a t i o n i s s t r o n g l y inhomogeneous, 
b e i n g c o n c e n t r a t e d i n t h e v i c i n i t y o f t h e s h o u l d e r between r e s i n 
w hich i s f u l l y s a t u r a t e d and r e s i n which i s l e s s t h a n f u l l y 
s a t u r a t e d w i t h d i f f u s e d water. From geometric c o n s i d e r a t i o n s 
t h e f a c t t h a t t h e cov e r s l i p d e f o r m a t i o n i s c o n c e n t r a t e d over a 
0.8 mm annulus l e a d s t o a 600 f o l d i n c r e a s e i n t h e c u r v a t u r e o f 
t h e s l i p o v er t h e v a l u e used i n t h e s t r e s s c a l c u l a t i o n (based on 
p l a t e d i a m e t e r ) . Thus i t i s expected t h a t t h e s t r e s s r e q u i r e d 
t o produce t h e observed bending d e f o r m a t i o n i s o f t h e same o r d e r 
as t h e normal s t r e s s e s t i m a t e u s i n g r e s i n modulus. A d d i t i o n a l 
experiments u s i n g samples o f r e s i n c a s t between two g l a s s ad
herends a l l o w e d o p t i c a l s t r e s s - b i r e f r i n g e n c e measurements t o be 
made d u r i n g s w e l l i n g . These t e s t s c o n f i r m t h a t t h e l o c a l s t r e s s e s 
at t h e d e f o r m a t i o n s h o u l d e r a r e inde e d about two k i l o b a r s (3.). 

Order o f Magnitude E s t i m a t e f o r S t r e s s Enhanced ¥ater M i g r a 
t i o n . An e s t i m a t e o f t h e s t r e s s r e q u i r e d f o r s t r e s s i n d u c e d 
d r i f t o f water m o l e c u l e s t o be as important as d i f f u s i o n i n a 
c o n c e n t r a t i o n g r a d i e n t may be made as f o l l o w s . The r e s p e c t i v e 
f l u x e s a r e 

ω 16 π R 

where 

R 
12(1 - v 2 ) 

J d r i f t = - y c ? φ 

where y i s t h e d r i f t m o b i l i t y , c i s t h e water c o n c e n t r a t i o n and 
V φ i s t h e p o t e n t i a l energy g r a d i e n t a r i s i n g from t h e t e n s i l e 
s t r e s s a t t h e c e n t e r o f t h e specimen sketched i n F i g u r e h, and 
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i . = - D V c ^ d i f f u s i o n 
where D i s t h e water d i f f u s i o n c o e f f i c i e n t and V c i s t h e water 
c o n c e n t r a t i o n g r a d i e n t . 

^ d r i f t μ c V φ c V φ 
. D V c V c k Τ 

u d i f f u s i o n 
u s i n g t h e N e r n s t - E i n s t e i n r e l a t i o n s h i p μ = D/kT. The dimensions 
are cm f o r c/Vc and e r g cm" 1 f o r V* φ. Hence, 

i s a q u a n t i t y o f energy, say Δ φ, i . e . 

j d r i f t _ Δ φ 
^ d i f f u s i o n k T * 

k = l . k χ 1 0 " 1 6 e r g K" 1 s o , f o r t h e f l u x e s t o he e q u a l a t room 
t e m p e r a t u r e , Δ φ would have t o be o f t h e o r d e r o f h.2 χ 1 0 " l î f e r g . 
Assuming t h a t water m o l e c u l e s m i g r a t e s i n g l y and cause s w e l l i n g 
Δν e q u a l i n magnitude t o t h e n a t u r a l volume o f t h e water m o l e c u l e , 
i . e . 

= = 30 χ 1 0 ' 2 k cm 3, 
6 χ 10** 

t h e n Δ φ = ρΔΥ = k.2 χ 10~2H ergs and ρ = l . h χ 1 0 9 dynes cm" 2 

~ 1 k b a r . Hence, t h e observed s t r e s s e s a r e c e r t a i n l y g r e a t 
enough t o s i g n i f i c a n t l y enhance water m i g r a t i o n . 

Summary o f Other Newton's Rings Experiments. V e r y s i m i l a r 
r e s u l t s have been o b t a i n e d from changes i n t h e p a t t e r n o f New
t o n ' s r i n g s observed d u r i n g water uptake by supported a d h e s i v e 
f i l m s . That i s , d i s p l a c e m e n t s remote from t h e edge o f t h e j o i n t 
o c c u r a f t e r s u r p r i s i n g l y s h o r t exposure t i m e s , l a r g e d i s p l a c e 
ments and c o r r e s p o n d i n g l y l a r g e s t r e s s e s s t r a d d l e t h e boundary 
between f u l l y s w o l l e n and l e s s t h a n f u l l y s w o l l e n a d h e s i v e , and 
debonding at t h e r i m f o l l o w s a t t a i n m e n t o f f u l l water s a t u r a t i o n . 
These c o n c l u s i o n s are t r u e f o r j o i n t s manufactured between a 
g l a s s c o v e r s l i p as one adherend and aluminium, b o t h w i t h and 
wi t h o u t a n o d i s i n g t r e a t m e n t s , as t h e o t h e r adherend. Use o f hot 
water r a t h e r t h a n c o l d water as t h e exposure medium a c c e l e r a t e s 
t h e i n c i d e n c e o f a l l t h e s e phenomena. 

F i g u r e 5 shows a comparison o f t h e debonding r a t e s f o r epoxy 
r e s i n j o i n t s t e s t e d a t room temperature and 100 C, and a 
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1000 1500 
TIME (h) 

Figure 5. Debonding of epoxy resin joints at (%) room temperature and (A) 
100°C and ( Q ) polyester resin joint at room temperature (3) 

Figure 6. Migration of ( Q ) the kink 
in a Newtons ring and (O) of a point on 
the debonding crack; 20° C water. Data 

taken from Figure 8(8) 
0 10 2 0 30 4 0 50 

T I M E i i h ^ ) 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



31. F A R R A R A N D A s i i B E E Water Migration 443 

p o l y e s t e r r e s i n j o i n t t e s t e d at room temperature. The h i g h e r 
temperature t e s t r e s u l t s i n a -̂0 f o l d i n c r e a s e i n debonding r a t e 
f o r epoxy r e s i n , which y i e l d s an a c t i v a t i o n energy o f about 10 
k c a l mole""1 f o r t h e p r o c e s s , assuming i t t o be t h e r m a l l y a c t i v a t 
ed. As e x p e c t e d , due t o i t s more p o l a r s t r u c t u r e , t h e p o l y e s t e r 
r e s i n i s l e s s water r e s i s t a n t t h a n epoxy r e s i n at t h e same tem
p e r a t u r e , by a f a c t o r o f -13. 

D i s c u s s i o n 

K i n e t i c s o f t h e V a r i o u s P r o c e s s e s d u r i n g Water Uptake. The 
s p a t i a l p o s i t i o n s o f t h e l o c u s o f k i n k s i n t h e p a t t e r n o f Newton's 
r i n g s , t h e edge o f t h e debonding c r a c k and t h e water d r o p l e t s 
i n s i d e entrapped a i r bubbles a r e a l l v e r y w e l l d e f i n e d and have 
been measured as f u n c t i o n
experiment r e p o r t e d i n
t e s t whether any o f t h e d a t a f i t t h e s o l u t i o n t o F i c k ' s l a w f o r 
t h e case o f a p l a n a r i n t e r f a c e between i n f i n i t e l y l o n g b a r s o f 
s o l u t i o n and s o l v e n t , p u b l i s h e d by B a r r e r (U) , f o r example, t h e 
measurements are p l o t t e d as f u n c t i o n s o f ( t i m e ) 1 / 2 . M i g r a t i o n o f 
t h e s h o u l d e r d e f i n i n g t h e e x t e n t o f water s a t u r a t i o n i s e v i d e n t l y 
not c o n t r o l l e d by a t 1 / 2 law. M i g r a t i o n o f t h e c r a c k edge, how
e v e r , does approximate r e a s o n a b l y w e l l t o t 1 ' 2 b e h a v i o u r . The 
k i n k m o n i t o r e d i n o r d e r t o c o n s t r u c t F i g u r e 6 d i d not f a l l on a 
r a d i u s where debonding i n i t i a t e d , i . e . t h e two s e t s o f d a t a i n 
F i g u r e 6 a r e f o r d i f f e r e n t r a d i i and t h e c r o s s - o v e r does not i n 
d i c a t e t h a t t h e c r a c k edge has o v e r t a k e n t h e s h o u l d e r . 

The d a t a shown i n F i g u r e 7 are f o r a specimen manufactured 
between two g l a s s components (a cover s l i p and m icroscope s l i d e ) , 
u s i n g t h e same CIBA-GEIGY epoxy r e s i n system and exposed t o b o i l 
i n g water. I n t h i s experiment t h e appearance o f penny-shaped 
p r e s s u r e f i l l e d c a v i t i e s , c r e a t e d by d i s s o l u t i o n o f water s o l u b l e 
i m p u r i t i e s (5.), was a l s o used t o d e t e c t t h e advance o f absorbed 
water from t h e f r e e s u r f a c e . S t r a i g h t l i n e s , i . e . t 1 ' 2 l a w s , may 
be drawn t h r o u g h t h e t h r e e d a t a s e t s a l t h o u g h b o t h p l o t s o f 
absorbed water i n g r e s s change s l o p e a t t 1 / 2 = 6.5· The t i m e 
dependence shown i n b o t h F i g u r e s 6 and 7 i s unexpected f o r an 
amorphous g l a s s y polymer below i t s g l a s s t r a n s i t i o n t e m p e r a t u r e , 
T g. Assuming t h a t p h y s i c a l s o r p t i o n and a c t i v a t e d d i f f u s i o n are 
t i e permeation p r o c e s s e s i t i s expected t h a t polymer segmental 
motion i s t h e r a t e c o n t r o l l i n g s t e p i n t h e m i g r a t i o n o f water 
m o l e c u l e s . The s t r o n g p o s i t i v e temperature dependence o f t h e 
r a t e o f i n g r e s s i n d i c a t e s t h a t t h e p r o c e s s i s one o f d i f f u s i o n 
r a t h e r t h a n c o n v e c t i o n , and t h e l a c k o f evidence f o r water f l o w 
i n c h annels or c a p i l l a r i e s s u p p o r t s t h i s c o n c l u s i o n . However, 
t h e r e a r e s e v e r a l e f f e c t s which c o u l d i n f l u e n c e t h e k i n e t i c s o f 
water uptake. I n p a r t i c u l a r i t i s expected t h a t t h e d i f f u s i o n 
c o e f f i c i e n t be s t r o n g l y c o n c e n t r a t i o n dependent, a l t h o u g h n e a r l y 
F i c k i a n b e h a v i o u r i s o f t e n observed at low l e v e l s o f s o r p t i o n . 
The anomalous p r o p e r t i e s o f t h e water m o l e c u l e due t o i t s s m a l l 
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Figure 8. Theoretical prediction of the plasticization of epoxy resin by absorbed 
water at 100°C 
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s i z e and h i g h p o l a r i t y o f t e n c o n t r i b u t e t o unexpected b e h a v i o u r . 
C r o s s l i n k s , c h e m i c a l i n t e r a c t i o n s and o r i e n t a t i o n e f f e c t s a l s o 
l e a d t o n o n - l i n e a r i t y . The o t h e r c l e a r i n f l u e n c e on water m i g r a 
t i o n i s s w e l l i n g s t r e s s e s which c e r t a i n l y enhance t h e r a t e o f p e r 
m e a t i o n , a l t h o u g h t h e e f f e c t on t h e t i m e dependence i s not c l e a r . 

I n t h e 100°C t e s t , r a p i d r e s i n p l a s t i c i s a t i o n may have 
o c c u r r e d and a d i f f u s i o n - r a t e c o n t r o l l e d p r o c e s s may t h e n be ex
p e c t e d . F i g u r e 8 shows a t h e o r e t i c a l p r e d i c t i o n o f t h e decrease 
i n Tg w i t h absorbed water c o n t e n t f o r epoxy r e s i n . I t i s c l e a r 
t h a t o n l y 0.02 volume f r a c t i o n o f water i s r e q u i r e d f o r T g t o be 
reduced below 100°C. However, a b s o r p t i o n o f t h i s amount, e q u i v a 
l e n t t o about 2 wt. % 9 t a k e s about 1*0 hours a c c o r d i n g t o p r e v i o u s 
measurements on t h e same r e s i n (3). I n t h i s case t h e s l o p e t r a n s i 
t i o n i n F i g u r e 7 may be evidenc  f o  abrupt chang  i  d i f f u s i o
c o e f f i c i e n t a t T g , w i t h
a l l e f f e c t i v e t e m p e r a t u r e s

E f f e c t i v e d i f f u s i o n c o e f f i c i e n t s have been measured from 
F i g u r e s 6 and 7.^ At^20°C, 7 x 1 0 " 1 0 < D < 5 x 10" 9 cm 2s~ 1 and a t 
100°C, 7 x 1 0 " 7 < D < 5 x 1 0 - 6 cm 2s" 1. A c o n s t a n t f a c t o r o f 1000 
between t h e two temperatures would i n d i c a t e an a c t i v a t i o n energy 
f o r ' d i f f u s i o n * o f about 20 k c a l / m o l e . P r e v i o u s measurement s on 
b u l k r e s i n g i v e D - 1 0 " 8 c m 2 s - 1 a t 100°C, which i s l e s s t h a n t h e 
l o w e r l i m i t o f t h e p r e s e n t v a l u e s due t o t h e f a c t t h a t c o n s t r a i n e d 
s w e l l i n g has not c r e a t e d t h e s t r e s s e s r e s p o n s i b l e f o r enhanced 
m i g r a t i o n . 

The anomalous b e h a v i o u r shown i n F i g u r e 6 i s i n d i c a t i v e o f a 
r a t e i n c r e a s e over a p r o c e s s dominated by polymer r e l a x a t i o n s . I n 
general, a t i m e exponent o f 0 .5 i n d i c a t e s F i c k i a n d i f f u s i o n , c h a r a c 
t e r i s e d by a more d i f f u s e advancing f r o n t t h a n r e l a x a t i o n con
t r o l l e d m i g r a t i o n , w h i c h i s c h a r a c t e r i s e d by a t i m e exponent o f 1.0 
and a sharp s w o l l e n / u n s w o l l e n r e s i n t r a n s i t i o n zone. The 0.7 t i m e 
exponent may i n d i c a t e t h a t water i n g r e s s f o l l o w s a F i c k i a n l a w but 
w i t h a c o n t i n u o u s l y i n c r e a s i n g v a l u e o f d i f f u s i o n c o e f f i c i e n t , i . e . 
t h e c u r ve i n F i g u r e 7 i s a s u c c e s s i o n o f s t r a i g h t l i n e s . The 
sharpness o f t h e observed "boundary between s w o l l e n and u n s w o l l e n 
r e s i n r e q u i r e s f u r t h e r s t u d y i n o r d e r t o determine t h e r a t e con
t r o l l i n g s t e p i n t h e permeation p r o c e s s . Experiments such as 
t h o s e o f Thomas and Windle (6), who have used i o d i n e doped s o l 
v e n t s t o a l l o w measurements o f c o n c e n t r a t i o n p r o f i l e and d i f f u s i o n 
f r o n t p o s i t i o n d u r i n g s o r p t i o n i n b u l k PMMA, c o u l d be used t o 
s t u d y t h i s problem i n epoxy r e s i n f l i m s . Kwei and Zupko (7.) have 
measured t h e t i m e dependence o f t h e s o r p t i o n o f d i f f e r e n t s o l v e n t s 
i n epoxy samples and observe t i m e exponent s between 0 .5 and 1.0 
c o r r e s p o n d i n g t o d i f f u s e and sharp f r o n t s r e s p e c t i v e l y . However, 
no e x p l a n a t i o n o f t h e r e a s o n f o r anomalous time dependence and no 
c o n c l u s i o n s on s o r p t i o n mechanisms a r e made i n e i t h e r work. 

F u r t h e r work u s i n g t h e methods o u t l i n e d here w i l l p r o v i d e 
d a t a on epoxy p r o p e r t i e s p a r t i c u l a r t o t h i n f i l m s e c t i o n s t y p i c a l 
o f t h e r e s i n f i l l e t s i n composites. However, measurement s on b u l k 
r e s i n w i l l a l s o p l a y an important r o l e i n u n d e r s t a n d i n g s o r p t i o n 
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phenomena r e l e v a n t t o composites. For t h i s r e a s o n an i n t e r f e r e n c e 
t e c h n i q u e u s i n g double exposure holography has a l s o been developed 
(9.), -which y i e l d s , s i m u l t a n e o u s l y , a c c u r a t e d e f o r m a t i o n and s o r p 
t i o n d a t a on epoxy adh e s i v e i n t e r f a c e s . 

G e n e r a l D i s c u s s i o n . I t i s apparent t h a t enhanced water m i 
g r a t i o n o c c u r s i n c o n s t r a i n e d t h i n r e s i n f i l m s . The a t t r a c t i o n 
a f f o r d e d by t e n s i l e s t r e s s i s t h e most l i k e l y e x p l a n a t i o n o f t h i s 
e f f e c t . Three mechanisms c o u l d g i v e r i s e t o such a s t r e s s . 
C u r i n g s h r i n k a g e i s assumed t o be n e g l i g i b l e , as v i s c o e l a s t i c f l o w 
at e l e v a t e d temperatures w i l l r e l i e v e any s t r e s s e s , and d i f f e r e n 
t i a l c o n t r a c t i o n between r e s i n and adherends on c o o l i n g w i l l be 
p a r t i a l l y r e l i e v e d by s e l f - a d j u s t m e n t o f t h e f i l m t h i c k n e s s . The 
normal s t r e s s e s w i l l be i n s i g n i f i c a n t a l t h o u g h l a t e r a l t e n s i o n s 
may be p r e s e n t . Hence,
d u r i n g water a b s o r p t i o n ar
l o c a l s t r e s s e s . I f water m i g r a t i o n w i t h i n t h e r e s i n l a y e r i s s i g 
n i f i c a n t l y enhanced by t h e s e l f - s t r e s s i n g t h a t r e s u l t s from t h e 
inhomogeneous n a t u r e o f s w e l l i n g , i t f o l l o w s t h a t t h e e f f e c t i v e 
d i f f u s i o n c o e f f i c i e n t i s a f u n c t i o n o f water c o n c e n t r a t i o n and 
p r o c e s s e s o c c u r r i n g at r a t e s p r o p o r t i o n a l t o t h e square r o o t o f 
t i m e cannot be expected. The s e l f g e n e r a t i o n o f h i g h l o c a l 
s t r e s s e s d u r i n g s w e l l i n g i s a consequence o f t h e sharp boundary 
between f u l l y s a t u r a t e d and l e s s t h a n f u l l y s a t u r a t e d r e s i n and 
appears t o be u n a f f e c t e d by changing t h e m a t e r i a l s used as ad
herends i n o r d e r t o r e s i s t m e c h a n i c a l f a i l u r e when e x t e r n a l f o r c e s 
a r e a p p l i e d t o t h e composite i t s e l f . Measurements o f t h e s w e l l i n g 
s t r e s s e s and c a l c u l a t i o n s o f enhanced m i g r a t i o n i n a s t r e s s - f i e l d 
show t h a t t h e observed i n c r e a s e s i n d i f f u s i o n c o e f f i c i e n t s may be 
e x p l a i n e d , a l t h o u g h t h e t i m e dependence and k i n e t i c s o f t h e o v e r 
a l l p r o c e s s and t h e r a t e c o n t r o l l i n g mechanisms remain i n c o m p l e t e 
l y u n d erstood. Complete u n d e r s t a n d i n g o f t h e problem w i l l r e q u i r e 
i n v e s t i g a t i o n o f t h e n a t u r e o f s w e l l i n g and areas o f r e s e a r c h 
fundamental t o t h i s i n c l u d e i d e n t i f i c a t i o n o f t h e v a r i o u s p h y s i c a l 
and c h e m i c a l s t a t e s o f d i f f u s e d w a t e r , t h e mechanism(s) by which 
d i f f u s e d water promotes s o - c a l l e d p l a s t i c i s a t i o n , and t h e p r e c i s e 
o r i g i n ( s ) o f d i m e n s i o n a l changes a t t r i b u t a b l e t o c u r i n g , water 
uptake and water e x p u l s i o n . 

A b s t r a c t 

S w e l l i n g d u r i n g water uptake by f i b r e r e i n f o r c e d r e s i n compos
i t e s i s s t r o n g l y inhomogeneous. I n p a r t i c u l a r , t h e r e e x i s t s a w e l l 
d e f i n e d s h o u l d e r between f u l l y s a t u r a t e d and l e s s t h a n f u l l y s a t u r 
a t e d r e s i n . The p r i n c i p a l s t r e s s e s i n t r o d u c e d as a consequence o f 
t h e m e c h a n i c a l c o n s t r a i n t e x e r t e d by t h e f i b r e s i n c l u d e a normal 
compressive s t r e s s near t h e f l a n g e s and a normal t e n s i l e s t r e s s 
near t h e core o f a r e s i n f i l l e t . The magnitude o f t h e s t r e s s has 
been measured by a n a l y s i n g t h e Newton's r i n g s p a t t e r n s produced 
between a f l e x i b l e t h i n g l a s s c over s l i p , b o n d e d t o a sample t h i n 
f i l m o f r e s i n supported on a t h i c k m e t a l adherend^ and an o p t i c a l 
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f l a t . The observed l o c a l s t r e s s e s o f about two k i l o b a r s i n t h e 
sample are shown t o be g r e a t enough t o account f o r enhanced water 
m o b i l i t y i n t h e r e s i n and n o n - F i c k i a n d i f f u s i o n e f f e c t s . 

L i s t o f Symbols 

λ wavelength o f l i g h t v: P o i s s o n 1 s r a t i o 
a s t r e s s 2a: p l a t e diameter 
W l o a d ω* displacement 
h p l a t e t h i c k n e s s Ε Young's modulus 
R f l e x u r a l r i g i d i t y 3 f l u x 
μ : d r i f t m o b i l i t y c c o n c e n t r a t i o n 
Φ p o t e n t i a l energy k Boltzmann's c o n s t a n t 
Τ : a b s o l u t e temperatur
Ρ p r e s s u r e 
D d i f f u s i o n c o e f f i c i e n t 
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Measurement of the Distribution of Water in a Graphite 
Epoxy by Precision Abrasion Mass Spectrometry 

M. A . GRAYSON 

M c D o n n e l l Douglass Research Laboratories , M c D o n n e l l D o u g l a s C o r p o r a t i o n , 
St. L o u i s , MO 63166 

T h e s t u d y of volatile c o m p o u n d
m e c h a n i c a l l o a d by mass s p e c t r o m e t r y has a 15-year history which was r e c e n t l y 
r e v i e w e d (1). I n this t e c h n i q u e , which we call stress mass s p e c t r o m e t r y o r stress 
M S , the polymeric sample is m e c h a n i c a l l y d e f o r m e d in the i o n - s o u r c e h o u s i n g of 
a t i m e - o f - f l i g h t mass s p e c t r o m e t e r (TOFMS). C o m p o u n d s e v o l v e d from the sample 
e x p a n d into the ion source w h e r e t h e y are ionized by e l e c t r o n b o m b a r d m e n t a n d 
s u b s e q u e n t l y mass a n a l y z e d . 

T h e c o m p o u n d s e v o l v e d from the sample can or ig inate from e i ther o r both o f 
t w o sources : 1) t h e y can be i n d i g e n o u s volatile c o m p o u n d s , s u c h as w a t e r v a p o r , 
solvents , p las t i c izers o r u n r e a c t e d s tar t ing mater ia ls which d i f f u s e from the sample 
as a result of m e c h a n i c a l loading and/or f a i l u r e , or 2) they c a n be volatile p r o d u c t s 
f o r m e d as a resul t of s t ress - induced c h e m i c a l reac t ions in the polymer c h a i n . 

Prior t o 1976 , all results o f stress MS e x p e r i m e n t s of p o l y m e r s were i n t e r p r e t e d 
as s u p p o r t f o r the la t ter o r i g i n , i . e . , v o l a t i l e p r o d u c t s f r o m stress - induced c h e m i s t r y 
(1) . A t that t i m e , w e p e r f o r m e d stress M S e x p e r i m e n t s o n p o l y s t y r e n e (2) a n d c o n 
c l u d e d tha t i n d i g e n o u s s tyrene m o n o m e r was a m o r e l i k e l y source o f m o n o m e r t h a n 
s tress- induced c h e m i s t r y i n the m a i n c h a i n . 

C o n s e q u e n t l y , a p r o o f - o f - p r i n c i p l e device that s a w e d the p o l y m e r i n the i o n -
source h o u s i n g was used t o d e m o n s t r a t e that i n d i g e n o u s v o l a t i l e c o m p o u n d s can 
be d e s o r b e d f r o m the p o l y m e r (3). A m o r e s o p h i s t i c a t e d device was c o n s t r u c t e d t o 
d e t e r m i n e the q u a n t i t a t i v e d i s t r i b u t i o n p r o f i l e o f i n d i g e n o u s v o l a t i l e c o m p o u n d s 
b y precise m i l l i n g o f the p o l y m e r (4) . 

T h i s la t te r t e c h n i q u e , w h i c h w e c a l l p r e c i s i o n abras io n mass s p e c t r o m e t r y 
( P A M S ) depends u p o n abras ion o f the p o l y m e r i c m a t e r i a l at a c o n s t a n t rate. T h u s , 
a n y v o l a t i l e c o m p o u n d s t r a p p e d i n the sample are d e s o r b e d , a n d the a m o u n t o f a 
c o m p o u n d d e t e c t e d b y the mass s p e c t r o m e t e r ref lects i ts c o n c e n t r a t i o n i n the 
p o l y m e r i c m a t e r i a l . I f a h o l e is a b r a d e d i n the s a m p l e , i t is poss ib le t o o b t a i n a 
c o n c e n t r a t i o n vs d e p t h p r o f i l e o f the v o l a t i l e c o m p o u n d . A b r a s i o n as used here 
i n c l u d e s a n y m e t h o d o f p u l v e r i z i n g the b u l k o f the p o l y m e r i c m a t e r i a l i n t o s m a l l 
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part ic les f r o m w h i c h the i n d i g e n o u s v o l a t i l e c o m p o u n d s c a n evolve . T h u s , s a w i n g , 
m i l l i n g , d r i l l i n g , o r a b r a d i n g w i t h a d i a m o n d - c o a t e d d r i l l can be used i n Ρ A M S 
e x p e r i m e n t s as v a r i o u s t e c h n i q u e s t o abrade the sample . 

T h e d i s t r i b u t i o n o f w a t e r i n c o m p o s i t e mater ia ls is o f interest because m o i s t u r e 
can cause l o c a l i z e d regions o f increased stress (5) . F u r t h e r , the p l a s t i c i z i n g ef fects 
o f m o i s t u r e s o r b e d b y the e p o x y m a t r i x can r e d u c e i ts a b i l i t y to s tab i l ize h i g h 
m o d u l u s f ibers (6) . D e s p i t e the i m p o r t a n c e o f s o r b e d m o i s t u r e , l i t t l e has b e e n d o n e 
to e x p e r i m e n t a l l y measure the m o i s t u r e p r o f i l e i n c o m p o s i t e s . 

S a n d o r f f a n d T a j i m a (7) r e p o r t a m e t h o d o f s e c t i o n i n g t h i n slabs o f a c o m p o s i t e 
w i t h a m i c r o t o m e a n d d r y i n g the spec imens to cons tant w e i g h t t o d e t e r m i n e the 
w a t e r d i s t r i b u t i o n as a f u n c t i o n o f d e p t h i n the sample . T h e d a t a f r o m s u c h w o r k 
are o f s u f f i c i e n t q u a l i t y to ca lcu la te the s o l u b i l i t y a n d d i f f u s i o n c o e f f i c i e n t s . T h e i r 
results , as e x p e c t e d o n the basi
m o i s t u r e p r o f i l e . P r e l i m i n a r y results o f P A M S e x p e r i m e n t s are r e p o r t e d here as a 
t e c h n i q u e t o measure the q u a n t i t a t i v e d i s t r i b u t i o n o f w a t e r as a f u n c t i o n o f d e p t h 
i n the sample . 

Experimental 

P r e c i s i o n A b r a s i o n Mass S p e c t r o m e t r y . A b l o c k d i a g r a m o f the P A M S 
i n s t r u m e n t is s h o w n i n F i g . 1. A t i m e - o f - f l i g h t mass s p e c t r o m e t e r ( T O F M S ) was 
used f o r these s tudies f o r several reasons: a) the T O F M S has a large, o p e n i o n -
source a n d i o n - s o u r c e h o u s i n g , p r o v i d i n g a m p l e r o o m to i n s t a l l the sample 
abras ion s y s t e m ; b ) the gases e v o l v e d d u r i n g a b r a s i o n d i r e c t l y enter the i o n i z i n g 
r e g i o n o f the s o u r c e ; a n d c) the T O F M S generates 2 0 0 0 0 mass spectra per s e c o n d . 
T h u s , c o m p l e t e mass spectra o f c o m p o u n d s f r o m s h o r t - l i v e d t rans ient events 
( t y p i c a l l y 10 ms) c a n be o b t a i n e d b y Z - a x i s m o d u l a t e d o s c i l l o s c o p e d i s p l a y a n d 
p h o t o g r a p h y t e c h n i q u e s descr ibed b y L i n c o l n (8) . 

T h e T O F M S used i n these studies is a B e n d i x m o d e l 12-101 i n s t r u m e n t 
r e f i t t e d w i t h a sol id-state e l e c t r o n i c chassis ( C V C P r o d u c t s M a r k V ) . T h e mass 
s p e c t r o m e t e r was o p e r a t e d w i t h a c o n v e n t i o n a l e l e c t r o n b o m b a r d m e n t i o n source 
at a t rap current o f 1 μ Α a n d a n i o n i z i n g p o t e n t i a l o f 7 0 e V . T h e s e n s i t i v i t y o f the 
i n s t r u m e n t was m e a s u r e d w i t h n -hexane . A t a mass f l o w rate o f 1 0 " ^ g/s o f 
n -hexane i n t o the i o n - s o u r c e h o u s i n g , a n in terpré tab le mass s p e c t r u m w i t h a s ignal-
to-noise r a t i o o f 10 t o 1 was o b t a i n e d . 

T h e i n s t r u m e n t is e q u i p p e d w i t h one a n a l o g scanner ( M A 0 1 0 ) f o r c o n v e n t i o n a l 
mass spec t ra l r e c o r d i n g a n d t w o f o u r - c h a n n e l m o n i t o r s ( M A - 0 0 6 ) . E i g h t i o n s c a n be 
c o n t i n u o u s l y r e c o r d e d d u r i n g the abras ion process . A t o t a l i o n m o n i t o r is avai lable 
f o r m o n i t o r i n g the s u m o f i o n currents above a p r e d e t e r m i n e d mass. A Z - a x i s m o d u 
l a t e d o s c i l l o s c o p e d i s p l a y data a c q u i s i t i o n s y s t e m is also avai lable (1 ,9) . T h e i o n -
source h o u s i n g was m o d i f i e d b y the a d d i t i o n o f t w o o p p o s i n g arms t e r m i n a t e d b y 
v a c u u m flanges at 9 0 ° to the axis o f the f l i g h t t u b e . O n e a r m is f i t t e d w i t h a v i e w i n g 
p o r t , a n d the o t h e r a c c o m m o d a t e s a r o t a r y v a c u u m f e e d t h r o u g h a n d the c u t t i n g 
t o o l d r i v e s y s t e m . 
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T h e sample stage ( F i g . 2) is a t t a c h e d to the shaft o f a three-axis m i c r o p o s i t i o n e r 
( P e r k i n E l m e r - U l t e k ) w h i c h is in tegra l w i t h the b o t t o m i o n - s o u r c e h o u s i n g f lange o f 
the T O F M S . E a c h axis o f the m i c r o p o s i t i o n e r is c o n t r o l l e d b y a s t e p p i n g m o t o r a n d 
c o n t r o l l e r . T h i s arrangement p e r m i t s precise c o n t r o l o f the p o s i t i o n a n d m o v e m e n t 
o f the sample i n each o f the three p r i n c i p a l axes. 

A c u t t i n g t o o l , w h o s e axis o f r o t a t i o n is a l o n g o n e o f the three p r i n c i p a l axes, is 
used t o abrade the sample . A m o t o r generator a n d c o n t r o l l e r ( E l e c t r o - C r a f t ) p r o v i d e s 
r o t a r y p o w e r t o the t o o l c h u c k . T h e o u t p u t o f the m o t o r generator is c o n n e c t e d t o 
the shaft o f a r o t a r y h i g h - v a c u u m f e e d t h r o u g h ( F e r r o f l u i d i c s ) b y a f l e x i b l e c o u p l i n g . 
A p r e c i s i o n c h u c k ( A l b r e c h t ) is press-f i t t o a taper o n the v a c u u m - s i d e o f the r o t a r y 
f e e d t h r o u g h shaft . T h e ent i re assembly is m o u n t e d t o a v a c u u m f lange w h i c h 
attaches t o a side a r m i n the i o n - s o u r c e h o u s i n g o f the T O F M S . 

T h e t o o l dr ive a n d three-axi
to m o u n t the sample a n d d e t e r m i n e the m e c h a n i c a l o p e r a t i n g character is t ics o f the 
s y s t e m (see F i g . 3 ) . A d e t a i l e d d e s c r i p t i o n o f the i n s t r u m e n t a l o n g w i t h a d i s c u s s i o n 
o f i ts o p e r a t i n g character is t ics w i l l appear e lsewhere (9) . 

S a m p l e . T h e c o m p o s i t e s t u d i e d i n these e x p e r i m e n t s is a graphi te e p o x y test 
pane l 3.9 ± 0 .05 m m t h i c k . A p h o t o m i c r o g r a p h o f the cross s e c t i o n o f the test p a n e l 
is s h o w n i n F i g . 4 . T h e r e are 26 graphi te pl ies w i t h a f iberglass s c r i m o n each surface . 
T h e test p a n e l was m a i n t a i n e d at r o o m t e m p e r a t u r e a n d a m b i e n t h u m i d i t y f o r 11 
m o n t h s . Test spec imens 2 0 b y 4 0 m m were cut f r o m the p a n e l b y a d r y c u t t i n g 
process. T h r e e test spec imens were used t o d e t e r m i n e the t o t a l w a t e r c o n t e n t b y 
d r y i n g t o cons tant w e i g h t . T h e samples were d r i e d i n air at 110 ± 3 ° C . P A M S was 
used t o d e t e r m i n e the m o i s t u r e p r o f i l e i n u n d r i e d samples . 

M o i s t u r e P r o f i l e M e a s u r e m e n t s . T u n g s t e n c a r b i d e e n d m i l l s (1 .6 m m d i a m ) 
were used t o d r i l l ho les i n the spec imens . T o o l speeds f r o m 100 t o 6 0 0 r p m a n d 
sample feed rates o f 6 μιη/s t o 16 μιη/s were used d u r i n g the P A M S e x p e r i m e n t s . 

S ince the surface o f the sample m u s t be e x p o s e d to the v a c u u m o f the mass 
s p e c t r o m e t e r f o r 2 0 to 3 0 m i n b e f o r e e x p e r i m e n t s c a n c o m m e n c e , the samples are 
s a n d w i c h e d b e t w e e n t w o a l u m i n u m plates 0.8 m m t h i c k to prevent loss o f w a t e r 
f r o m the surface . S o m e e x p e r i m e n t s were also p e r f o r m e d w i t h one surface o f the 
sample e x p o s e d to d e t e r m i n e the changes i n the m o i s t u r e p r o f i l e w h i c h o c c u r 
d u r i n g p u m p d o w n o f the mass s p e c t r o m e t e r . 

T h e i o n current at m/e 17, a f r a g m e n t a t i o n p e a k f r o m w a t e r , was c o n t i n u o u s l y 
m o n i t o r e d d u r i n g the abras ion process t o measure the e v o l u t i o n o f w a t e r f r o m the 
sample . Mass 17 was used since mass 18, the m o l e c u l a r i o n o f w a t e r , was sa tura ted 
at the mass s p e c t r o m e t e r o p e r a t i n g c o n d i t i o n s used i n these e x p e r i m e n t s . 

I n a d d i t i o n , the i o n c u r r e n t at m/e 4 4 was m o n i t o r e d t o measure the e v o l u t i o n 
o f c a r b o n d i o x i d e f r o m the sample . E m p i r i c a l ev idence indica tes that the a m o u n t 
o f c a r b o n d i o x i d e e v o l v e d f r o m a graphi te e p o x y sample d u r i n g a b r a s i o n p r o v i d e s 
i n f o r m a t i o n c o n c e r n i n g the sharpness o f the c u t t i n g t o o l . S ince a b r a s i o n o f the 
sample o c c u r s in vacuo w i t h o u t the b e n e f i t o f c o o l i n g f l u i d s o r c u t t i n g l u b r i c a n t s , 
the t o o l wears r a p i d l y , t y p i c a l l y a f ter d r i l l i n g 15 to 2 0 m m , i .e . , f o u r t o s ix holes i n 
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Figure 1. Block diagram of precision abrasion mass spectrometer (PAMS) (4) 
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Figure 3. Precision abrasion device in bench jig 

Figure 4. Photomicrograph of cross-
section of graphite epoxy composite 
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a graphi te e p o x y c o m p o s i t e . T h e exact cause o f the c a r b o n d i o x i d e e v o l u t i o n is n o t 
k n o w n a n d represents a t o p i c f o r f u r t h e r s t u d y . F o r the purposes o f this s t u d y , 
h o w e v e r , the c a r b o n d i o x i d e p r o f i l e serves as a v a l u a b l e i n d i c a t o r o f the c o n d i t i o n 
o f the c u t t i n g t o o l . 

Q u a n t i t a t i v e d a t a were o b t a i n e d b y c a l i b r a t i n g the mass s p e c t r o m e t e r f o r 
w a t e r v a p o r . A gas/l iquid i n l e t s y s t e m was used t o leak a k n o w n mass f l o w rate o f 
w a t e r v a p o r i n t o the i o n - s o u r c e h o u s i n g w h i l e m e a s u r i n g the i o n c u r r e n t at m/e 17 . 
T h e w e i g h t percent o f w a t e r is the m o s t c o n v e n i e n t f o r m o f p r e s e n t i n g the d a t a : 

w H 2 o%= — χ " » , (1) 

w h e r e 

W J | ^ Q % is the w e i g h t p e r c e n t o f w a t e r i n the s a m p l e , 

Q j j ^ Q is the mass f l o w rate o f w a t e r f r o m the s a m p l e , a n d 

M is the mass a b r a s i o n rate o f the c o m p o s i t e . 

E x p r e s s e d i n terms o f measurable e x p e r i m e n t a l q u a n t i t i e s , E q . ( 1 ) b e c o m e s 

% 2 ° S H 2 0 
w %= ? 

Δ πρτΔν 

w h e r e 

I J I ^ Q is the i o n c u r r e n t o f m/e 1 7 (μ A ) , 

S J I ^ Q is the s e n s i t i v i t y f a c t o r o f the T O F M S t o w a t e r at m/e 1 7 (g/s · μ A ) , 

ρ is the b u l k d e n s i t y o f the c o m p o s i t e (g/cm^), 
r is the rad ius o f the c u t t i n g t o o l ( c m ) , a n d 
ν is the v e l o c i t y o f the sample stage (cm/s). 

R e s u l t s and Discussion 

R e s u l t s o f these p r e l i m i n a r y P A M S e x p e r i m e n t s were used t o achieve t w o 
object ives . 1) the t o t a l w a t e r c o n t e n t o f the c o m p o s i t e measured b y P A M S was 
c o m p a r e d w i t h that m e a s u r e d b y d r y i n g t o cons tant w e i g h t . 2) changes i n the 
m o i s t u r e p r o f i l e r e s u l t i n g f r o m e x p o s u r e o f one surface t o the v a c u u m o f the 
mass s p e c t r o m e t e r were d e t e r m i n e d . 

A t y p i c a l m o i s t u r e p r o f i l e f o r a n u n d r i e d graphi te e p o x y c o m p o s i t e is s h o w n 
i n F i g . 5 . T h i s p r o f i l e was o b t a i n e d f r o m a sample w h i c h h a d b e e n c l a m p e d b e t w e e n 
t w o t h i n (0 .8 m m ) sheets o f a l u m i n u m to prevent m o i s t u r e loss f r o m the surfaces 
d u r i n g e v a c u a t i o n o f the v a c u u m enve lope o f the T O F M S . It is apparent that the 
use o f a n i m p e r m e a b l e cover is s u f f i c i e n t t o prevent the loss o f m o i s t u r e f r o m the 
surface o f the sample w h e n i t is e x p o s e d to v a c u u m . T h e shape o f the m o i s t u r e 
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p r o f i l e is c o m p r i s e d o f t w o features : the gross shape o f the curve w h i c h c o r r e s p o n d s 
to a c o n c e n t r a t i o n gradient as e x p e c t e d f r o m F i c k i a n d i f f u s i o n , a n d f i n e s t r u c t u r e 
w h i c h c o r r e s p o n d s t o s h o r t - t e r m increases i n the e v o l u t i o n o f w a t e r f r o m the sample . 
T h e gross shape o f the w a t e r p r o f i l e is s i m i l a r t o that o b t a i n e d b y S a n d o r f f a n d 
T a j i m a (7 ) . T h e t a i l i n the m o i s t u r e p r o f i l e a f ter the s a m p l e has b e e n c o m p l e t e l y 
d r i l l e d t h r o u g h is due t o the e x p o n e n t i a l decay o f w a t e r v a p o r i n the i o n source 
h o u s i n g as i t is p u m p e d a w a y . 

T h e o r i g i n o f the f i n e s t r u c t u r e i n the m o i s t u r e p r o f i l e is u n c e r t a i n . T h e 
v a r i a t i o n i n stage v e l o c i t y d u r i n g these e x p e r i m e n t s is o n the o r d e r o f 10%. T h u s 
l o c a l v a r i a t i o n s i n the m o i s t u r e p r o f i l e c o u l d be due to s h o r t - t e r m v a r i a t i o n i n the 
stage v e l o c i t y o r t o r a n d o m l y d i s t r i b u t e d m o i s t u r e - r i c h regions i n the c o m p o s i t e . 
T o d e t e r m i n e the a c t u a l source o f the f i n e s t r u c t u r e , a p o s i t i o n t r a n s d u c e r w i l l be 
c o n n e c t e d t o the sample stag
abras ion o f the sample i n the
be o b t a i n e d o n l y w h e n the abras ion s y s t e m is m o u n t e d i n the b e n c h j i g . 

T h e in tegra l o f the area u n d e r the m o i s t u r e p r o f i l e is a measure o f the t o t a l 
we ight p e r c e n t o f w a t e r c o n t a i n e d i n the sample . T h e average t o t a l m o i s t u r e c o n 
tent f o r three holes b y P A M S was 0.1 w t %. T h e average t o t a l m o i s t u r e c o n t e n t 
f r o m d r y i n g t o cons tant w e i g h t was 0 .35 w t % ( d r i e d i n air at 1 1 0 ° C f o r 2 6 d a y s ) . 
T h u s , the m o i s t u r e c o n t e n t d e t e r m i n e d b y P A M S is b iased t o w a r d s a l o w e r va lue . 
T h e exac t reason f o r this d i s c r e p a n c y is u n d e r i n v e s t i g a t i o n . 

Several P A M S e x p e r i m e n t s were p e r f o r m e d o n a sample w i t h o n e surface 
e x p o s e d t o the v a c u u m o f the mass s p e c t r o m e t e r . A series o f holes was d r i l l e d over 
a p e r i o d o f several d a y s . F i g . 6 is a t y p i c a l m o i s t u r e p r o f i l e o b t a i n e d af ter 1 h 
e x p o s u r e o f the sample surface to v a c u u m . T h e h i g h m o i s t u r e c o n c e n t r a t i o n near 
the surface o f the sample has d i f f u s e d f r o m the e x p o s e d surface . O f p a r t i c u l a r 
interest is the o b s e r v a t i o n that the m o i s t u r e p r o f i l e af ter several days e x p o s u r e t o 
v a c u u m is essent ia l ly i d e n t i c a l to that a f ter an h o u r e x p o s u r e . T h u s , there is l i t t l e , 
i f a n y , change i n the m o i s t u r e p r o f i l e despi te the p r o l o n g e d e x p o s u r e o f the sample . 
T h e cause o f this p h e n o m e n o n is n o t c e r t a i n ; h o w e v e r , i t is apparent that a short -
t e r m e x p o s u r e t o v a c u u m is s u f f i c i e n t t o p e r m i t the loss o f m o i s t u r e f r o m a d e p t h 
o f several tenths o f a m i l l i m e t e r b e l o w the surface . 

C o n c l u s i o n s 

T h e t e c h n i q u e o f p r e c i s i o n a b r a s i o n mass s p e c t r o m e t r y is a u s e f u l m e t h o d t o 
o b t a i n m o i s t u r e p r o f i l e data f r o m c o m p o s i t e samples . These data are o f s u f f i c i e n t 
q u a l i t y tha t P A M S e x p e r i m e n t s o n samples sub jec ted t o c o n t r o l l e d e n v i r o n m e n t a l 
e x p o s u r e c a n be used to ca lcula te s o l u b i l i t y a n d d i f f u s i o n c o e f f i c i e n t s . I n a d d i t i o n , 
this a p p l i c a t i o n ind ica tes the u t i l i t y o f P A M S t o d e t e r m i n e d i s t r i b u t i o n p r o f i l e s f o r 
i n d i g e n o u s v o l a t i l e c o m p o u n d s o t h e r t h a n water . 
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Figure 5. Typical moisture profile from 
a graphite epoxy composite 
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Figure 6. Typical moisture profile from 
a graphite epoxy composite with one sur

face exposed to vacuum 
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Several areas of future study are suggested by these results. Investigations 
should be conducted to determine 

• the cause of the fine structure in the moisture distribution profile, 
• the moisture profile in the resin system and compare it to that in the 

composite, 
• the moisture profile normal to and parallel to the fiber axis, and 
• the distribution profiles of other gases, such as oxygen in the composite. 

Despite the early emphasis by other workers on stress-induced chemical 
reactions in polymers by stress MS, the use of this technique for the study of 
indigenous volatile compounds in polymers is an equally important study area 
which warrants further development. 
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Quantitative Analysis of Resin Matrix Aging by Gel 
Permeation Chromatography and Differential Scanning 
Calorimetry 

DAVID J. CRABTREE 

N o r t h r o p Corpora t ion , H a w t h o r n e , CA 90250 

The matrix resins widely
rication o f composite aircraft
which, while they have at least six months s t o r a g e life a t - 18C, 
have appreciable reaction rates a t normal ambient temperatures. 
These prepregs can therefore be ruined by inadvertent exposure t o 
ambient temperature. It is crucially i m p o r t a n t for the fabrica
tor of composite aircraft structures t o know how much a g i n g has 
o c c u r r e d in these p r e p r e g matrix resins prior t o fabrication. 
If significant a g i n g has occurred, the fabricator may have t o 
change the cure cycle used t o cure the structure in order to meet 
specifications for resin c o n t e n t and structural thickness. 
Because the amount o f resin f l o w t h a t o c c u r s during the normal 
autoclave cure p r o c e s s decreases with increasing age of the resin, 
structures cured from aged p r e p r e g will be resin rich and overly 
thick u n l e s s an adjustment is made. 

Ideally the prepreg will be received from the supplier 
f r o z e n i n dry i c e and w i l l be kept r e f r i g e r a t e d i n c o l d s t o r a g e 
(-18C) p r i o r t o i t s use. I n the optimum f a b r i c a t i o n sequence the 
pr e p r e g w i l l be l a y e d up on the mold and cured w i t h i n two days 
a f t e r removal from c o l d s t o r a g e . However, i n t e r r u p t i o n s i n the 
normal c y c l e o f event s can oc c u r which w i l l cause t h e p r e p r e g t o 
be exposed t o ambient temperatures f o r some p e r i o d o f time. F o r 
example: (1) e r r o r s can o c c u r i n the shipment o f the prepr e g - f r o m 
the s u p p l i e r and the pr e p r e g may be exposed on a l o a d i n g dock f o r 
s e v e r a l days, (2) power f a i l u r e s may oc c u r i n t h e r e f r i g e r a t i o n 
system a t the f a b r i c a t o r ' s p l a n t , and (3) the f a b r i c a t i o n sequence 
may r e q u i r e more than 2-days l a p s e time f o r c o m p l e t i o n . I t i s 
t h e r e f o r e n e c e s s a r y t o make a q u a n t i t a t i v e measurement o f the 
r e s i n m a t r i x 1 s age p r i o r t o the time i t i s used i n the f a b r i c a t i o n 
of a s t r u c t u r e . 

N o r t h rop undertook t h i s program t o develop a n a l y t i c a l methods f o r 
q u a n t a t i v e l y d e t e r m i n i n g t h e amount o f a g i n g which has o c c u r r e d i n 
pr e p r e g m a t r i x r e s i n s . Our i n t e n t i o n was t o have a procedure where
by the amount o f a g i n g which has o c c u r r e d i n each b a t c h o f p r e p r e g 
can be t r a c k e d from the day o f i t s manufacture t o the day i t i s 

0-8412-0567-l/80/47-132-459$05.00/0 
© 1980 A m e r i c a n C h e m i c a l S o c i e t y 

In Resins for Aerospace; May, C.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1980. 



460 RESINS FOR AEROSPACE 

Figure 2. GPC analysis of 3501-6 resin 
(Lot 009) at 254 nm 
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used. G e l permeation chromatography (GPC) and d i f f e r e n t i a l s c a n n i n g 
c a l o r i m e t r y (DSC) were s e l e c t e d as a n a l y t i c a l methods f o r t h i s work. 

M a t e r i a l s A n a l y z e d 

Methods f o r q u a n t i t a t i v e l y measuring how much a g i n g o c c u r s 
d u r i n g ambient exposure o f two epoxy r e s i n f o r m u l a t i o n s i m p o r t a n t 
t o the aerospace i n d u s t r y were developed. These m a t e r i a l s were: 
(1) 3501-6 (manufactured by H e r c u l e s ) , and (2) 5208 (manufactured 
by Narmco). Both o f these r e s i n s are w i d e l y used f o r the manu
f a c t u r e o f g r a p h i t e f i b e r composites. 

R e s u l t s and D i s c u s s i o n 

GPC and DSC method
changes t h a t o c c u r i n r e s i
I n GPC a n a l y s i s the i n c r e a s e i n h i g h e r m o l e c u l a r weight com
ponents as w e l l as the decrease i n the c u r i n g agent co n t e n t can 
be m o n i t o r e d . DSC a n a l y s i s can a l s o be used f o r some r e s i n s . 
DSC q u a n t i t a t i v e l y measures the exothermic heat o f r e a c t i o n t h a t 
i s e v o l v e d by a r e s i n d u r i n g c u r e . Due t o a g i n g , changes occur 
i n the amount of heat e v o l v e d . DSC was found u s e f u l i n m o n i t o r i n g 
a g i n g o f 3501-6 r e s i n . 

A. 3501-6 Epoxy R e s i n . The GPC a n a l y s e s o f unaged 3501-6 
( l o t 009) u s i n g t h e u l t r a v i o l e t d e t e c t o r a t 313 and 254 nano
meters are shown i n F i g u r e s 1 and 2. The peaks a r e l a b e l e d and 
i d e n t i f i e d . These measurements can be made q u a n t i t a t i v e by: 
(1) the percentages o f c u r i n g agent and/or h i g h m o l e c u l a r weight 
r e a c t i o n p r o d u c t s can be determined u s i n g peak h e i g h t s and/or 
peak a r e a s ; and (2) the changes i n t h e r a t i o s o f s e l e c t e d peaks 
can be used. These r a t i o s a re u s e f u l because as the r e s i n ages 
t h e r e i s e i t h e r a p r o g r e s s i v e i n c r e a s e o r decrease i n t h e r a t i o s . 
R a t i o s t h a t are u s e f u l and the e f f e c t s a g i n g has upon them are 
summarized i n T a b l e I . 

TABLE I 
EFFECT OF AMBIENT AGING UPON GPC PEAK RATIOS 

FOR 3501-6 AND 5208 EPOXY RESINS 

3501-6 R e s i n 5208 R e s i n 
Wavelength Wavelength 

Peak R a t i o 254 NM 313 NM 254 NM 313 NM 

2/3 I n c r e a s e I n c r e a s e I n c r e a s e I n c r e a s e 
2/4 I n c r e a s e I n c r e a s e I n c r e a s e I n c r e a s e 
4/5 - Decrease - -3/4 Decrease I n c r e a s e Decrease Decrease 
1/3 I n c r e a s e I n c r e a s e I n c r e a s e I n c r e a s e 
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g 0 6 

Figure 3. GPC peak ratios at 313 nm of 
3501-6 resin (Lot 009) after ambient ex
posure: (O) 2/3 peak ratio, ( Q ) 2/4 

peak ratio 

o / 6 

c 

DAYS AT ROOM TEMPERATURE 

• Φ 
1 4 L D c ο 

Figure 4. GPC peak ratios at 313 nm 
of 3501-6 resin (Lot 039) after ambient 
exposure: ( Q ) 2/3 peak ratio, (O) 2/4 
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We have found t h e use of peak r a t i o s an e f f e c t i v e method o f 
m o n i t o r i n g changes i n r e s i n advancement. I n F i g u r e 3 graphs o f 
the changes t h a t o c c u r r e d i n the r a t i o o f peaks 2/3 and 2/4 a t 
313 nanometers a r e shown. P r o g r e s s i v e i n c r e a s e s o c c u r r e d f o r b o t h 
these peak r a t i o s . I n F i g u r e 4 the peak r a t i o s f o r 3501-6 l o t 039 
are shown. T h i s l o t o f r e s i n was i n a much more advanced s t a t e 
when a n a l y z e d i n i t i a l l y . Note t h a t the i n i t i a l v a l u e s o f the peak 
r a t i o s a r e much h i g h e r and they c o n t i n u e t o i n c r e a s e . An e r r o r 
o c c u r r e d i n t h e shipment o f b a t c h 039. I t was l o s t somewhere i n 
t r a n s i t and a r r i v e d a t the p l a n t i n an advanced s t a t e o f a g i n g . 

The peak r a t i o s from the a n a l y s i s a t 254 nanometers f o r b o t h 
batches 009 and 039 a r e shown i n F i g u r e s 5 and 6. Here a g a i n i t 
i s p o s s i b l e b oth t o d e t e c t an overage c o n d i t i o n i n b a t c h 039 and 
to d e t e c t changes t h a t o c c u  d u r i n  ambient temperatur  a g i n g

The DSC a n a l y s i s ( F i g u r
o c c u r a t a p p r o x i m a t e l y 135C, , ,
are not f u l l y r e s o l v e d , appear t o be generated by the r e a c t i o n o f 
an a c c e l e r a t o r i n the r e s i n . The t h i r d peak i s generated by the 
r e a c t i o n o f the c u r i n g agent. D u r i n g a g i n g the h e i g h t s o f peaks 
1 and 2 decrease w i t h time. Peak 3 i s not s e n s i t i v e t o a g i n g . 
The r a t i o o f peaks 2/3 decreases as the age of the r e s i n i n 
c r e a s e s . F i g u r e 8 shows the changes i n t h i s peak r a t i o as l o t s 
009 and 039 ar e aged a t ambient temperature. I t i s r e a d i l y 
apparent t h a t l o t 039 i s more advanced than l o t 009. 

B. 5208 Epoxy R e s i n . The GPC a n a l y s e s o f unaged 5208 made 
u s i n g the u l t r a v i o l e t d e t e c t o r a t 313 and 254 nanometers a r e 
shown i n F i g u r e s 9 and 10. The peaks a r e l a b e l e d and i d e n t i f i e d . 
Changes t h a t o c c u r r e d i n s e l e c t e d peak r a t i o s a t 313 and 254 nano
meters (see T a b l e I ) ar e shown i n F i g u r e s 11 and 12. These peak 
r a t i o s d e l i n e a t e changes i n the age o f the r e s i n m a t r i x . DSC 
measurements were not used f o r 5208 because the r e s i n o n l y shows 
a s i n g l e exotherm peak. There i s no a c c e l e r a t o r peak t o m o n i t o r 
f o r a g i n g a n a l y s i s . 

E x p e r i m e n t a l Equipment and C o n d i t i o n s 

A. GPC A n a l y s i s . GPC a n a l y s e s were made u s i n g a Waters 
A s s o c i a t e s L i q u i d Chromatography Model ALC/GPC-244. F i v e M i c r o -
s t r a g e l columns were used i n s e r i e s . The pore s i z e s o f the 

ο ο ο 
columns were 100A (2 columns), 500A (2 columns), and 1,000A 
(1 column). U l t r a v i o l e t grade t e t r a h y d r o f u r a n s o l v e n t was used. 
The i n s t r u m e n t was oper a t e d a t room temperature w i t h a f l o w r a t e 
of 1 ml/min. C o n c e n t r a t i o n s o f the samples used f o r i n j e c t i o n s 
were t y p i c a l l y i n t h e range 2 t o 3 mg/ml. An u l t r a v i o l e t d e t e c t o r 
o p e r a t e d a t 254 and 313 nanometers was used f o r a l l a n a l y s e s . 

B. DSC A n a l y s i s . DSC a n a l y s e s were made on a Du Pont Model 
990 Thermal A n a l y z e r u s i n g the Model 910 DSC c e l l . A n a l y s e s were 
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Figure 5. GPC peak ratios at 254 nm 
of 8501-6 resin (Lot 009) after ambient 
exposure: ( Q ) 3/4 peak ratio, (0) 2/3 

peak ratio, (O) 1/3 peak ratio DAYS AT ROOM TEMPERATURE 

Figure 6. GPC peak ratios at 254 nm 
of 3501-6 resin (Lot 039) after ambient 
exposure: ( Q ) 3/4 peak ratio, (0) 2/3 

peak ratio, (O) 1/3 peak ratio 
5 10 15 

DAYS AT ROOM TEMPERATURE 
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Figure 8. DSC peak ratios of 3501-6 
resin (Lots 009 and 039) after ambient 

DAYS AT ROOM TEMPERATURE exposure: (O) Lot 009, (O) Lot 039 
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Figure 9. GPC analysis of 5208 resin at 
313 nm ELUTION TIME - MINUTES 

Figure 10. GPC analysis of 5208 resin 
at 254 nm 
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Figure 12. GPC peak ratios at 254 nm 
of 5208 resin after ambient exposure: 
(O) 2/3 peak ratio, (O) 1/3 peak ratio 
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made a t a heat up r a t e o f 10C/min. An atmosphere o f f l o w i n g 
n i t r o g e n gas was m a i n t a i n e d i n the c e l l d u r i n g the a n a l y s e s . 
Sample s i z e s were i n the range 1 0 t o 3 0 m i l l i g r a m . A n a l y s e s were 
made w i t h i n s t r u m e n t s e n s i t i v i t i e s i n t h e range 0 . 5 t o 2 . 0 meal/ 
second. 

C o n c l u s i o n s 

GPC and DSC have been used t o mo n i t o r a g i n g t h a t o c c u r s i n 
m a t r i x r e s i n s d u r i n g s t o r a g e . I t i s t h e r e f o r e p o s s i b l e t o t r a c k 
whatever changes occur d u r i n g the l i f e t i m e o f a p r e p r e g . The 
f a b r i c a t o r can determine how much a g i n g has o c c u r r e d i n a m a t e r i a l 
b e f o r e u s i n g i t , and i f s i g n i f i c a n t a g i n g has o c c u r r e d , he may 
a l t e r t h e cu r e c y c l e a
which meets s p e c i f i c a t i o n s

R E C E I V E D F e b r u a r y 2 8 , 1980 . 
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Effect of Room-Temperature Aging on Graphite/ 
Polyimide Prepreg Materials 

H. C. NASH, C. F. PORANSKI, JR., and R. Y. TING 

Chemistry Division, Naval Research Laboratory, Washington, D C 20375 

Fiber-reinforced composit  materials f increasing 
i m p o r t a n c e in many aerospac
behind this t r e n d is t h  requiremen  lighter-weight
materials for advanced vehicles. Fiber composites seem t o satisfy 
this need by offering a very high strength to weight ratio when 
compared with conventional metallic structural materials. T h i s 
weight consideration is especially i m p o r t a n t t o the successful 
development of vertical and short-take-off and landing (V/STOL) 
aircrafts i n o r d e r t o compensate for the large and heavy engines 
required for vertical lift. S i n c e many epoxy resins only have 
a maximum use temperature around 135°C (275°F), a number of high 
temperature resin systems a r e b e i n g e v a l u a t e d as possible candi
dates for t h e resin matrix material in graphite reinforced 
composites on future V/STOL aircraft. A resin is being sought 
w h i c h will meet operational r e q u i r e m e n t s at temperatures in 
excess of 204°C (400°F), but will be relatively insensitive t o 
moisture and will have the ease of fabrication of state-of-the-art 
e p o x i e s . One of the p r o m i s i n g systems under consideration is an 
addition polyimide, Hexcel's F-178 resin (1). 

A major d i f f i c u l t y i n h a n d l i n g many prepregs i s t h a t t h e 
m a t e r i a l must be s t o r e d a t v e r y low temperatures ( i . e . -20 C ) . 
The s h e l f l i f e of t hese p r e p r e g s i s g e n e r a l l y o n l y a few weeks a t 
room temperature and o n l y a few months a t f r e e z e r temperatures. 
Presumably, c o n t i n u a l B - s t a g i n g o c c u r s a t room temperature and, 
a t t h e same ti m e , t h e r e s i n may degrade by a b s o r b i n g m o i s t u r e 
from the atmosphere. A l s o , s i n c e b e f o r e l a y - u p f o r f a b r i c a t i o n 
t h e p repreg must warm up t o room temperature, i t c o u l d absorb 
m o i s t u r e through c o n d e n s a t i o n . 

We t h e r e f o r e c a r r i e d out an a g i n g study t o examine the 
e f f e c t s of o u t - t i m e and h u m i d i t y a t room temperature on t h e 
p r o p e r t i e s of F - 1 7 8 / g r a p h i t e p r e p r e g . We f a b r i c a t e d l a m i n a t e s 
from m a t e r i a l which had been exposed to v a r i o u s h u m i d i t i e s a t 
room temperature and e v a l u a t e d the m e c h a n i c a l p r o p e r t i e s as a 
f u n c t i o n of prepreg o u t - t i m e . We a l s o a n a l y z e d e x t r a c t s of t h e 
aged prepreg u s i n g p r o t o n nmr s p e c t r o s c o p y t o see i f t h i s t e c h n i q u e 
c o u l d r e v e a l a n y t h i n g about the c h e m i s t r y of the a g i n g p r o c e s s . 

This chapter not subject to U . S . copyright. 
Published 1980 American Chemical Society 
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Figure 1. Top: ultrasonic C-scan results for F-178/T300 laminates, (showing 
voids); bottom: ultrasonic C-scan results for F-178/T300 laminates, (void free) 
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E x p e r i m e n t a l 

M a t e r i a l . The p o l y i m i d e / g r a p h i t e p r e p r e g (F-178/T300) was 
ob t a i n e d d i r e c t l y from the m a n u f a c t u r e r , H e x c e l . The r e s i n i s 
d e s c r i b e d as a b i s m a l e i m i d e t y p e of p o l y i m i d e which c u r e s through 
a f r e e - r a d i c a l a d d i t i o n mechanism. The prepreg had been i n c l u d e d 
f o r t e s t i n g i n t h e NRL V/STOL program because i t appeared t o have 
a number of d e s i r e d f e a t u r e s : h i g h o p e r a t i o n a l temperature, 500 
h r s a t 246 C (475 F ) ; i t c o n t a i n s no s o l v e n t s ; no v o l a t i l e p r o 
d u c t s a r e formed d u r i n g c u r e ; and i t can be proc e s s e d l i k e 
s t a t e - o f - t h e - a r t e p o x i e s . Recent work a t t h i s L a b o r a t o r y has 
shown t h a t t h i s r e s i n system has a h i g h e r f r a c t u r e toughness than 
h i g h temperature epoxy systems. The g l a s s t r a n s i t i o n temperature, 
determined by t o r s i o n a l pendulum measurements  was 360 C f o r t h i s 
r e s i n compared t o 260 C

Agin g and F a b r i c a t i o n . F r e s h p r e p r e g m a t e r i a l was c u t , 
packed i n k i t s and s t o r e d a t room temperature i n t h r e e environmen
t a l chambers c o n t r o l l e d a t 16%, 50% and 95% r e l a t i v e h u m i d i t y , 
r e s p e c t i v e l y . The k i t s were e s s e n t i a l l y s m a l l aluminum s h e l v e s 
w i t h 17 open s l o t s . Each k i t t h e r e f o r e c o n t a i n e d seventeen 
p i e c e s o f p r e p r e g , 15 cm χ 15 cm i n s i z e w i t h one p i e c e i n each 
s l o t . A ging extended over a p e r i o d of t w e n t y - e i g h t weeks. A t 
the end of every four-week p e r i o d , a k i t was removed from 
s t o r a g e and a 1 6 - p l y l a m i n a t e prepared on the same day. The 
e x t r a sheet of aged prepreg from each k i t was used f o r p r o t o n nmr 
a n a l y s i s . 

U n i d i r e c t i o n a l 1 6 - ply l a m i n a t e s were f a b r i c a t e d i n a Wabash 
P r e s s u s i n g c o n v e n t i o n a l vacuum bag t e c h n i q u e s . The sample l a y -
up i n c l u d e d one g l a s s b l e e d e r p l y per every f o u r p l i e s o f pr e p r e g 
w i t h top b l e e d i n g o n l y . A porous f e l t m a t e r i a l was used around 
the sample t o form a dam t o pr e v e n t o v e r b l e e d i n g from t h e edge 
of t h e sample. I n i t i a l l y t h e p r o c e s s i n g i n the p r e s s was based 
on a manufacturer recommended c u r e c y c l e o r i g i n a l l y d e s igned f o r 
a u t o - c l a v e o p e r a t i o n . The r e s u l t i n g l a m i n a t e s , however, had 
h i g h v o i d c o n t e n t s as e v i d e n t from t h e r e s u l t of an u l t r a s o n i c 
C-scan study o f t h e l a m i n a t e s (see F i g . l a ) . V a r i a t i o n s from 
t h a t c u r e c y c l e were made t o a d j u s t f o r t h e p r e s s o p e r a t i o n . 
P r o c e s s i n g parameters such as d w e l l t i m e , temperature and time 
of p r e s s u r e a p p l i c a t i o n were v a r i e d u n t i l h i g h q u a l i t y , 
r e p r o d u c i b l e l a m i n a t e s c o u l d be f a b r i c a t e d . These l a m i n a t e s had 
a v o i d c o n t e n t o f l e s s than 0.5%, and a t y p i c a l C-scan r e s u l t i s 
shown i n F i g . l b . T h i s m o d i f i e d c u r e c y c l e , which i s g i v e n 
g r a p h i c a l l y i n F i g . 2, e s s e n t i a l l y i n c l u d e d a f u l l vacuum c y c l e 
a t 121°C (250°F) a n d 5 a p r e s s u r e c y c l e a t 177°C (350°F) and a 
p r e s s u r e of 6.9 χ 10 Pa (100 p s i ) . P o s t - c u r e requirement was 
10 hours a t 249 C (480 F ) . T h i s c u r e c y c l e was then kept t h e 
same f o r p r o c e s s i n g a l l aged samples i n o r d e r t o d e t e c t any change 
of p r o c e s s a b i l i t y i n t h e m a t e r i a l due t o a g i n g . 
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Figure 3. Laminate flexural strength as a function of aging period; F-178/T300, 
room-temperature aging; R.H.: (O) 16%, (χ) 50Ψο, (Q) 9 5 % 
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M e c h a n i c a l T e s t i n g , Samples were cut from the l a m i n a t e and 
t e s t s were c a r r i e d out t o determine i f any change o c c u r r e d i n 
t h e i r m e c h a n i c a l p r o p e r t i e s r e l a t i v e t o composites prepared from 
unaged p r e p r e g . The short-beam shear t e s t was chosen t o determine 
the i n t e r l a m i n a r shear s t r e n g t h , a r e s i n - d o m i n a t e d p r o p e r t y . The 
t e s t was c a r r i e d out a c c o r d i n g t o th e ASTM s t a n d a r d D2344. The 
dimensions o f th e shear specimens were 0.5" χ 0.16" χ 0.28", and 
20 specimens were t e s t e d f o r each l a m i n a t e sample. On the o t h e r 
hand, the f l e x u r a l t e s t was s e l e c t e d t o measure the l a m i n a t e 
f l e x u r a l s t r e n g t h and modulus, which a r e f i b e r - d o m i n a t e d 
p r o p e r t i e s . The f l e x u r a l specimens were 2" χ 1" χ 0.08", 
s a t i s f y i n g the requirement i n ASTM st a n d a r d D790. S i x specimens 
were t e s t e d i n t h i s case f o r each l a m i n a t e sample. Both mechani
c a l t e s t s were c a r r i e d out on an INSTRON t e s t i n g machine a t a 
crosshead speed of 0.0

Pr o t o n NMR. Weighed 2 cm χ 2 cm samples o f aged p r e p r e g were 
p l a c e d i n t a r e d v i a l s ; 1 gram of acetone-d^ was added t o each v i a l . 
The samples were e x t r a c t e d f o r ~2 hours a t room temperature w h i l e 
b e i n g s t i r r e d on a magnetic s t i r r e r . The r e s u l t i n g s o l u t i o n s were 
f i l t e r e d d i r e c t l y i n t o d r y nmr sample tubes. The r e s i d u e s were 
d r i e d and weighed. The s p e c t r a were o b t a i n e d on a JEOL FX60Q 
spectrometer system w i t h t h e f o l l o w i n g parameters: f r e q u e n c y , 
59.75 MHz ; 90° p u l s e ( 8 M s e c ) ; 600 Hz s p e c t r a l w i d t h ; 500 Hz, 4-
p o l e B u t t e r w o r t h f i l t e r ; q u a d r a t u r e phase d e t e c t i o n ; 8 sec p u l s e 
r e p e t i t i o n r a t e ; 100 p u l s e s ; 8192 d a t a p o i n t s . The i n t e r n a l 
deuterium l o c k was p r o v i d e d by the s o l v e n t . The s p e c t r a were 
run a t 25 C. 

R e s u l t s 

M e c h a n i c a l P r o p e r t i e s . F i g u r e 3 shows the f l e x u r a l s t r e n g t h 
of t h e g r a p h i t e / p o l y i m i d e composite p l o t t e d as a f u n c t i o n o f 
prepreg a g i n g p e r i o d i n weeks. I t can be seen t h a t l a m i n a t e 
f l e x u r a l p r o p e r t y s t e a d i l y decreases as agin g c o n t i n u e s . The 
e f f e c t i s more pronounced a t h i g h e r h u m i d i t y l e v e l s . A f t e r twenty 
weeks of ag i n g a t 95% r e l a t i v e h u m i d i t y , t h e f l e x u r a l s t r e n g t h 
i s reduced by n e a r l y 25% from t h a t o f t h e o r i g i n a l c o n t r o l sample. 
The same t r e n d i s f o l l o w e d by t h e f l e x u r a l modulus d a t a . 

F i g u r e 4 p r e s e n t s the i n t e r l a m i n a r shear s t r e n g t h d a t a as a 
f u n c t i o n o f prep r e g a g i n g p e r i o d . I n t h i s c a s e , t h e r e s u l t s show 
a r a p i d i n c r e a s e i n shear s t r e n g t h i n i t i a l l y as ag i n g proceeds. 
Then i t becomes c o n s t a n t a t a l e v e l a p p r o x i m a t e l y 55% h i g h e r than 
t h a t of the i n i t i a l c o n t r o l . The i n c r e a s e seems t o be independent 
of the h u m i d i t y l e v e l a t which prepreg samples were aged. 

At f i r s t g l a n c e t h e s e r e s u l t s seemed s u r p r i s i n g because any 
r e s i n d e g r a d a t i o n t a k i n g p l a c e due t o m o i s t u r e a b s o r p t i o n i n t he 
prepreg would l e a d t o po o r e r r e s i n - d o m i n a t e d p r o p e r t y such as 
i n t e r l a m i n a r shear s t r e n g t h . The f a c t t h a t i n t e r l a m i n a r shear 
s t r e n g t h was improved and f l e x u r a l p r o p e r t i e s d e t e r i o r a t e d may be 
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Figure 4. InteAaminar shear strength of aged samples; F-178/T300, room-tem

perature aging; R.H.: (O) 16%, (X) 50%, (Q) 95% 

Figure 5. Laminate density as a function of aging period; F-178/T300, room-
temperature aging; R.H.: (O) 16%,(X)50%, (0)95% 
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r e s o l v e d by c o n s i d e r i n g some p h y s i c a l changes t o the prepregs 
which o c c u r r e d d u r i n g a g i n g . 

F i r s t of a l l , d u r i n g t h e a g i n g p e r i o d t h e p r e p r e g m a t e r i a l 
c l e a r l y showed a steady l o s s of t a c k i n e s s . As a g i n g c o n t i n u e d , 
the prepreg g r a d u a l l y became dry and b r i t t l e , making i t d i f f i c u l t 
to keep a l l p l i e s p r o p e r l y a l i g n e d and adhered d u r i n g l a y - u p . 
Secondly, the b l e e d i n g d u r i n g c u r i n g was g r e a t l y reduced f o r 
aged samples. W e t t i n g o f the b l e e d e r p l i e s became l e s s and l e s s , 
p a r t i c u l a r l y around the c o r n e r s o f the square p l i e s , as aging 
c o n t i n u e d . These changes seem t o suggest t h a t t h e amount of 
r e s i n f l o w was g r e a t l y reduced due t o a g i n g . 

These o b s e r v a t i o n s suggest t h a t exposure t o h i g h h u m i d i t y 
caused l i t t l e o r no c h e m i c a l d e g r a d a t i o n i n the r e s i n system. 
But room temperature s t o r a g
e x c e s s i v e l y B-staged. Th
degree of c r o s s l i n k i n g tha  sampl  b e g i n n i n g
the f a b r i c a t i o n p r o c e s s . T h i s change i n degree of c r o s s l i n k i n g 
was not d e t e c t e d by p r o t o n NMR, but the m a t e r i a l was e s s e n t i a l l y 
one w i t h h i g h e r m o l e c u l a r w e i g h t s h a v i n g g r e a t e r m e l t v i s c o s i t i e s . 
T h i s , t h e r e f o r e , lowered the f l o w when the sample was s u b j e c t e d 
to t h e p r o c e s s i n g c y c l e o r i g i n a l l y d esigned f o r t h e c o n t r o l 
sample. The r e s u l t was a composite l a m i n a t e h a v i n g h i g h e r r e s i n 
c o n t e n t , but poorer f l e x u r a l p r o p e r t i e s . Laminate d e n s i t y 
measurements and f i b e r / m a t r i x volume d e t e r m i n a t i o n c o n f i r m e d t h i s . 
The r e s u l t s , shown i n F i g s . 5 and 6, i n d i c a t e d t h a t the r e s i n 
c ontent i n the l a m i n a t e s i n c r e a s e d w i t h i n c r e a s e d age of the 
pre p r e g , r e s u l t i n g i n decreased l a m i n a t e d e n s i t y . 

P r o t o n NMR. The two major components of the F-178 r e s i n 
system were i d e n t i f i e d through p r o t o n and carbon-13 nmr. I n t h e 
pr o t o n spectrum, F i g u r e 7, the l i n e s a t 4.2, 7.1 and 7.4 ppm 
a r i s e from t h e methylene, o l e f i n i c and ar o m a t i c p r o t o n s of t h e 
b i s m a l e i m i d e of methylene d i a n i l i n e , I . A l l of th e l i n e s i n t he 
4.4 t o 6.3 ppm r e g i o n a r e due t o the a l l y l p r o t o n s of t r i a l l y l 
i s o c y a n u r a t e , I I . There a r e a number o f low i n t e n s i t y l i n e s 
which we have not attempted t o i d e n t i f y . 

I I I 
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Figure 6. Volumetric fractions of fiber and matrix vs. aging period in weeks; 
F-178/T300, room-temperature aging at 95% R.H. 

j y 

Figure 7. 60-MHz proton NMR spectrum of material extracted from unaged 
F-178/T300 prepreg. The line at 0 ppm is that of the reference, tetramethylsihne. 
The multiplet at 2 ppm is attributable to the residual protons in the solvent, ace

tone —d«. 
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The a g i n g i n t h e F-178 r e s i n system i s a c o n t i n u a t i o n o f the 
c u r i n g r e a c t i o n s i n i t i a t e d d u r i n g the manufacture of th e p r e p r e g . 
The system cures through f r e e r a d i c a l p o l y m e r i z a t i o n of the 
o l e f i n i c bonds. Some t y p i c a l r e a c t i o n s a r e shown below. 
R e a c t i o n s (1) and ( 2 ) a r e two of t h e c h a i n p r o p a g a t i n g r e a c t i o n s 
f o r t h i s system where R« and R f* a r e any f r e e r a d i c a l s . 

The new f r e e r a d i c a l s formed i n (1) and ( 2 ) may c o n t i n u e t o 
s i m i l a r l y a t t a c k o t h e r double bonds or they may combine i n a 
c h a i n t e r m i n a t i n g r e a c t i o n as shown i n ( 3 ) . 

Thus, as th e cu r e proceeds the double bonds a r e consumed 
and t he system becomes more " a l i p h a t i c " . E i t h e r carbon-13 o r 
pro t o n nmr c o u l d be expected t o monitor the changes o c c u r r i n g 
i n t he system. We deci d e d t o use p r o t o n nmr because i t i s 
f a s t e r , r e q u i r e s l e s s sample and i s e a s i e r t o q u a n t i f y . We 
looke d f o r new p r o t o n l i n e s growing i n t h e 2 t o 4 ppm r e g i o n 
s i m i l a r t o those observed by C r i v e l l o from p o l y a s p a r t i m i d e s which 
he had prepared from b i s - m a l e i m i d e s ( 3 ) . We d i d n o t d e t e c t any 
n o t a b l e d i f f e r e n c e i n t h i s r e g i o n of the s p e c t r a of the aged 
samples compared t o t h a t of the c o n t r o l sample. 

We a l s o measured t h e r a t i o s of the i n t e n s i t y o f t h e o l e f i n i c 
peak of I (7 ppm) t o those of the aro m a t i c peak of I (7.4 ppm) and 
the CH 2~N peak (4.6 ppm) of I I . Changes i n t h e 7 ppm/7.4 ppm 
r a t i o would i n d i c a t e m o l e c u l a r change i n t h e e x t r a c t e d m a l e imide. 
Changes i n the 7.0 ppm/4.6 ppm r a t i o would i n d i c a t e changes i n t h e 
co m p o s i t i o n of the e x t r a c t e d r e s i n . I n each case, t h e v a l u e of 
the r a t i o showed no s i g n i f i c a n t v a r i a t i o n s from t h e one measured 
on t he c o n t r o l sample. 
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The f a i l u r e o f p r o t o n nmr t o r e v e a l any a g i n g e f f e c t s i n 
t h i s study i s p r o b a b l y because t h e i n i t i a l p r o d u c t s of the r e a c 
t i o n s a r e not s o l u b l e i n acetone o r t h a t they do not r e a c h a 
d e t e c t a b l e c o n c e n t r a t i o n b e f o r e r e a c t i n g f u r t h e r . The e x t r a c t i o n 
procedure was designed t o have t h e l e a s t p u r t u r b a t i o n on t h e s y s 
tem. The c o n t a c t time had t o be s h o r t , f o r we had p r e v i o u s l y 
found t h a t acetone s o l u t i o n s o f t h e F-178 r e s i n degrade r a p i d l y , 
even o v e r n i g h t . E x t r a c t i o n w i t h hot acetone was not attempted 
because of p o s s i b l e s i d e r e a c t i o n s . Acetone-d^ was chosen over 
d i m e t h y l s u i f o x i d e - d ^ (DMSO) and d i m e t h y l formamide-d^ (DMF) 
because i t s r e s i d u a l p r o t o n a b s o r p t i o n o c c u r s a t 2 ppm, whereas 
t h a t o f DMSO oc c u r s a t 2.5 ppm and DMF has two a b s o r p t i o n s , 
2.7 and 2.9 ppm, which would s t a r t o b s c u r i n g t h e r e g i o n of 
i n t e r e s t . 
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Characterization of Aging Effects of LARC-160 

PHILIP R. YOUNG and GEORGE F. SYKES 
National Aeronautics and Space Administration, Langley Research Center, 
Hampton, VA 23665 

The quality control of high-performance polymer matrix resins 
is an area vitally i m p o r t a n t to the aerospace community. S i m p l e , 
reliable, and acceptable t e c h n i q u e s must be available to assure 
that resins and prepregs are of consistent quality if the timely 
introduction of these advanced materials into aircraft and space
craft structures is to be successful. The p r e s e n t s t u d y is an 
initial characterization o f LARC-160 polyimide precursor resin, 
including resin a g i n g effects, and was made in an effort to estab
lish m e a n i n g f u l quality control procedures for this new and pot e n 
tially useful aerospace material. The specific objectives of this 
s tudy were to develop characterization t e c h n i q u e s for the resin 
and to correlate resin changes due to aging with processing and 
composite properties. 

Freshly p r e p a r e d LARC-160 resin and resin aged at room temp
erature up to 45 days were m o n i t o r e d by high p r e s s u r e liquid 
chromatography and several different t h e r m a l a n a l y s e s . G r a p h i t e 
reinforced ( H e r c u l e s HTS-1) (1) composites made from fresh and aged 
resin were then fabricated and tested to determine if changes 
observed by these t e c h n i q u e s were significant. 

E x p e r i m e n t a l 

M a t e r i a l s . LARC-160 was p r e p a r e d as s o l v e n t l e s s r e s i n from 
benzophenone t e t r a c a r b o x y l i c a c i d d i a n h y d r i d e (BTDA), n a d i c 
a n h y d r i d e , J e f f amine AP-22, and e t h a n o l by t h e method o f S t . C l a i r 
and J e w e l l (_2 ). U s i n g t h i s method, an i n i t i a l b a t c h o f r e s i n was 
p r e p a r e d , s t o r e d a t room t e m p e r a t u r e , and c h a r a c t e r i z e d as a 
f u n c t i o n o f t i m e . A f t e r h5 days, a second b a t c h o f r e s i n ( f r e s h 
m a t e r i a l ) was f o r m u l a t e d . H e r c u l e s HTS-l g r a p h i t e p r e p r e g was 
then p r e p a r e d a c c o r d i n g t o t h e procedure o u t l i n e d i n r e f e r e n c e 3. 
by d i l u t i n g t he two batches o f r e s i n t o 50 p e r c e n t s o l i d s i n 
t e t r a h y d r o f u r a n . E i g h t and 1 6 - p l y ( l . h mm and 3.1 mm t h i c k n e s s ) 

T h i s c h a p t e r n o t sub jec t t o U . S . c o p y r i g h t . 
P u b l i s h e d 1980 A m e r i c a n C h e m i c a l S o c i e t y 
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u n i d i r e c t i o n a l composites from each p r e p r e g were t h e n molded 
u s i n g t h e cure c y c l e g i v e n i n r e f e r e n c e 2. The completed T.6 χ 
12.7-cm p a n e l s were u l t r a s o n i c a l l y examined and t e s t specimens 
were cut from t h e areas t h a t e x h i b i t e d c l e a r C-scans. The molded 
composites were not p o s t c u r e d . 

I n s t r u m e n t a t i o n . A Waters A s s o c i a t e s Model ALC202/R401 
L i q u i d Chromâtograph equipped w i t h a Model 6 0 0 0 A S o l v e n t D e l i v e r y 
System, U6K I n j e c t o r , and Model kkO Absorbance D e t e c t o r was used 
t o make the chromatographic s e p a r a t i o n s . Analyses were performed 
at 25h nm UV on a Waters yBondapak CN column (3-9 mm ID χ 30 cm) 
u s i n g g l a s s d i s t i l l e d 1-propanol ( B u r d i c k and J a c k s o n Labora
t o r i e s , Muskegon, MI) as b o t h t h e sample s o l v e n t and t h e mobile 
phase. A F i n n i g a n Model 3300 Quadrapole Mass Spectrometer 
equipped w i t h a Model 600
s p e c t r a o f compounds preppe
S p e c t r a were o b t a i n e d by h e a t i n g t h e sample at 3K/min i n t h e i o n 
s o u r c e u s i n g a programmable temperature s o l i d i n l e t probe. 

A p a r a l l e l p l a t e p l a s t o m e t e r a t t a c h e d t o t h e DuPont Model 
9^-3 Thermomechanical A n a l y z e r / M o d e l 990 console and i n t e r f a c e d 
w i t h a Wang 2200 Programmable C a l c u l a t o r was used t o make v i s 
c o s i t y d e t e r m i n a t i o n s on t h e r m a l l y s t a g e d r e s i n s (k). A DuPont 
Model 990 Thermal A n a l y z e r i n combination w i t h a s t a n d a r d d i f 
f e r e n t i a l s c a n n i n g c a l o r i m e t r i c (DSC) c e l l and a Model 9^3 
Thermomechanical A n a l y z e r was used f o r t h e DSC and g l a s s t r a n s i 
t i o n measurements, r e s p e c t i v e l y . A d e s c r i p t i o n o f t h e t o r s i o n a l 
b r a i d a n a l y z e r and e x p e r i m e n t a l procedure i s g i v e n i n r e f e r e n c e 
5_. I s o t h e r m a l weight l o s s was determined on s h o r t beam shea r 
specimens i n a f o r c e d a i r oven at 5 8 9 K . 

M e c h a n i c a l T e s t i n g . A l l m e c h a n i c a l t e s t s were performed at 
room temperature on a Model TT6 I n s t r o n T e s t i n g Machine. F l e x u r a l 
s t r e n g t h s and moduli were determined on 1.3 χ β.^-cm 8-ply (l.k 
mm t h i c k ) composites a c c o r d i n g t o ASTM D790. Short-beam-shear 
s t r e n g t h s , u s i n g a k:l s p a n - t o - t h i c k n e s s r a t i o , were o b t a i n e d on 
0.6 χ 1.6-cm specimens machined from t h e l 6 - p l y (3.1 mm t h i c k ) 
composite. 

R e s u l t s and D i s c u s s i o n 

An o u t l i n e o f t h i s study i s g i v e n i n F i g u r e 1. T h i s scheme 
shows t h e type o f LARC-160 r e s i n sample a n a l y z e d , t h e t r e a t m e n t 
g i v e n , i f any, and t h e p a r t i c u l a r char ac t e r i ζ at i on t e c h n i q u e 
employed. High p r e s s u r e l i q u i d chromatography (HPLC) and mass 
spe c t r o m e t r y (MS) p l a y e d t h e major r o l e i n the c h a r a c t e r i z a t i o n 
o f t h e neat r e s i n . A f t e r an a c c e p t a b l e s e p a r a t i o n was developed 
and t h e major peaks i d e n t i f i e d , HPLC and t o r s i o n a l b r a i d a n a l y s i s 
(TEA) were used t o c h a r a c t e r i z e t h e i n i t i a l b a t c h o f r e s i n as i t 
aged. R e s i n samples were a l s o i m i d i z e d t o s i m u l a t e B - s t a g i n g and 
s t u d i e d by d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y (DSC), t h e r m a l 
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g r a v i m e t r i c a n a l y s i s (TGA), and p a r a l l e l p l a t e p l a s t o m e t r y . 
F i n a l l y , a f t e r t h e i n i t i a l b a t c h o f r e s i n had aged f o r k$ days a t 
room temp e r a t u r e , a f r e s h b a t c h o f r e s i n was p r e p a r e d . HTS-l 
g r a p h i t e composites f a b r i c a t e d from t h e s e two r e s i n s were t h e n 
c h a r a c t e r i z e d by thermomechanical a n a l y s i s (ΊΜΑ), and m e c h a n i c a l 
p r o p e r t y and i s o t h e r m a l weight l o s s measurements. The v a r i o u s 
areas o u t l i n e d i n F i g u r e 1 w i l l be d i s c u s s e d i n g r e a t e r d e t a i l . 

C h a r a c t e r i z a t i o n o f F r e s h and Aged R e s i n . HPLC was s e l e c t e d 
t o p l a y a major r o l l i n t h e c h a r a c t e r i z a t i o n o f f r e s h and aged 
r e s i n because o f i t s a b i l i t y t o r a p i d l y s e p a r a t e t h e s e m a t e r i a l s 
i n t o i n d i v i d u a l components. However, t h e chromâtographic f i n g e r 
p r i n t o b t a i n e d depended l a r g e l y on the e f f i c i e n c y o f the column 
used and an a p p r e c i a t i o
work was soon e s t a b l i s h e d
grams f o r t h e same LÂBC-ΐβθ r e s i n sample run on t h r e e d i f f e r e n t 
μBondapak CN columns. Each column had a d i f f e r e n t e f f i c i e n c y as 
determined by i n j e c t i n g a naphthalene s t a n d a r d under a n a l y t i c a l 
c o n d i t i o n s and c a l c u l a t i n g t h e number Ν o f t h e o r e t i c a l p l a t e s . 
Shown i n t h e f i g u r e are chromatograms o f t h e r e s i n on a new 
column, Ν=^βθΟ, a used column, Ν=β50, and an unacc e p t a b l e column, 
N=100. The t h r e e chromatograms are d i f f e r e n t and might be 
i n t e r p r e t e d as r e s u l t i n g from d i f f e r e n t r e s i n s . 

F i g u r e 3 shows how the column used i n t h e p r e s e n t study 
behaved. T h i s column was d e d i c a t e d t o r u n n i n g o n l y LARC-l60 
samples and Έ was determined each day an a n a l y s i s was made. The 
t r e n d shown by the decrease i n the number o f t h e o r e t i c a l p l a t e s 
w i t h t h e number o f samples a n a l y z e d i s s t r i k i n g . F i g u r e s 2 and 
3 demonstrate t h a t column performance must be c a r e f u l l y m o n i t o r e d 
when u s i n g HPLC f o r q u a l i t y c o n t r o l purposes. O t h e r w i s e , 
d i f f e r e n t i n v e s t i g a t o r s u s i n g columns o f d i f f e r i n g chromatographic 
h i s t o r i e s may be unable t o d u p l i c a t e t h e f i n d i n g s o f ot h e r s o r 
o b t a i n the s e p a r a t i o n r e q u i r e d f o r adequate q u a l i t y c o n t r o l . 
Column p l a t e count i s s p e c i f i e d f o r a l l s e p a r a t i o n s made d u r i n g 
t h i s s t u d y . E x p e r i e n c e does not y e t p e r m i t a lower l i m i t t o be 
e s t a b l i s h e d on N. 

F i g u r e h g i v e s a chromâtogram o f room-temperature aged 
(103 days) LARC-160 r e s i n and t h e i d e n t i f i c a t i o n o f most peaks. 
The i d e n t i f i c a t i o n was made by c o l l e c t i n g f r a c t i o n s a t the 
d e t e c t o r , e v a p o r a t i n g the m o b i l e phase, and t r a n s f e r r i n g t h e 
r e s i d u e t o t h e mass spectro m e t e r where s p e c t r a were o b t a i n e d . 
N adic e s t e r - a c i d was not d e t e c t e d i n the f r e e s t a t e because t h e 
compound does not e x h i b i t a UV chromaphore at 2$h nm. The f i r s t 
two peaks, c o r r e s p o n d i n g r e s p e c t i v e l y t o t h e u n r e s o l v e d BTDA 
e s t e r s ( I ) and t h e AP-22 amine m i x t u r e ( I I ), were p r e s e n t when 
the r e s i n was f o r m u l a t e d . AP-22 i s a p p r o x i m a t e l y 80 p e r c e n t 
d i a m i n o d i p h e n y l methane. Three o t h e r compounds ( I I I , I V , and V) 
formed d u r i n g a g i n g . I n a c t u a l p r a c t i c e , t h e s e t h r e e compounds 
c o u l d a l s o be formed d u r i n g t h e p r e p r e g g i n g and m o l d i n g 
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RESIN SAMPLE 

TREATMENT 

CHARACTERIZATION 
TECHNIQUE 

FRESH AND 
ROOM-TEMPERATURE AGED 

HPLC, TBA, 
MS 

IMIDIZATION AT) 
463K/30min 
(B-STAGE) 

DSC, TGA, 
PARALLEL PLATE 

PLASTOMETRY 

FABRICATION OF 
HTS1 GRAPHITE 

COMPOSITES 

TMA, MECHANICAL PROPERTY 
AND ISOTHERMAL WEIGHT 

LOSS MEASUREMENTS 

Figure 1. Scheme for LARC-160 resin characterization 

NUMBER OF 
THEORETICAL 4600 

PLATES: 
100 

I I I I I I I I ί -
0 10 0 10 0 10 

TIME, min 

Figure 2. HPLC of the same LARC-160 resin sample run on three different col
umns. Conditions: column, μΒοηάαραΙί CN; solvent, 1-propanol; flow rate, 0.5 
mL/min; size, l-^L(l-^g/'μία); room temperature; detector wavelength, 254 nm. 
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number of LARC-160 resin samples ana
lyzed. Conditions: standard, naphtha
lene; column, pBondapak CN; solvent, 
1-propanol; flow rate, 0.5 mL/min; size, 
1-pL (2^g/^L); room temperature; de

tector wavelength, 254 nm. 

AP-22 MIXTURE 

0 5 10 15 0 
TIME, min 

Figure 4. HPLC of LARC-160 resin aged at room temperature for 103 days. 
Conditions: column, pBondapak CN; solvent, 1-propanol; flow rate, 0.5 mL/min; 
sample size, l-μΕ (l-^g/^L); room temperature; detector wavelength, 254 nm; 

Ν = 2750. 
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o p e r a t i o n s . However, t h e b i s - n a d i m i d e I V , which r e s u l t e d from 
t h e r e a c t i o n and subsequent i m i d i z a t i o n o f two molecules o f n a d i c 
e s t e r w i t h one molecule o f h , U f - d i ami n o d i p h e n y l methane, i s an 
u n d e s i r a b l e product r e g a r d l e s s o f how o r when i t i s formed s i n c e 
i t s f o r m a t i o n upsets t h e d e s i g n e d LARC-l60 s t o i c h i o m e t r y . F r e s h 
r e s i n i s f o r m u l a t e d t o y i e l d an average i m i d i z e d m o l e c u l a r weight 
o f l600 (_3). These l600-molecular-weight-segments c r o s s l i n k 
d u r i n g cure. The cure o f r e s i n c o n t a i n i n g compound IV may y i e l d 
more t h a n the e x p e c t e d amount o f l o w e r m o l e c u l a r w e i g h t , h i g h l y 
c r o s s l i n k e d segments. More l i n e a r p o l y i m i d e must then form t o 
m a i n t a i n s t o i c h i o m e t r y . 

Once an. a c c e p t a b l e HPLC a n a l y s i s was developed and t h e 
major peaks were i d e n t i f i e d , the next o b j e c t i v e was t o determine 
i f t h e observed r e s i n a g i n  c o u l d b  c o r r e l a t e d w i t h e i t h e
c e s s i n g o r composite p r o p e r t i e s
g r a p h i c f i n g e r p r i n t o f f r e s h l y p r e p a r e  (tim )  f i n g e r
p r i n t s o f t h e r e s i n a f t e r a g i n g a t i n t e r v a l s t o 3^ days. Only 
two peaks are p r e s e n t i n t h e chromatogram o f t h e f r e s h l y p r e p a r e d 
r e s i n . These two peaks are due t o t h e BTDA e s t e r s and t h e AP-22 
amine m i x t u r e i d e n t i f i e d i n F i g u r e k. A f u r t h e r comparison w i t h 
F i g u r e k w i l l show t h a t t h e amine peak decreased w i t h aging w h i l e 
peaks f o r compounds I I I , I V , and V i n c r e a s e d . 

To prove t h a t the d i f f e r e n c e s observed i n F i g u r e 5 are 
caused by r e s i n aging e f f e c t s and not t o a change i n column p e r 
formance as shown i n F i g u r e 3, an a n a l y s i s o f the i n i t i a l time 0 
HPLC specimen, a 0.1 p e r c e n t s o l u t i o n i n 1-propanol, was r e p e a t e d 
each day t h a t an a n a l y s i s o f an aged r e s i n sample was conducted. 
These chromatograms are shown i n F i g u r e 6. A l t h o u g h a d e t e r i o r 
a t i o n i n p l a t e count i s n o t e d , t h e chromât οgrams o f t h i s d i l u t e 
s o l u t i o n are e s s e n t i a l l y i d e n t i c a l over the 3^-day p e r i o d . 
A p p a r e n t l y , i n v e r y d i l u t e s o l u t i o n s , the s t a r t i n g m a t e r i a l s have 
d i f f i c u l t y r e a c t i n g . The v i s c o u s l i q u i d r e s i n , as a s o l v e n t l e s s 
(100 p e r c e n t s o l i d s ) m i x t u r e o f monomers, behaves d i f f e r e n t l y . 
Thus, t h e d i f f e r e n c e s observed i n t h i s HPLC study were concluded 
t o be t r u e r e s i n a g i n g e f f e c t s and n o t r e l a t e d t o changes i n 
column performance. 

T o r s i o n a l b r a i d a n a l y s i s damping curves f o r t h e s e r i e s o f 
aged LARC-160 r e s i n s are g i v e n i n F i g u r e 7· A l l TBA samples 
were p r e p a r e d on t h e same day by c o a t i n g t h e g l a s s b r a i d s w i t h 
f r e s h l y f o r m u l a t e d r e s i n d i l u t e d i n t e t r a h y d r o f u r a n . The c o a t e d 
b r a i d s were then aged i n a d e s i c c a t o r at room temperature u n t i l 
t e s t e d . D i f f e r e n c e s below i*00K p r o b a b l y r e s u l t e d from t h e 
e v a p o r a t i o n o f r e s i d u a l s o l v e n t . However, between k^O and 515K, 
where i m i d i z a t i o n o c c u r s , t h e observed d i f f e r e n c e i n damping 
p r o b a b l y i n d i c a t e s t h a t a g i n g a l t e r s t h e a b i l i t y o f t h e m a t e r i a l 
t o absorb m e c h a n i c a l energy. The d e c r e a s i n g magnitude w i t h age 
c o u l d mean t h a t t h e aged r e s i n i s a l r e a d y p a r t i a l l y i m i d i z e d . 
T h i s would agree w i t h t h e HPLC r e s u l t s . D i f f e r e n c e s between 
damping p r o p e r t i e s f o r f r e s h and aged r e s i n may be s m a l l above 
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Figure 5. Effect of room temperature aging on HPLC of LARC-160 resin. Con
ditions: column, μΒοηααραΙζ
sample size, ~ 2.5μΕ (l-μg/μL);

Ν as noted. 
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Figure 6. Repetitive analysis of dilute (0.1% ) time 0 LARC-160 resin solution 
over a 34-day period. Conditions: same as for Figure 5. 
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Figure 7. TBA damping curves for 
room-temperature-aged LARC-160 resin. 
Conditions: temperature rise rate, 3 K/ 
min; atmosphere, nitrogen; ( ) fresh, 
( ) 1-day aged, ( ) 6-day aged, 

( ) 21-day aged. 
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600K s i n c e the curves t e n d t o c o i n c i d e i n t h a t temperature range. 
These TBA r e s u l t s suggest t h a t a g i n g may i n f l u e n c e t h e p r o c e s s i n g 
p r o p e r t i e s o f t h e r e s i n . 

C h a r a c t e r i z a t i o n o f I m i d i z e d F r e s h and Aged R e s i n . A 
sample o f f r e s h r e s i n was i m i d i z e d at J+63K f o r 30 minutes t o 
s i m u l a t e B - s t a g i n g , c o o l e d t o room temperature, ground up, and 
s t o r e d i n a d e s i c c a t o r u n t i l t e s t e d . T h i s p r o c e s s was r e p e a t e d 
p e r i o d i c a l l y f o r 36 days as t h e r e s i n aged at room temperature. 
A f t e r a l l i m i d i z e d samples had been p r e p a r e d , t h e y were c h a r a c 
t e r i z e d u s i n g the t e c h n i q u e s g i v e n i n F i g u r e 1. 

F i g u r e 8 shows t h e DSC curves o f b o t h f r e s h r e s i n and r e s i n 
t h a t had aged f o r 36 days b e f o r e b e i n g i m i d i z e d . DSC d i d not 
prove t o be an e f f e c t i v
m e t r i c c a l c u l a t i o n s c o u l
was not e s t a b l i s h e d a f t e r t h e c r o s s l i n k i n g exotherm due t o p a r t i a l 
sample decomposition. However, t h e d i f f e r e n c e i n t h e onset o f t h e 
c u r i n g exotherm f o r these two curves i s p r o b a b l y s i g n i f i c a n t . 
Even a f t e r i m i d i z a t i o n , t h e aged r e s i n appears t o be more advanced. 

Programmed temperature TGA a l s o was not v e r y i n f o r m a t i v e . 
Only s l i g h t d i f f e r e n c e s i n t h e r m a l s t a b i l i t y were obs e r v e d t o 
TOOK. However, t h e f r e s h r e s i n appeared t o be s l i g h t l y more 
t h e r m a l l y s t a b l e t h a n the aged r e s i n . 

I n c o n t r a s t t o DSC and TGA d a t a , melt v i s c o s i t y measurements 
showed s i g n i f i c a n t d i f f e r e n c e s i n t h e f l o w c h a r a c t e r i s t i c s o f 
t h e r m a l l y s t a g e d f r e s h and aged r e s i n . F i g u r e 9 i n d i c a t e s a t 
l e a s t an order-of-magnitude d i f f e r e n c e between t h e v i s c o s i t y / 
temperature curves o v e r most o f t h e temperature range t e s t e d . 
The f a c t t h a t aged r e s i n had a l o w e r v i s c o s i t y when t r e a t e d 
t h e r m a l l y i n d i c a t e d t h a t i t s a b i l i t y t o be p r o c e s s e d c o u l d be 
d r a m a t i c a l l y a f f e c t e d . Indeed, g r e a t e r f l o w was observed v i s u a l l y 
d u r i n g the mo l d i n g o f a g e d - r e s i n / g r a p h i t e composites t h a n was 
observed d u r i n g m o l d i n g o f f r e s h - r e s i n / g r a p h i t e composites. T h i s 
i n d i c a t e s t h a t p r o c e s s i n g c o n d i t i o n s f o r aged r e s i n may have t o 
be a d j u s t e d t o a l l o w f o r t h i s g r e a t e r f l o w . Changes i n r e s i n 
c h e m i s t r y f i n g e r p r i n t e d by HPLC a p p a r e n t l y p l a y a r o l e i n a l t e r 
i n g r e s i n v i s c o s i t y b e h a v i o r . 

Charact e r i ζ at i o n o f HTS-1 G r a p h i t e Composites. A f t e r t h e 
i n i t i a l b a t c h o f r e s i n had aged f o r h5 days, a f r e s h b a t c h was 
f o r m u l a t e d . These two r e s i n s were immediately used t o p r e p a r e 
HTS-1 g r a p h i t e p r e p r e g . The ρ rep re gs were l a i d up at t h e same 
tim e t o form 8 - and l 6 - p l y composites and B-staged i n t h e same 
vacuum bag. The prepregs were t h e n molded on t h e same day under 
i d e n t i c a l c o n d i t i o n s . T h i s approach was adopted i n an e f f o r t t o 
mi n i m i z e p r o c e s s i n g v a r i a b l e s and as an a l t e r n a t i v e t o p e r f o r m i n g 
a l l p r o c e s s i n g on t h e same b a t c h o f r e s i n . A repeat o f the 
co m p o s i t i o n o f f r e s h r e s i n was c o n s i d e r e d t o be e a s i e r t o achieve 
t h a n would be a r e p e a t o f p r o c e s s i n g c o n d i t i o n s o v e r a 45-day 
p e r i o d . 
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EXOTHERM 
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Figure 8. Effect of aging on DSC of 
LARC-160 resin. Conditions: sample 

1.0 Ufa. 
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Figure 9. Effect of aging on the melt 
viscosity of LARC-160 resin. Conditions: 
temperature rise rate, 3 K/min; atmos
phere, air; (O) fresh resin, (A) resin 

aged 35 days. 
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Figure 10. Effect of resin aging on TMA of HTS-l/LARC-160 composites. Con
ditions: mode, thermal expansion; temperature rise rate, 5 K/min; atmosphere, air. 
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TABLE I . ROOM TEMPERATURE MECHANICAL PROPERTIES' 

OF H T S - l GRAPHITE/LARC-I6O COMPOSITES 

MADE FROM FRESH AND AGEDb RESIN 

Composite 
F l e x u r a l Strength 

MPafksiJ 
F l e x u r a l Modulus 

MPa[ksi] 
Short beam shear 

MPa[ksi] 

Fresh R e s i n 

Aged R e s i n 

2000 (± 170) 
[288 (± 25)

2 1 0 0 ( ± 1 3 0

[ 3 0 5 ( ± 19)] 

1̂ 8,000 (± 6000) 

[21,700 (± 1000)] 

Ik ( ± 1 4 ) 

[11.9 (± 1.1)] 
a l l values are the average of t e n t e s t s ; numbers i n parentheses are 
one standard d e v i a t i o n . 

' r e s i n aged k^> days at room temperature. 

' f l e x u r a l measurements made on 8-ply (0.lU χ 1.3 x 6.U-cm) u n i d i r e c t i o n a l 
specimens. 

''short beam shear measurements made on l6-ply ( 0. 31 x 0.6 χ 1.6-cm) 
u n i d i r e c t i o n a l specimens. 

TIME, days 

Figure 11. Isothermal weight loss at 589 Κ for HTS-l/LARC-160 composites 
made from (O) fresh and (A) 45-day-aged resin 
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F i g u r e 10 shows t h e IMA o f l 6 - p l y s h o r t beam shear specimens 
f a b r i c a t e d from f r e s h l y p r e p a r e d r e s i n and from t h e i n i t i a l b a t c h 
of r e s i n t h a t had aged f o r 4 5 days a t room temperature. The 
change i n s l o p e a f t e r 550K corresponds t o the g l a s s t r a n s i t i o n 
t e m p e r a t u r e , Τ . The composite made from f r e s h r e s i n has a 
s i g n i f i c a n t l y h i g h e r T g > T h i s suggests t h a t a ging o f LARC-ΐβθ 
m a t r i x r e s i n might a f f e c t the Tg o f composites. 

T a b l e I g i v e s t h e f l e x u r a l and short-beam-shear s t r e n g t h s 
and t h e f l e x u r a l modulus f o r g r a p h i t e composites f a b r i c a t e d from 
f r e s h and aged r e s i n . The room temperature mechanical p r o p e r t i e s 
o f t h e s e s e t s o f composites are p r o b a b l y i d e n t i c a l w i t h i n e x p e r i 
m e ntal e r r o r . T h e r e f o r e , changes i n r e s i n c h e m i s t r y w i t h t i m e , 
as f i n g e r p r i n t e d by HPLC, do not seem t o be r e f l e c t e d i n t h e room 
temperature m e c h a n i c a l p r o p e r t i e f composite  mad  fro  t h e s
r e s i n s , at l e a s t not thos
t h i s s t u dy. I t i s p o s s i b l  s p e c i f i  exposure, 
such as m o i s t u r e o r e l e v a t e d t e m p e r a t u r e , would have shown 
d i f f e r e n c e s due t o r e s i n a g i n g . 

S h o r t beam s h e a r specimens f a b r i c a t e d from f r e s h and aged 
r e s i n were i s o t h e r m a l l y aged a t 589Κ and t h e i r weight l o s s was 
measured p e r i o d i c a l l y . These d a t a are p r e s e n t e d i n F i g u r e 11 
where each p o i n t r e p r e s e n t s t h e average weight l o s s o f t h r e e 
specimens. The g r e a t e r weight l o s s o f t h e composite made w i t h 
aged r e s i n i s s i g n i f i c a n t . TGA d a t a on t h e i m i d i z e d r e s i n s may 
have suggested t h i s b e h a v i o r . The weight l o s s d a t a i n d i c a t e s 
t h a t i f m e c h a n i c a l p r o p e r t y measurements were r e p e a t e d a f t e r 
p e r i o d i c i s o t h e r m a l a g i n g at 589K, g r e a t e r d i f f e r e n c e s t h a n t h o s e 
seen i n Table I would be observed f o r composites made from f r e s h 
and aged r e s i n on HTS-1. 

C o n c l u d i n g Remarks 

High p r e s s u r e l i q u i d chromâtography i s a v a l u a b l e t o o l f o r 
f i n g e r p r i n t i n g changes i n LARC-l60 r e s i n due t o agi n g . The 
major aging p r o d u c t s , i d e n t i f i e d by mass s p e c t r o m e t r y , r e s u l t e d 
from t h e r e a c t i o n o f n a d i c e s t e r - a c i d w i t h J e f f amine AP-22. 
T o r s i o n a l b r a i d a n a l y s i s and p a r a l l e l p l a t e p l a s t o m e t r y were a l s o 
u s e f u l t e c h n i q u e s and suggested t h a t t h e p r o c e s s i n g o f composites 
might have t o be a l t e r e d t o a l l o w f o r r e s i n changes due t o ag i n g . 
D i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y and t h e r m a l g r a v i m e t r i c a n a l y s i s 
were not e f f e c t i v e t e c h n i q u e s f o r s t u d y i n g LARC-ΐβθ r e s i n a g i n g . 

The f a b r i c a t i o n and t e s t i n g o f g r a p h i t e composites made w i t h 
f r e s h and aged r e s i n showed t h a t r e s i n a g i n g r e s u l t e d i n g r e a t e r 
f l o w d u r i n g p r o c e s s i n g and p o o r e r composite i s o t h e r m a l s t a b i l i t y . 
However, a g i n g was not r e f l e c t e d i n t h e room temperature f l e x u r a l 
o r short-beam-shear s t r e n g t h s o f composites made w i t h f r e s h and 
aged r e s i n . F i n a l l y , column p l a t e count was i d e n t i f i e d as a p a r a 
meter which must be mo n i t o r e d i f a c c e p t a b l e chromatographic p r o 
cedures f o r t h e q u a l i t y c o n t r o l o f LARC-l60 are t o be e s t a b l i s h e d . 
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isothermal 352,358/-361/ 
polyurethane 85 
rheology of L A R C - 1 6 0 223-226 
staging 223, 226-230 
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C u r e (continued) 
thermal 258 
time and composite properties 327 
time and transitions 353f-355f 

C u r i n g 323,345,351, 363,475,486 
agents 36 ,106,107,182,235, 

275,286,289,294,461 
cycles and fabricat ion for graphi te -

epoxy composite 396 
kinetics 401 
mechanisms ..... 499/ 
react ion(s) 477 

D S C thermograms 402/ 
epoxy 265 

C y c l o d e h y d r a t i o n 4 
Cyclopentadiene 226 

D 

Damage funct ion 312,379-382, 384 
D a m p i n g curves for ambient aged 

resin 485/ 
Defects, chemical network 397-401 
Deflect ion 

curve, push- through l o a d 164/ 
degree of 167 
peak 174 

Deformat ion 
fai lure modes 233 
failure processes , 237-239 
interfacial 388-388/ 

and fiber stress 380/ 
uni form curvature 440 

D i a l l y l orthophthalate, properties 318 
D i a l l y l phthalate 319 
1,2-Diaminobenzene 40 
4 ,4 ' -Diaminodiphenyl methane 484 
4 -4 ' -Diaminodiphenyl sulfone 275, 294 
D i - f - b u t y l c u m y l peroxide 49 
2,2-bis ( 3 ' ,4 ' -Dicarboxypenyl ) 

hexafluoropropane 8 
1,12-bis ( 3 ,4-Dicyanophenoxy ), 

synthesis 
of dodecane 32 
of ester 31 
of ether ...29-32 

N,iV-bis ( 3 ,4 -Dicyanophenyl ) 
decanediamide . 3 3 7 , 351 
doconsanediamide 351 
3-methylhexanediamide 351 
tetradecanediamide 351 

Die lec tr ic 
ce l l 217 
constant 131,145 
dissipation 230 

factor 218,223,226-228 
D i e l s - A l d e r reaction 6 

Dif ferent ia l scanning calorimetry 
( D S C ) 21,218-220,397, 

459-467,480 
Dif fus ion, 

act ivation energy 445 
coefficient 407,435,441,443,445 
rate 226 

of water ...89-90 
tensor 421 
of water 301 

D i g l y c i d y l ether of b isphenol -A 106 
D i g l y c i d y l ethers, fluorinated 35-36 
D i m e t h y l a m i n o propylamine 106 
D i m e t h y l f o r m a m i d e 16-32,140, 

258,341, 343 
Dimethylsul fox ide 29,260 
D i p o l e mobi l i ty 230 

Diss ipat ion factor 131,145 
D i s t i l l a t i o n - a d d i t i o n cycle 45 
D o u b l e b o n d reactions of amines 6 
D u c t i l i t y 279 
D u r a b i l i t y of epoxy matrices 239-243 
D y n a m i c 

mechanical analysis ( D M A ) . 8 6 , 90-95 
mechanical response 407-409 
viscosity and dissipation factor 229/ 

E d g e , p o l y m e r b lend 209-213/ 
Elast ic 

modulus 299, 302i, 389 
-p las t i c strip in pee l ing strength .... 66 
response 86 
strain energy 77 

Elast ic i ty , modulus of 248-255 
and glass fiber content 252/ 
and reinforcement content 250/ 

Elastomer, neoprene polyurethane .... 161f 
Electrodes, graphite fiber 259 
Electrodes, p la t inum 260 
Electrodeposi t ion 257, 260 

of p o l y a m i c ac id 270/ 
Electro ini t ia t ion 262,265, 266 
Electronic c ircuit 368/ 
Elec t ronic coatings 127-137 
Elec tropolymerizat ion 257-263 

N- ( 2-hydroxyethyl ) ethylene-
imine 263-265 

of p o l y i m i d e ( s ) 264/, 265-268 
E n e r g y release rate and crack 

propagat ion 372/, 373/ 
E n v i r o n m e n t a l 

cycle 429,430/ 
durabi l i ty 395-415 

characterization 404-407 
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Environmental ( continued ) 
exposure 489 
response and chemical defects 401 

Epoxide(s) 
-amine addition reaction 238/ 
groups and curing 238/ 
homopolymerization 238/ 

Epoxy (ies) 
chemical structure 235-237 
layer, swelling and debonding 439/ 
microvoid characteristics 234—235 
primers 106-107 
resin 

ambient aging 461 
joints 441-443 
matrix 269 
mechanical characterizatio

composite „ 275-29
scanning electron micrograph
transmission optical micrograph .... 236/ 

Equilibrium 156/ 
force 172 

external 155 
moisture sorption 239,240/, 397 

Esterification 7 
Ethanol 223 
Ether-containing polyphthalocyanines 26 
Extensional load 422 
Extinction coefficient of isocyanate .... 85 

F 
Fabrication 

and curing cycles for graphite-
epoxy composite 396 

laminates 470/ 
and prepreg aging 471 
model, time-dependent 

probabilistic .379-385 
modes 283 
pattern(s) 307-311 
probability 412 
processes, deformation 237-239 

Fasil (see Fluoroalklarylenesilox-
anylene ) 47-54 

Fatigue strength, acoustic 305-314 
Fiber 

composites 
resin flow 18/ 
weight loss 18/, 20/ 

deformed 386/ 
-matrix interface bond 406-407 
orientation 429 
oxidation 271 
reinforced 

composites 386/, 395-415 
plastics 247-256,379-394 
polyester 305-314 
polyimides 16 

Fiber ( continued ) 
reinforcement, graphite 217 
stress and interfacial deformation .. 390/ 

Fickian diffusion 445,455 
equation 421 
kinetics 424 

Film modulus, composite 211 
Flame testing polyurethane 183/ 
Flex strength(s) 329 

shear 323 
Flexibility 101,106,109 

fluid resistance in coatings 84 
Flexural damping, rheovibion 

thermal scans 402/, 403/ 
Flexural strength(s) 145,473,480,489 

and aging 472/ 
graphit  fiber reinforced laminate  146/ 

in coatings 84 
and crosslinking 90 

Fluidized bed coating of aluminum 
wire 149 

Fluoralkylarylenesiloxanylene 
polymer, synthesis .47-54 

Fluoreoepoxy resins, silicone-amine .35-38 
Fluoreoepoxy, water absorption 37 
Force equilibrium 156/, 172 
Force, interfacial 388/ 
Fourier transform infrared spectros

copy (FTIR) 85-90,237 
solventborne polyurethane 88/ 

Fracture 
energy 412,414/ 
mechanics, Griffith 406 
in polymethyl methacrylate, 

dynamic 367-377 
surface(s) 373/-376/ 

and energy release rates 369-377 
stress 380 

constant stress-rate loading 382-385 
testing, adhesive 59-68 
toughness analysis 412 

Fragmentation peak 451 
Free-radical addition mechanism ..... 471 
Friction force during launch 155 
Friction and seal invert pressure 168/ 
Fringe contrast 438 
FTIR (see Fourier transform 

infrared spectroscopy ) 
Fuel resistance 51 
Fuel tank channel sealant 47-58 

Gamma function 380 
Gel permeation chromatography 218, 

457-468 
Gel time 147 
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General prepolymer 144f 
Glass fiber content 311 

and loss factor 252/ 
modulus of elasticity 252/ 

Glass transition 93,279,283,286, 
289,299,352,356,401 

temperatures 140,147,241-242,349, 
363,425,443,445,471,489 

degree of oligomerization 145 
and interaromatic carbons 355,357/ 
of polyimide 143 

Graphite 
composite(s) 

characterization 486 
interphase resin modification .257-273 

-epoxy 
distribution of water 449-457 
fabrication and curing cycle
prepreg, chemical characteri

zation 403 
fiber(s) 

polyimide coatings 268 
reinforced laminates, flexural 

strength 146/ 
reinforcement 145,217,479-490 

-polyimide, ambient aging 469-478 
Griffith fracture mechanics .. 406 

H 

Halocarbon wax coatings 129 
Halpin-Tsai equations 207-211 
4,4'- ( Hexafluoroisopropylidene ) -bis-

(phthalic acid) ...17-19 
Hexamethylene diisocyanate 107,110 
Homopolymerization 397 

of epoxides 238/ 
Hooke's law 61 
Hydrogen bonding 107,243, 301 

interchain 93-95 
Hydrogen, reaction rates of active .... 108 
Hydrothermal 395-415 

aging 395-415 
sensitivity 406 
stress 424,429 

analysis 428/ 
N-(2-Hydroxy ethyl)ethyleneimine .... 258 

electropolymerization 263-265 
1,3- [ Hydroxymethyl ( 3,3,3-trifluoro-

propyl ) silyl] benzene 53 
Hygroscopic expansion, coefficient 

of 423-424 

Imidization .....220,223, 230-231 
kinetics 220 

of prepreg 224/ 
rate 226 

Impact 
resistance 101,106,109 

of polyurethane coatings 95 
strength( s ) 260,262-263 
tensile tests 391,393/ 

Infrared 
absorbance, isocyanate 91/ 
spectroscopy 220-223,343 

Fourier transform (see FTIR) 
spectrum(a) 342/ 

for prepreg 222/ 
Initial stages of polymerization 234 
Insulating layer fibers 269 
Insulation resistance 131 
Interface bond, fiber-matrix 406-407 
Interface, shear deformation 385,386/ 
Interfacial bonding 263 

Interlaminar shear strength(s) 147,148/ 
Interphase tailoring in carbon fiber 

composites 263 
Intumescent coating 191 
Inverse-diffusion system 421 
Ion current 451 
Ionic contaminants 134 
Isocyanate(s) 

in coatings 107 
coatings, properties I l l 
infrared absorbance 91/ 
reaction 8 5 

Isophorone diisocyanate 107 
Isopropylidine group 341 
Isoquinoline 40,44-45 
Isoviscous level 352 

J 
Junction field effect transistors 136 

Κ 
Kinetics 

curing 401 
Fickian diffusion 424 
moisture absorption 299 
of water uptake 443-446 

L 
Laminate(s) 

density and aging 474/ 
fabrication — 470/ 
high temperature and strength 10 
polyester resin 248,251 
reinforced 

graphite fiber, flexural strength .. 146/ 
cross plied 253,254/ 

single ply 293-303 
ultrasonic C-scan for 470/ 
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L a m i n a t i o n , autoclave cycle for 216/ 
Laminat ions of composite materials .. 249/ 
L A R C - 1 6 0 composite laminat ion, 

opt imizat ion 215-232 
L A R C - 1 6 0 , constituents 216/ 
L a t e r a l excursion 189 

tests 169/, 182 
L a u n c h 

flame exposure data 192f 
pressure 156/ 
seal, b u c k l e d w e b segment 156/ 
seal pressure tester 187/ 
tube 

b o n d i n g surface 153 
mounted polyurethane seals . 1 5 1 - 1 7 5 
polymeric components 152/ 

L i p seal(s) ...152/, 186 
neoprene 154,15
neutral axis 15
pressure test 157/ 

L i q u i d chromotograms for staged 
L A R C - 1 6 0 244/ 

L i q u i d chromatography, h i g h 
pressure 480 

L o a d 
-displacement relat ion 370/ 
a n d peel speed 72/ 
and peel t ime 76/ 
t ime curves 393/ 

L o a d i n g fracture stress .. .382-385 
Loss factor 245-255 

a n d glass fiber content 252/ 
and reinforcement content 250/ 

Loss tangent 275-279 
curves 282/, 285/, 288/, 291/ 

storgae modulus 280/ 

M 

M a l e i c anhydride copolymers 260 
M a l e i m i d e end-caps 6 
Mass spectrometry 480 

precis ion abrasion 449-457 
M a t r i x 

b u l k response 395 
deformed 386/ 
glass transition temperature 397, 398f 
modulus 211 
plast ic izat ion , 299 

M e c h a n i c a l 
characterization of composite 

epoxy resins 275-292 
energy 484 
model , non-linear interfacial 385-391 
properties 

composite . . .324,330,332,489 
of cured p o l y i m i d e 143 
and moisture 331 
of polymer blends 206 

M e c h a n i c a l ( continued ) 
properties ( continued ) 

of precipi tated polymer films 213 
of prepolymers 147 
of single-ply laminates 297-303 

response, dynamic 407-409 
testing 351,473 

M e l t viscosity, effect o n aging 487/ 
M e l t viscosity measurements 486 
M e r c u r y amalgamation 85 
M e s a transistors 136 
Methane sulfonic a c i d 205 
M e t h y l ethyl ketone 117-119 
N - M e t h y l - 2 - p y r o l i d o n e 16, 260 
Methylene-bis ( 2-chloroanile ) 182 
Methylenediani l ine 6 ,11 , 215, 475 
N - M e t h y l p y r r o l i d i n o n e 140,149 

M i c r o c r a c k i n g 241 
M i c r o v o i d characteristics of epoxy 234-235 
Miner ' s rule 312 
Miss i le 

l aunch systems, polyurethane 
seals 151-200 

mounted polyurethane seals 177-200 
seal d u r i n g pressurization a n d 

launch 172-175 
M o d e l seal, b u c k l e d w e b section 179 
M o d e l seals for testing 179 
M o d u l u s change, coefficient of 407 
Mois ture 

absorption, degradation through . . . 473 
cure 87—89 
degradation 407 
diffusion and composite, micro-

damage . 4 1 9 - 4 3 4 
distr ibut ion 430/ 
effusion rates 424 
and mechanical properties 331 
prof i le(s ) 

composite 420/, 427/ 
f rom graphite-epoxy composite .. 456/ 
measurements 451-455 

profilometry 419-422 
resistance of composites 329 
sorption, e q u i l i b r i u m 239, 240/ 
-stress analysis 422-424 

M o l e c u l a r 
composites reinforced polymers .203-214 
linkages, interaromatic 352 
structure and polyphthalo-

cyanines 349-365 
structures for solvent soluble 

coatings 128/ 
M o m e n t of inert ia , cross section ...248, 251 
M o r p h o l o g y , network 234 
M o r p h o l o g y of polymer blends ......207-210f 
M u l t i p l e beam interference 437 
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Ν 

Nadic anhydride 6,479 
Nadie end-caps . 5-6 
Nadimide end-caps 7 
bis-Nadimide 484 
Naphthalene chromatographic 

standard 481 
lip seals 154,159 

Neoprene polyurethane elastomers .... 161 
Neoprene seal .....153,165 
Nernst-Einstein relationship 441 
Newton's rings 437-447 
Nitrile-crosslinked polyquinoxalines .. 266 
Nitro displacement 26-27 
4-Nitrophthalomtrile 29-32 
Norbornene dicarboxylic acid 16,215 
Norbornenyl end-caps 16
Nuclear magnetic resonance 

spectroscopy (NMR) 337-346 

Ο 

Oligomers 141*, 142ί 
Oligomerization, degree of 147 
Oligomerization, glass transition 

temperature 145 
Optical stress-birefringence 440 
Organophosphorus coating 271 
Overlap length and shearing 

fracture load 62/, 65/ 
Oxazolidine .. 117 
Oxy-acetylene torch test 182,191 
4,4'- ( Oxydi-l,4-phenylene ) bis ( 3,5,6-

tripheny lphthalicanhy dride ) ...39,40/ 

Ρ 

Parallel plate plastometry 481 
Parameters, structural 237 
Peak ratios after ambient 

exposure 462/-467/ 
Peel 

strength and peel angle 75-80 
strength and peel speed 69-75 
surface 72/ 
test plate 70/ 

Peeling 74/, 78/ 
and load size 71 
mechanics 69-81 
steady to unsteady 73-75 
strength 59 

elastic-plastic strip 66 
relative 81/ 
theta degree 60/, 61 

Pencil hardness 101 
Pigmented systems, Casson plots ...123-126 
Plastic 

deformation 77-80 
flow, localized 237 
strain energy 79 

Plasticity, theory 79 
Plasticization 93,205,239, 

283,286,289,445 
propagation 444/ 

Plastometry, parallel plate 481 
Phenyl isocyanate, reactivities 108 
Phenylacetylene 266 
Phenylenediamine 8 
m-Phenylenediamine 259,261 
p-Phenylenediamine 19 
Phthalocyanine(s) 338/ 

prepreg 363 
Phthalonitrile monomers 25 
Phthalonitrile ring 339 
PMR (see Polymerization of monomer 

reactants ) 
Point load invert tests 166/ 

electrodeposition 270/ 
precursor 4 

Polybenzimidazoles 4-5 
Polycondensation 4 

silanolacetoxysilane 49 
Polycyclocondensation 5 
Polyester 

matrix r e s i n .....317-333 
resin laminates 248, 251 
topcoats 109 

Polyether(s) 109 
chains 235 

Polyimidazopyrrolones, phenylated ...39-45 
Polyimide ( s ) 

aromatic 4-6 
coated fibers, thermal 

decomposition 269-270 
coatings, acetylene-substituted ...139-149 
coatings on graphite fibers 268 
electropolymerization 264/, 265-268 
fiber-reinforced 16 
glass transition temperatures 143 
oligomers, acetylene-substituted .... 144/ 
polymerization of monomer 

reactants (PMR) 15-23 
precursor 479 
resin system 215-232 
synthesis of aryl 16 

Polymer(s) 
adherent coatings 148/ 
coil-like 204 
molecular composites, 

reinforced 203-214 
rod-like 204 

Polymerization 50 
cathodic 266 
conditions .29-33,36-38,41-45,53-54 
cyclic 235 
initial stages 234 
of monomer reactants (PMR) 

polyimides 15-23 
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Polymer iza t ion (continued) 
pyro ly t i c 6 
stepwise , 28 
thermal 397 
two-step 143 

P o l y ( m e t h y l methacrylate ), dynamic 
fracture 367-377 

P o l y o l , polyester 110 
Polyoxytetramethylene 179 
Poly(m-phenylenedis i loxanylenes) ....48-49 
P o l y ( ra-phenylenesiloxanylenes ) 48-54 
P o l y ( ra-phenyleneditetrasilox-

anylenes) 48-49 
P o l y ( ra-phenyleneditrisiloxanylenes ) 48-49 
P o l y [ m-phenylene-1,3,5,7-tetramethyl-

1,3,5,7-tetrakis ( 3,3,3-trifluoro-
p r o p y l ) tetrasiloxanylene ] 51, 54 

Polyphenylquinoxal ines 5 ,11
Polyphthalocyanine ( s ) 

precursors 337-346 
resins, synthesis 25-33 
and structure 349-365 
transitions 364 
water absorption of diether- l inked .. 30/ 
weight loss 30/ 

Polyquinoxal ines , ni tr i le crosslinked .. 266 
Polyurethane 

ambient moisture of solvent 
borne 92/, 94/ 

cast 159,160i , 163,189 
cure 85, 87-90 
D M A properties, aqueous 

dispersion 96/ 
D M A properties of solventborne .91/, 96/ 
elastomers, neoprene 161 
flame exposed 193/ 
flame testing 183/ 
Four ier transform infrared 88/ 
seals 

l aunch tube 151-175 
missile mounted 177-200 
pressure test data 188t 

topcoats 107-112 
Polyv inylch lor ide , plast ic ized 93 
P o l y ( m-xylylenesiloxanylenes ) 48 
Potential energy of loading 77 
Precipi tat ion, film format ion 211 
Precis ion abrasion mass spec

trometry 449-457 
Precursor, p o l y i m i d e 479 
Prepolymer , polyether urethane 179 
Prepreg 7, 8 ,215-232,259,294,317,459 

aging and fabricat ion 471 
carbon fiber 319,323 
chemica l properties 401 
epoxy 323 
materials 15 
phthalocyanine 363 

Prepreg ( continued ) 
polyester 329 
proton N M R spectrum 476/ 
softening 226 

Pressure invert characteristics 156/ 
P r i m e r ( s ) 84 

epoxy 112 
epoxy amine 105-112 

Profi lometry m o d e l i n g 419-422 
Proton N M R 341,342/, 344/, 

346/, 473,475-478 
Pul l -out stresses 67/ 
Pul l -out test 60/, 66 
Push-through 

data on seals 190i 
load 

-def lec t ion curve 164/ 

test 182,183/, 189 
Pyromel l i t i c ac id 17 

Q u a l i t y control w i t h carbon-13 N M R 343 

R 
R a y l e i g h dis t r ibut ion 311 
React ion rates of active hydrogen . . . . . 108 
R e d u c e d time method 380 
Reinforcement 

content a n d loss factor 250/ 
content and modulus of elasticity .. 250/ 
modulus , effective 211 
volume fract ion 211 

Res in ( s ) 
characterization 481,482/, 486 
effect on aging 487/ 

melt viscosity 487/ 
flow for fiber composites 18/ 
G P C analysis 460/, 466/ 
h i g h temperature laminat ing 3 -12 
matrix aging, analysis .457—468 
modif icat ion 257-273 
polyester matrix 317-333 
swel l ing 436/ 
weight loss 18/, 488/ 

Resonant phenomenon, m u l t i p l e 311 
R h e v i b i o n thermal scans of flexural 

d a m p i n g 402/, 403/ 

S 

Scanning electron micrographs of 
epoxy 240/ 

Scanning electron microscopy 234 
x-ray dif fract ion 207 
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Seal (s ) 
bot toming 159,162/, 167-170 
b u c k l e d w e b 181/ 
design, flapped 186 
diameter a n d c l a m p force 193/ 
effect of test launches 199/ 
f i f ty- four- inch diameter 197 
flap-type 181/ 
geometry ( ies) 167,177 
h u m p e d - n o t c h e d 167,177-200 
inversion 189 
invert condit ions 156/ 
invert pressure 155 

a n d f r i c t ion 168/ 
missile mounted 178/ 
outside diameter reduct ion 184,191 
preparat ion 182 
pressure 

peak 18
test 186,191-197 
tester 184-186 
- t i m e test curves 195/ 

scale-up 165-167 
sections 180/ 

Seal tapered b e a m 156/, 167,189 
test(s) 

l aunch 198/ 
two-foot diameter 165 

testing 
push- through 159 
a n d temperature 163 
two-foot diameter 155 

Sealant, f u e l tank channel 47-48, 51, 52/ 
Sensit ivity factor 454 
Shear 

b a n d i n g 237-239 
force 

deformat ion 387 
interfacial 385,387 
viscosity 119 

l o a d 422 
fracture 61 

loading , u n i f o r m 409 
modulus 289, 351 

d y n a m i c 275, 279 
strength(s) 409 

interlaminar 19,20/, 22/, 147,148/, 
264/, 267/, 411/, 412, 473 

laminate 472/ 
a n d h i g h temperature lOt 
a n d surv iva l probab i l i ty 410/ 

lap 145 
short-beam 480,489 

tests 259-260 
viscosity, l i m i t i n g 121-126 

Shearing 
fracture l o a d of adhesive joints 65/ 
fracture l o a d a n d overlap length .62/, 65/ 
strain 253 

Shearing ( continued ) 
test 

b o n d 59 
single-lap adhesive joint 61-63 
tapered-lap adhesive joint 60/, 63 

Shelf l i fe of prepregs 469 
bis-Silanols 48-49 
Silanolacetoxysilane polycondensa-

t ion 49 
Si l icone-amine-cured fluoroepoxy 

resins 35-38 
Siloxanes, amine-bear ing 36 
Single p l y laminates 
Solvent removable coatings 127-137 
Solventborne coatings 83-84 
Sonic modulus 296/, 297,301 
Sorpt ion sites 241 

Spray viscosity 119 
Stabi l i ty , thermal 271 
Stabi l i ty , thermo-oxidative 17,19, 26, 28 
Static strength 311 
Storage modulus 86 ,93 ,95 , 99,275, 279 

curves 281/, 284/, 287/, 290/ 
loss tangent 280/ 

Stra in 
- r a t e tension l o a d i n g 369 
rate a n d tensile strength 393/ 
response 307 
—time curves 393/ 

Strength d is t r ibut ion analysis 409-412 
Stress 

analysis 422 
axia l 438 
dis t r ibut ion of composite 411/, 414/ 
-enhanced water migra t ion 435-447 
history 381/, 383/ 
rate 391 

dependency a n d tensile 
strength 379-394 

loading , fracture stress 
constant 382-385 

- s t r a i n forces 422-423 
w i r e b o n d 134 

Structure-proper ty relations of 
composites 233-244 

Surface energy 77 
adhesive f rac tured 61 
analysis 406, 408/ 
d i a g r a m 407 
d y n a m i c adhesive 66 

Surface po lymer b l e n d 208/ 
S u r v i v a l p r o b a b i l i t y 409 

a n d fracture energy 414/ 
a n d inter laminar shear strength 410/ 

S w e l l dimensions 294, 295/ 
Swel l ing , inhomogeneous 439/ 
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T-test 60/, 61 
T a c k a n d drape 7, 8, 323 
Tapered- lap joint stresses 64/ 
Tear test specimens, d y n a m i c 67/ 
Temperature 

a n d composite properties 326 
a n d crack propagat ion velocities .... 373/ 
a n d push- through load 166/ 
a n d seal testing 163 

Tensi le 
force 191 
hoop strain 186 
l o a d 184 
modulus 312 
strength a n d strain rate 393/ 
strength a n d stress rate 

dependency 379-39
stress 435,440 
tests 391 
tester 392/ 

Tension, compact 370/ 
Tens ion loading , s train-rate 369 
Test c ircuit , coat ing evaluat ion 135/ 
Test, push- through 158/ 
3 ,3 '4 ,4 ' -Tetraaminobiphenyl ether . 3 9 , 40/ 
3 ,3 '4 ,4 ' -Tetraaminodiphenyl ether . 3 9 , 40/ 
Tet rag lyc idyl -4 ,4 ' -d iaminodiphenyl 

methane 294 
Tetraglyc idylmethylene d iani l ine 279 
Tetrahvdrofuran 140,145, 

463,479 
1,1,3,3-Tetramethylguanidine salt 49 
Tetraphenylphthal ic anhydr ide 40 
Theoret ica l plates a n d resin samples .. 483/ 
T h e r m a l 

decomposi t ion of poly imide-coated 
fibers 269-270 

expansion coefficient 407, 424 
gravimetr ic analysis curves 132/ 
spike 241-242, 425 
stabil i ty 6, 486 

Thermocouple , c h r o m e l - a l u m e l 182,191 
Thermocouple , tungs ten- rhen ium .182, 191 
Thermograms, D S C 400/ 

for c u r i n g reactions 402/ 
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