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SUMMARY . 

T h i s  i n v e s t i g a t i o n  was i n i t i a t e d  t o  improve t h e  epoxy r e s in -ho l low .- g l a s s  microsphere  e n c a p s u l a n t ,  s o l v e  problems a s s o c i a t e d  w i t h  
encapsulat 'ed  e l e c t r o n i c  a s s e m b l i e s ,  and develop a  backup m a t e r i a l  
f o r  Ablefoam 5  ( A b l e s t i c k  C o r p o r a t i o n ) .  

. . 
I n  o r d e r  t o  de te rmine  where improvements were needed i n  t h e  epoxy 
r e s i n - h o l l o w - g l a s s  microsphere  e n c a p s u l a n t ,  t h e  r e s i n ,  c a t a l y s t ,  
and f i l l e r  were e v a l u a t e d  u s i n g  t h e  accep tance  tests c a l l e d  o u t  
by t h e i r  r e s p e c t i v e  Materials S t a n d a r d s .  , 

, The r e s i n  and c a t a l y s t  s u p p l i e d  by manufac tu re r s  were .checked  t o  
M a t e r i a l  S t anda rd  2140045 f o r  t h e  r e s i n  and MS 4604020 f o r  t h e  
c a t a l y s t .  Other  t e s t s ,  i n c l u d i n g  g e l  t i m e ,  were a l s o  performed. 
Ana lys i s  of t h e  test d a t a  o b t a i n e d  on t h e  r e s i n  i n d i c a t e d  t h a t  
MS 2140045 is s t i l l  s e l e c t i v e  and c a p a b l e  of s c r e e n i n g  o u t  
unaccep tab le  m a t e r i a l  from t h e  v a r i o u s  s u p p l i e r s .  MS 4604020 

' w a s  r e v i s e d  t o  exc lude  some s u p p l i e r s  s i n c e  they  could  no t  m e e t  
I , t h e  m a t e r i a l  requ i rements  and t o  i n c l u d e  t h e  u s e  of g a s  chroma- 

tography i n  ana lyz ing  t h e  c a t a l y s t ' s  components. Some modi f ica -  
t i o n s  i n  t h e  a l l owab le  composi t ion of t h e  c a t a l y s t  were a l s o  
made. 

I 

I n  c o n j u n c t i o n  w i t h  t h e  a n a l y s i s  of Type B40A g l a s s  bubbles  (GMB) 
9 from t h e  3M Company bo th  Type I and Type I1 g l a s s  mic roba l loons  

(GMB) from Emerson & Cuming (E&C) were ana lyzed  as a r e f e r e n c e .  
Many of t h e  tes ts  were based on MS 6090009 and P r o c e s s i n g  S tanda rd  
9927003. These s t a n d a r d s  a r e  i n t ended  p r i m a r i l y  f o r  u s e  w i t h  t h e  
E&C GMB bu t  were used f o r  t h e  3M bubbles  s i n c e  ve ry  l i t t l e  d i f -  
f e r e n c e  i n  behav io r  w a s  expec t ed .  From t h e  tests on t h e  Type B40A 
GMB as a f r e e  f lowing  powder it w a s  observed  t h a t  t h e  f i l l e r  w a s  
un i formly  smaller, had a lower b u l k  d e n s i t y  and a 1 k a l i n i t y ; a n d  
was s u b s t a n t i a l l y  f r e e r  of  broken and unblown p a r t i c l e s  t han  
e i t h e r  t y p e  of E&C GMB. Also t h e  Type B40A GMB e x h i b i t e d  no 
measurab le  tendency t o  form i n s o l u b l e  agglomera tes  i n  t h e  p re sence  
of  m o i s t u r e .  P r i m a r i l y  because  of t h e  reduced p a r t i c l e  s i z e  
and r e l a t i v e  immunity t o  m o i s t u r e ,  Materials S tanda rd  6090015 
w a s  w r i t t e n  e s p e c i a l l y  f o r  t h e  3M Type B40A GMB. 

A 75/25 resin/GMB fo rmula t ion  w a s  chosen f o r  e v a l u a t i o n  s i n c e  i t  
corresponded t o  a 50 p e r c e n t  by volume f i l l e r  l oad ing  and because  
i t  w a s  t h e  same f o r m u l a t i o n  used f o r  t h e  E&C Type I1 GMB. The 
v i s c o s i t y  of t h e  new mix a l s o  p a r a l l e l e d  t h e  Type I1 mix. 

A complete  set of p h y s i c a l  p r o p e r t i e s :  mechanica l ,  e l e c t r i c a l ,  
and the rma l  w a s  o b t a i n e d  t o  p rov ide  des ign  in fo rma t ion  and a  



" comparison w i t h  a v a i l a b l e  d a t a  on E&C GMB. These d a t a  i n d i c a t e .  
t h a t  t h e  3 M  GMB may be  s l i g h t l y  b e t t e r  f o r  t h i s . p a r t i c u l a r  

. a p p l i c a t i o n  than  t h e  E&C GMB b u t  does  no t  r e f l e c t  on t h e  o v e r a l l  
q u a l i t y  of e i t h e r  m a t e r i a l .  

- 
The problem.so lv ing  phase  o f  t h e  s t u d y  c o n s i s t e d  of checking t h e  

, c u r e  c y c l e ,  exotherm, r e d u c t i o n  o f ' v o i d s ,  r e s i n - f i l l e r  s e p a r a t i o n ,  
and the rma l  shock behavior  f o r  t h e  GMB e n c a p s u l a n t .  E i t h e r  a  
16-hour 150°F (66OC) c u r e  i n  t h e  mold fo l lowed by a  4-hour 150°F 
(66OC) . p o s t  c u r e  a f t e r  demolding o r  20 hour s  a t  150°F (66OC) i n  
t h e  mold w a s  shown t o  p r o v i d e  complete cu re .  

The exotherm of  t h e  encapsu lan t  was shown t o  be  mass dependent .  
I n  masses of  approximate ly  2500 grams t h e  exotherm t empera tu re  
reached  260°F (127OC) and,  i f  p ro longed ,  cou ld  damage t h e r m a l l y  
s e n s i t i v e  e l e c t r o n i c  components. The tes ts  i n d i c a t e  t h a t  exotherm 
can be  minimized by c o n t r o l l i n g  t h e  encapsu lan t  m a s s  and by d e l a y i n g  
t h e  oven c u r e  u n t i l  a f t e r  t h e  i n i t i a l  exotherm has  subs ided .  

The t h r e e  p r i n c i p a l  s o u r c e s  of v o i d s  are a i r  bubbles  t h a t  become 
t r a p p e d  under  components o r  p r i n t e d  c i r c u i t  boa rds ,  o u t g a s s i n g  
from. components and c o a t i n g s ,  and s h r i n k a g e .  The d a t a  show t h a t .  
t h e s e  v o i d s  can be reduced by d e s i g n i n g  a s sembl i e s  t o  e l i m i n a t e  
mechanical  t r a p s ,  m a i n t a i n i n g  uniform mold . t empera ture  i n  a l l  
phases  of t h e  e n c a p s u l a t i o n  p r o c e s s ,  minimizing t h e  amount of 
encapsu lan t  i n  mold r e s e r v o i r s ,  vacuum f i l l i n g  of t h e  mold, and 
p r e s s u r i z e d  c u r e .  

R e s i n - f i l l e r  s e p a r a t i o n  is caused by t h e  low d e n s i t y  GMB f l o a t i n g  
i n  t h e  h i g h e r  d e n s i t y  r e s i n .  I n  t h e  o l d  encapsu lan t  t h e  problem 
was obscured  by t h e  broken and unblown p a r t i c l e s  t h a t  s e t t l e d  o u t  
of t h e  mix. T h e - r e s i n  r i c h  l a y e r s  are harmful  because  t h e y  c r e a t e  
a r e a s  of  l o c a l i z e d  stress dur ing  thermal  c y c l i n g  and can damage 
l e a d s  and s o l d e r  j o i n t s .  By d e l a y i n g  t h e  c u r e  f o r  2 hour s  a t  
room t empera tu re  i t  w a s  p o s s i b l e  t o  reduce  t h e  r e s i n  r i c h  l a y e r  
t o  a c c e p t a b l e  l e v e l s .  

Thermal shock t e s t i n g  c o n s i s t e d  of e v a l u a t i n g  t h e  e x i s t i n g  thermal  
shock tests and t r y i n g  t o  develop one t h a t  would q u a n t i z e  t h e  
t he rma l  shock r e s i s t a n c e  of v a r i o u s  e n c a p s u l a n t s .  T e s t s  were 
performed u s i n g  t h e  Quant hol low c y l i n d e r , '  Navy hex b a r  
(Mil-I-16923F), Olyphant and S a t o  washer t e s t s t 2 j 3  and t h e  Miron 
wedge t e s t .4  None were s u c c e s s f u l  i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n  
a l t hough  t h e y  were s u c c e s s f u l  when used  on u n f i l l e d  r e s i n .  A 
t e s t  w a s  developed by Bendix Kansas C i t y  t h a t  shou ld  have prov ided  
t h e  d e s i r e d  q u a n t i z a t i o n ;  however, t h e  thermal  shock f a i l u r e s  
observed  u s i n g  t h i s  test were random i n  n a t u r e  and no t  s u f f ' i c i e n t l y  
r e p r o d u c i b l e .  

A low d e n s i t y ,  blown epoxy has  been deve.loped by modifying t h e  
Capoxy I ,foam system developed a t  Bendix Kansas C i t y .  Des igna ted  
Frefoam 11, t h i s  new foam may prove  t o  be  an a c c e p t a b l e  a l t e r n a t i k e  
t o  Ablefoam 5 i n  e l e c t r o n i c  a p p l i c a t i o n s .  
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DISCUSSION 

SCOPE AND PURPOSE 

T h i s  work was done under  PDO 6984764, Low   ens it^ Encapsu la t ion  
M a t e r i a l ,  t h e  o b j e c t i v e s  of  which w e r e  t o  e v a l u a t e  low d e n s i t y  
m a t e r i a l s  'used f o r  e n c a p s u l a t i n g  e l e c t r o n i c  a s sembl i e s ,  determine,  
a l t e r n a t i v e s  t o  e x i s t i n g  m a t e r i a l s ,  and t o  s t u d y  s p e c i f i c  prolilems 
a s s o c i a t e d  w i t h  low d e n s i t y  e n c a p s u l a n t s .  The purpose of t h i s  
i n v e s t i g a t i o n '  was t h r e e f o l d , '  improve o r  upgrade t h e . p r e s e n t  
epoxy res in-ho l low g l a s s  microsphere  e n c a p s u l a n t ,  develop a backup 
m a t e r i a l '  f o r  Ablefoam 5 ,  and s e e k  s o l u t i o n s  t o  t h e  problems 
commonly a s s o c i a t e d  w i t h  encapsu la t ed  e l e c t r o n i c  a s sembl i e s .  The 
f i r s t  phase  of t h e  i n v e s t i g a t i o n  inc luded  r eeva lua t . i ng  t h e  r e s i n ,  
c a t a l y s t ,  and f i l l e r  used i n  t h e  epoxy res in-ho l low g l a s s  micro- 
s p h e r e s  encapsu lan t  and o b t a i n i n g  a new s o u r c e  of t h e  hollow 
g l a s s  microsphere  f i l l e r .  The second phase  c o n s i s t e d  of  an 
in-depth a n a l y s i s  of t h e  problems t h a t  p lague  encapsu la t ed  systems 
such as s h r i n k a g e ,  a i r  v o i d s ,  and c r a c k s  due t o  thermal  c y c l i n g .  
The improved r e s i n - g l a s s  microspheres  system developed i n  t h e  
f i r s t  phase  w a s  used i n  t h i s  p o r t i o n  of t h e  p r o j e c t .  The f i n a l  
p o r t i o n  'of t h e  i n v e s t i g a t i o n  c o n s i s t e d  of  modifying , a n . e x i s t i n g  
epoxy foam premix developed by Bendix Kansas C i t y  s o  t h a t  a  
second s o u r c e  of  foam encapsu lan t  would be  a v a i l a b l e .  

. . 

. . . . 

ACTIVITY 

Improved (Low D e n s i t y )  Epoxy-Hollow G l a s s  Microsphere Encapsulant  

Four t een  y e a r s  a g o , . S a n d i a  Labora tory ,  Albuquerque, developed a 
low d e n s i t y  encapsu lan t  c o n s i s t i n g  of a m i x t u r e  of hollow g l a s s  
mic rosphe re s  (GMB) i n  an m i n e  c a t a l y z e d  epoxy r e s i n  m a t r i x .  The 
encapsu lan t  w a s  des igned  t o  p r o t e c t  d e l i c a t e  e l e c t r i c a l  a s sembl i e s  
from e x t e r n a l  i n t e r f e r e n c e s  such  as the rma l  and mechanical  shock 
and v i b r a t i o n .  The system performed w e l l  and has  been used  ex ten-  
s i v e l y .  However, it h a s  become i n c r e a s i n g l y  d i f f i c u l t  t o  p r o c e s s  
t h e  GMB-epoxy material.  Many of t h e  c u r r e n t  p r o c e s s i n g  problems 
have been a t t r i b u t e d  t o  changes i n  t h e  r e s i n ,  c a t a l y s t ,  and 
f i l l e r  t h a t  make up t h e  p o t t i n g  compound. The most obvious  
changes  have occu r red  i n  t h e  f i l l e r ,  changes which have caused  
a l t e r a t i o n s  i n  t h e  r e s i n - f i l l e r  mix r a t i o  due t o  widely  d i v e r g e n t  

, f i l l e r  d e n s i t i e s .  Before  t o t a l  r e s p o n s i b i l i t y  could  be  a s s i g n e d  
t o  , t he  f i l l e r ,  a l l  t h r e e  materials were comple te ly  r e e v a l u a t e d  
acco rd ing  t o  t h e i r  r e s p e c t i v e  materials s t a n d a r d s .  



Epoxy Resin  Eva lua t ion  

The g e n e r a l  purpose epoxy r e s i n  used  i n  making t h e  epoxy-GMB 
encapsu lan t  is  d e f i n e d  by MS 2140045 and can be  any one of f o u r :  

\r A r a l d i t e  6010 (Ciba P r o d u c t s ) ,  Epi  Rez 510 S p e c i a l  8 E  (Celanese  
R e s i n ) ,  Epon 828 ( S h e l l  Chemical) ,  o r  ERL 2774 (Union C a r b i d e ) .  
The o t h e r  t h r e e  r e s i n s  covered by t h e  s p e c i f i c a t i o n  were. no t  
used a t  Bendix because of s e v e r a l  r equ i r emen t s ,  no t  r e l a t e d  t o  
d e s i g n  i n t e n t ,  t h a t  app ly  on ly  t o  Bendix and i ts s u p p l i e r s  and 
s u b c o n t r a c t o r s .  One of  t h e  t h r e e ,  DER 331 (Dow Chemical) w a s  
i nc luded  i n  t h i s  e v a l u a t i o n  as a check on t h e  s p e c i a l  Bendix 
r equ i r emen t s .  Of t h e  f i v e  r e s i n s  s e l e c t e d  f o r  s t u d y  on ly  t h e  
Epon 828 and Epi  Rez 510 were purchased t o  MS 2140045 r equ i r emen t s  
s o  i t  w a s  a n t i c i p a t e d  t h a t  t h e s e  two would conform t o  t h a t  
s t a n d a r d  i n  eve ry  r e s p e c t  whereas t h e  o t h e r  t h r e e  might n o t .  
Three  t e s t s  were performed on each r e s i n  u s i n g  a s i n g l e  l o t  
of c a t a l y s t  from J e f f e r s o n  Chemical Company, r e a c t i v i t y  (exotherm 
a s  a f u n c t i o n  of t i m e  a f t e r  c a t a l y s t  a d d i t i o n ) ,  g e l  t ime ,  and p o t  
l i f e  v i s c o s i t y .  I n  MS 2140045, r e a c t i v i t y  is d e f i n e d  as t h e  
t i m e  e l a p s e d  from t h e  combinat ion of hardener  and r e s i n  u n t i l  t h e  
maximum exothermic  t empera tu re  i s  r eached .  The r e q u i r e d  r e a c t i v i t y  
v a l u e  i n  t h i s  case is 100  t o  200 minu te s .  Ana lys i s  of t h e  t e s t  . 
d a t a  r e v e a l s  two exotherm peaks  i n s t e a d  of  one .  The f i r s t  peak 
is t h e  h i g h e s t ,  r e a c h i n g  2250 t o  237OF (107' t o  114.2OC) i n  on ly  
5 .9  t o  7 . 1  minu te s .  The second peak r e a c h e s  190" t o  206OF (88O 
t o  96.6OC) i n  107 t o  153  minu te s .  The second peak i n  a l l  p r o b a b i l i t y  
is  t h e  one s p e c i f i e d  by t h e  m a t e r i a l s  s t a n d a r d  because of t h e  t i m e  

1 

i n t e r v a l  and d e s p i t e  t h e  lower peak t empera tu re .  A l l  f i v e  r e s i n s  
f i t  e a s i l y  i n t o  t h e  100 t o  200 minute  r e a c t i v i t y  requirement  
a l t h o u g h  t h e y  t e n d  toward t h e  low s i d e  of t h e  range .  

Po t  l i f e  v i s c o s i t y  v a l u e s  a r e  o b t a i n e d  by measur ing t h e  v i s c o s i t y  
of c a t a l y z e d  r e s i n  t h a t  h a s  been h e l d  i n  a c o n s t a n t  t empera tu re  
b a t h  f o r  a s p e c i f i e d  p e r i o d  of t i m e .  For  t h e s e  r e s i n s ,  t h e  r e q u i r e -  
ment is 1400 t o  4000 c e n t i p o i s e  ( 1 . 4  t o  4 . 0  P a a s )  a f t e r  60 minu te s  
and is g e n e r a l l y  i n d i c a t i v e  of t h e  amount of p r o c e s s i n g  t ime  
a v a i l a b l e  f o r  a m a t e r i a l .  S i n c e  t h e  GMB f i l l e r  w i l l  i n c r e a s e  t h e  
v i s c o s i t y  of t h e  m i x t u r e  s u b s t a n t i a l l y ,  v a l u e s  on t h e  low s i d e  of 
t h i s  r ange  would seem most d e s i r a b l e .  Only Epi  Rez 510 and 
Epon 828 had a c c e p t a b l e  v i s c o s i t i e s .  DER 331 and ERL 2774 were 
t o o  f l u i d  and A r a l d i t e  6010 w a s  n o t  f l u i d  enough. These f a i l u r e s  
i n  no way r e f l e c t  on t h e  q u a l i t y  of t h e  r e s i n s  involved  b u t  
merely  r e i n f o r c e  t h e  v a l u e  of p o t  l i f e  as  a test. Those t h r e e  
r e s i n s ,  had t h e y  been purchased acco rd ing  t o  t h e  m a t e r i a l s  s t a n d a r d  
and pentagon M r equ i r emen t s ,  should  have pas sed  t h i s  t e s t .  

G e l  t ime  is t h e  t ime  r e q u i r e d  f o r  a  c a t a l y z e d  material t o  g e l .  
G e l  times f o r  each r e s i n  were o b t a i n e d  by u s i n g  a Tecam g e l a t i o n  

- timer (Techne I n c o r p o r a t e d )  equipped w i t h  a 0.875-inch-diameter 
(22 .2  mm) d i s p o s a b l e  g l a s s  rod .  The p lunge r  is moved up and down 



i n  t h e  c a t a l y z e d  r e s i n . w h i c h  is h e l d  a t  c o n s t a n t  tempera, ture 
u n t i l  t h e  m a t e r i a l  ha s  g e l l e d  s u f f i c i e n t l y  t o  suppor t  i t .  A t  
t h i s  p o i n t ,  t h e  t iming  c l o c k  s t o p s  a u t o m a t i c a l l y .  Gel t i m e  
re la tes  t o  p o t  l i f e  s i n c e  it  r e f l e c t s  t h e  v i s c o s i t y  of t h e  
c a t a l y z e d  r e s i n .  For  t h e s e  r e s i n s  g e l a t i o n  t i m e  a l s o  r e l a t e s  
t o  r e a c t i v i t y  s i n c e  a l l  f i v e  g e l  w i t h i n  1 0  minutes  a f t e r  t h e  
maximum exotherm t empera tu re  is reached .  G e l  t ime  is not  a t e s t  
r e q u i r e d  by t h e  materials s t a n d a r d .  I t  w a s  used  t o  h e l p  e s t a b . l i s h  
t h e  v a l i d i t y  of t h e  o t h e r  two t e s t s .  .The tes t  d a t a  i n d i c a t e  any 
r e s i n  l i s t e d , i f  purchased  t o  MS 2140045 and meet ing t h e  Bendix 
r equ i r emen t s ,  would be  a c c e p t a b l e .  A s l i g h t  d e c r e a s e  i n  r e a c t i v i t y  
and v i s c o s i t y  may have o c c u r r e d  bu t  t h e s e  changes  a r e  no t  s u f f i c i e n t  
t o  r e s u l t  i n  widely  d i v e r g e n t  behav io r  by t h e  cu red  material .  

C a t a l y s t  E v a l u a t i o n  

S i n c e  t h e  r e s i n  had remained r ea sonab ly  s t a b l e ,  t h e  nex t  s t e p  was 
t o  e v a l u a t e  t h e  c a t a l y s t ,  d ie thanolamine  (DEA). A s  w i th  t h e  
r e s i n ,  t h e  purpose w a s  t o  compare p a s t  and p r e s e n t  performance.  
I s s u e  P of MS 4604020 l i s t e d  s i x  s o u r c e s  of DEA: Union Carbide 
Corpora t ion ,  J e f f e r s o n  Chemical Company, Dow chemical  Company, 
A l l i e d  Chemical Corpora t ion ,  Olin-Mathieson Chemical Corpora t ion ,  
and Furane P l a s t i c s .  Of t h e  s i x  on ly  DEA from A l l i e d  Chemical 
Corpora t ion  w a s  no t  t e s t e d .  S ince  DEA from J e f f e r s o n  was c u r r e n t l y  
be ing  used  i n  p roduc t ion  areas and i n  t h e  l a b o r a t o r y ,  samples 
from f o u r  d i f f e r e n t  l o t s  of t h e i r  material were ana lyzed .  A s  a  
r e s u l t ,  e i g h t  d i f f e r e n t  samples of m a t e r i a l  w e r e  e v a l u a t e d  f o r  
monoethanolamine (MEA), DEA, t r i e t h a n o l a m i n e  (TEA), and water 
c o n t e n t .  

The minimum a l lowab le  d ie thanolamine  c o n t e n t  a t  t h a t  t i m e  w a s  
97 p e r c e n t  by weight and t h e  maximum water c o n t e n t  was 0 .20  
p e r c e n t  by weight .  The  MEA and TEA a r e  n a t u r a l l y  o c c u r r i n g  
i m p u r i t i e s .  DEA c o n t e n t  was o b t a i n e d  by a w e t  chemis t ry  t echn ique  
developed a t  Bendix. However, s i n c e  I s s u e  P  w a s  w r i t t e n ,  Bendix 
had o b t a i n e d  g a s  chromatography (GC) equipment and t h e  e i g h t  
samples were t e s t e d  u s i n g  t h e  more r e c e n t  t echnology .  The w e t  
method was a l s o  used as a  check.  The r e s u l t s  a r e  g iven  i n  Table  1. 
The i n v e s t i g a t i o n  w a s  e s s e n t i a l  s i n c e  t h e  r e s u l t s  o b t a i n e d  u s i n g  
GC c l e a r l y  i n d i c a t e d  t h a t  a l l  l o t s  of t h e  J e f f e r s o n  DEA could  
no t  meet t h e  r equ i r emen t s  of t h e  materials s t a n d a r d  wh i l e  t h e  
w e t  method r e s u l t s  i n d i c a t e d  a c c e p t a b l e  m a t e r i a l .  

Wet chemical  test methods determined t o t a l  a l k a l i n i t y ,  t o t a l  . 
primary amines,  t o t a l  t e r t i a r y  amines,  and t o t a l  secondary amines 
by d i f f e r e n c e .  Consequent ly ,  t h e  w e t  methods are unab le  t o  
de te rmine  p u r i t y  o r  t h e  e x a c t  p e r c e n t a g e  of  any i n d i v i d u a l  
component t h a t  may o r  may no t  be  p r e s e n t .  Even w i t h  t h e  g a s  
chromatograph,  d i r e c t  a n a l y s i s  is d i f f i c u l t  because of t h e  s t r o n g  
hydrogen bonding i n  t h e  e thanolamines .  Ana lys i s  of t h e  DEA by 



Table 1. Analysis  of DEA Components 

C a t a l y s t   LO^ MEA . DEA TEA' H20 
T r i a l  Manufacturer Number Method ( pbw 1 ( pbw ( pbw 1 ( ~ b w )  

J e f f e r s o n  

J e f f e r s o n  

J e f f e r s o n  

J e f f e r s o n  

J e f f e r s o n  

Furane 

Furane 

Furane 

GC* 

GC 

GC 

Wet 

GC 

GC 

Wet 

9 Union Carbide GC 0.03 99.27 ' 0.34 0.36 

1 0  Union Carbide Wet 0.24 98.66 0.74 

11 Dow TBO 4201-D12B GC 0.50 98.08 0.77 0.65 

12 Dow TBO 4201-D12B Wet 0.00 98.07 1 .29  

O l i n  GC 0.20 ' 99.67 0.00 0 ;13  

MS 4604020 Wet 97.00 0.20 
I s sue  P 

*Gas Chromatography 
**Wet Chemistry 



GC invo lved  t h e  convers ion  of  t h e  hydroxylamines t o  t h e i r  t r i-  
f l u o r o a c e t a l  (TFA) d e r i v a t i v e s  by r e a c t i o n  w i t h  t r i f l u o r o a c e t i c  
anhydr ide  (TFAA). The major advantage of t h e  GC is t h a t  i f  a peak 
a p p e a r s  a t  t h e  same t . i m e  a s  t h e  s t a n d a r d  mix t h e  i d e n t i t y  of t h e  
component is  c e r t a i n  whereas t h e  w e t  methods a r e  n o n s e l e c t i v e  and 
respond  t o ' a n y  pr imary ,  secondary ,  o r  t e r t i a r y  m i n e .  A s  a  r e s u l t  
of t h i s  i n fo rma t ion  and t h e  GC d a t a ,  t h e  d e c i s i o n  w a s  made t o  . . 
remove J e f f e r s o n  DEA from t h e  p roduc t ion  a r e a  u n t i l  f u r t h e r  
i n f o r m a t i o n  could  be  r e c e i v e d .  The J e f f e r s o n  m a t e r i a l  d i d  n o t '  
meet t h e  s p e c i f i c a t i o n  b u t  t h e  e f f e c t  of t h e  f a i l u r e  on t h e  f i l l e d  
epoxy w a s  n o t  known. Using Epi  Rez 510 as t h e  r e s i n ,  r e a c t i v i t y  
i n f o r m a t i o n  w a s  o b t a i n e d  on t h e  v a r i o u s  c a t a l y s t s .  Then pu re  
samples of MEA'and TEA were o b t a i n e d  from J e f f e r s o n  and added i n  
v a r y i n g  q u a n t i t i e s  t o , t h e  Union Carb ide  DEA s i n c e  it  has  t h e  
h i g h e s t  DEA c o n t e n t  of a l l  t h e  samples t e s t e d .  F i g u r e  1 rep re -  
s e n t s  t h e  r e a c t i v i t y  c u r v e s  o b t a i n e d  from t h e  p u r e  m a t e r i a l s .  

No c l e a r - c u t  d i s t i n c t i o n  could  be  made between t h e  c a t a l y s t s  from 
t h e  r e a c t i v i t y ' d a t a  o b t a i n e d .  None of t h e  r e a c t i v i t i e s  were o u t  
of s p e c i f i c a t i o n  i n  any manner a l t hough  they  a l l  t ended  toward t h e  
low s i d e  of t h e  a c c e p t a b l e  range .  Addi t ion  of v a r i o u s  concen- 
t r a t i o n s  of MEA and TEA d i d  have a marked e f f e c t  b u t  on ly  when 
much l a r g e r  q u a n t i t i e s  t han  t h a t  p r e s e n t  i n  t h e  q u e s t i o n a b l e  
J e f f e r s o n  DEA were used .  I n c r e a s i n g  t h e  amount of MEA s h o r t e n s  
t h e  t i m e  t o  f i r s t  peak ,  i n c r e a s e s  t h e  f i r s t  peak t empera tu re ,  
i n c r e a s e s  t h e  time t o  second peak ,  d e c r e a s e s  t h e  second peak 
t e m p e r a t u r e ,  and s h o r t e n s  t h e  t i m e  t o  g e l a t i o n .  

Excess  TEA up t o  t h e  1 0  p e r c e n t  l e v e l  has  l i t t l e  e f f e c t  on t h e  
f i r s t  peak t i m e  and t empera tu re .  The second peak t ime  is cons id-  
e r a b l y  s h o r t e n e d ,  though,  and t h e  second peak t empera tu re  appea r s  
t o  i n c r e a s e .  The r e l a t i o n s h i p  between t h e  MEA and TEA a s  impu- 

' r i t ies  and t h e  exotherm t empera tu re  can be b e t t e r  shown by F i g u r e  1. 
I t  is  impor t an t  t o  remember, however, t h a t  r e a c t i v i t y  d a t a  a r e  
based  on 100 gram b a t c h  sizes and probably  cannot  be  t r a n s p o s e d  t o  
app ly  t o  l a r g e r  sample s izes.  The in fo rma t ion  i s  u s e f u l  because 
i t  i n d i c a t e s  t h e  importance of having some c o n t r o l  ove r  t h e  p u r i t y  
of t h e  DEA. A s  a  r e s u l t  of t h e  v a r i o u s  t e s t s  and t h e  recognized  . 
a c c e p t a b i l i t y  of  t h e  g a s  chromatograph,  t h e  minimum a l l o w a b l e  
l e v e l  of  i m p u r i t i e s  was dec reased .  

F i l l e r  E v a l u a t i o n  * 

. B o t h  t h e  c a t a l y s t  and r e s i n  e v a l u a t i o n s  may be  r ega rded  as pre l im-  
i n a r y  t o  t h e  major  f u n c t i o n  of t h i s  p o r t i o n  of t h e  s t u d y .  Before  
t h e  microsphere  work cou ld  be  performed it w a s  neces sa ry  t o  e s t a b -  
l i s h  t h e  u n i f o r m i t y  and r e l i a b i l i t y  of t h e  r e s i n  and c a t a l y s t .  I n  
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F i g u r e  1. R e a c t i v i t y  f o r  Pu re  MEA, DEA, and TEA i n  Epoxy 
Resin  

t h i s  manner t h e  b a s i c  soundness  of bo th  m a t e r i a l s  s t a n d a r d s  was 
a l s o  r e i n f o r c e d .  The changes made i n  t h e  DEA s p e c i f i c a t i o n  were 
t h e  r e s u l t  of  advanced technology ,  u n a v a i l a b l e  when t h e  s p e c i f i -  
c a t i o n  w a s  l a s t  r e v i s e d  and shou ld  be cons ide red  no t  a s  e r r o r s ,  
bu t  as a l o g i c a l  s t e p  i n  ma in t a in ing  t h e  accuracy  and q u a l i t y  of 
t h e  m a t e r i a l s  s t a n d a r d s .  

With examinat ion of t h e  r e s i n  and c a t a l y s t  v i r t u a l l y  complete 
t h e  f i n a l  s t e p  w a s  t o  compare t h e  e x i s t i n g  f i l l e r ,  E&C Types I and 
I1 GMB, w i t h  any t h a t  might be  s u i t a b l e  s u b s t i t u t e s .  S e l e c t e d  
f o r  i n t e n s i v e  s t u d y  were t y p e  B40A g l a s s  bubbles  from 3 M  Company 
which are a l s o  c a l l e d  GMB. These GMB were s e l e c t e d  because t h e y  
had t h e  h i g h e s t  average  p a r t i c l e  d e n s i t y  a v a i l a b l e ,  t hey  e x h i b i t e d  
ve ry  l i t t l e  tendency t o  f l o a t  o r  s e t t l e  d u r i n g  c u r e  i n  a  r e s i n  
m a t r i x ,  and a  50 p e r c e n t  by volume load ing  r e q u i r e d  t h e  same r e s i n /  
GMBlcatalyst r a t i o  of 7512519 a s  t h e  E&C Type 11. With t h e  
same resin/GMB r a t i o  a  d i r e c t  s u b s t i t u t i o n  of 3 M  GMB could  
be made i n  p roduc t ion  w i t h  ve ry  l i t t l e  d i f f i c u l t y .  Using . 

MS 6090009, which d i r e c t l y  a p p l i e d  t o  t h e  E&C GMB a s  a g u i d e ,  
t h e  fo l lowing  t e s t s  were performed a s  a  p r e l i m i n a r y  comparison:  
scanning  e l e c t r o n  photographs ,  s i e v e  a n a l y s i s ,  water c o n t e n t ,  
p a r t i c l e  d e n s i t y  by t o l u e n e  d i sp l acemen t ,  micromerograph b e f o r e  
and a f t e r  tumbl ing ,  a l k a l i n i t y  ( P r o c e s s  S p e c i f i c a t i o n  9981001), and 
r a t i o  of  f l o a t e r s  t o  s i n k e r s .  



Scanning e l e c t r o n  photographs  were t aken  t o  p rov ide  a v i s u a l  
i n s p e c t i o n  o f ' t h e  GMB. F i g u r e  2  shows two of t h e  p i c t u r e s  t h a t  
were t a k e n .  Both p i c t u r e s  w e r e  t aken  a t  300 power m a g n i f i c a t i o n  
and from them i t  is p o s s i b l e  t o  compare t h e  r e l a t i v e  s i z e  and 
q u a l i t y  of t h e  GMB. The 3M GMB are s m a l l e r  and appear  t o  have 
somewhat fewer  broken and unblown GMB. Table  2  shows t h e  r e s u l t s  
from t h e  o t h e r  t e s t s .  The s ize  d i f f e r e n t i a l  w a s  a  problem w i t h  
r e s p e c t  t o  M a t e r i a l s  S t anda rd  6090000 which s t a t e s  t h a t  "no less 
than  20 p e r c e n t  nor  more than  60 p e r c e n t  by weight of f i l l e r  s h a l l  
p a s s  t h rough  a 200 mesh s i e v e . "  The l a r g e r  E&C GMB m e e t  t h i s  
r equ i r emen t ,  b u t  v i r t u a l l y  a l l  of t h e  3 M  GMB a r e  s m a l l e r  t h a n  200 
mesh. I n  a d d i t i o n ,  t h e  material s t a n d a r d  g i v e s  an a l l owab le  p a r t i c l e  
d e n s i t y  r ange  'of 390 t o  440 kg/m3 f o r  Type I1 GMB and 440 t o  
500 kg/m3 f o r  Type I GMB. The 3M a r t i c l e  d e n s i t y  range  is 
s p e c i f i e d  by 3M a s  350 t o  400 kg/ms which is lower o v e r a l l  t han  
e i t h e r  a l lowed range .  A t  t h i s  p o i n t  i t  was dec ided  t h a t  i n  t h e  
event  a 3 M  material w a s  s e l e c t e d  a  new m a t e r i a l  s t a n d a r d  would 
be r e q u i r e d .  

Both t h e  3M and E&C GMB meet t h e  m a t e r i a l  s t a n d a r d  requi rement  
of 0 . 2  p e r c e n t  o r  less water c o n t e n t  (Table  2 ) . a n d  it might be  
expec ted  t h a t  bo th  would respond  e q u a l l y  t o  mo i s tu re .  Unfo r tuna t e ly  
t h i s  is n o t  t h e  c a s e - s i n c e  t h e  E&C GMB are h y d r o p h i l l i c  and t e n d  
t o  abso rb  m o i s t u r e  on exposure  t o  t h e  atmosphere and form i n s o l u b l e  
agglomera tes .  To p reven t  t h i s  t h e  E&C GMB must be  packed w i t h  
d e s i c c a n t  i n  two layers of p o l y e t h y l e n e ,  ' I n  c o n t r a s t ,  exposure  
t o  m o i s t u r e  has  l i t t l e ' o r  no e f f e c t  on t h e  p o u r a b i l i t y  of t h e  

t 3M GMB and t h e  p r e v i o u s l y  mentioned p r e c a u t i o n s  seem unnecessary .  
Excess ive  a l k a l i n i t y  was p o s t u l a t e d  a s  a p o s s i b l e  cause  of t h e  
unexpected d i f f e r e n c e  i n  m o i s t u r e  r e sponse .  An a l k a l i n i t y  
maximum of 2000 m i l l i e q u i v a l e n t s  p e r  pound ( 4 . 6 3  meq/g) had 
o r i g i n a l l y  been w r i t t e n  i n t o  t h e  s p e c i f i c a t i o n s .  However, subse-  

' quent  r e v i s i o n s  had e l i m i n a t e d  t h e  a l k a l i n i t y  requi rement .  From 
t h e  a l k a l i n i t y  d a t a  i n  Table  2  i t  is apparen t  t h a t  t h e  d i f f e r e n c e  
i n  a l k a l i n i t y  between 3M and E&C GMB is s u b s t a n t i a l .  

A comparison of  t h e  p roduc t ion  methods of 3M and E&C p rov ide  some 
i n s i g h t  i n t o  t h e  wide d i f f e r e n c e  i n  a l k a l i n i t y .  Emerson and Cuming 
p r e p a r e  an  unfused  raw b a t c h  m i x t u r e ,  b a s i c a l l y  sodium s i l i c a t e  
and b o r i c  a c i d ,  i n c o r p o r a t i n g  a blowing a g e n t .  Heat ing t h i s  
m i x t u r e  t r i g g e r s  a s imu l t aneous  g l a s s  fo rmat ion  and expans ion .  
A l k a l i n i t y  becomes a problem because  of t h e  e x c e s s  of u n r e a c t e d  
sodium p r e s e n t .  Minnesota Mining does  n o t  have t h i s  d i f f i c u l t y  
because t h e y  s t a r t  w i t h  preformed g l a s s  p a r t i c l e s  and modify them 
t o  c o n t a i n  t h e  neces sa ry  i n g r e d i e n t s  f o r  expansion (b lowing)  
d u r i n g  h e a t i n g .  These preformed g l a s s  p a r t i c l e s  can be  n e u t r a l i z e d  
a n d . t h e  sodium e l i m i n a t e d .  I n  a d d i t i o n  t o  reduced a l k a l i n i t y ,  
3M p r e d i c t s  an i n c r e a s e d  w a l l  s t r e n g t h  s i n c e  t h e i r  p r o c e s s  a l l o w s  
them t o  u s e  h igh  s t r e n g t h  g l a s s .  T h i s  p r e d i c t i o n  is v a l i d  when 
samples  of  3 M  and E&C GMB are i n s p e c t e d  f o r  broken and unblown 
b a l l o o n s .  Minnesota Mining ' s  GMB a r e  a l s o  t r e a t e d  w i t h  a p r o p r i e t a r y  
adhes ion  promoter t h a t  i n c r e a s e s  t h e  bonding between r e s i n  and GMB. 



EMERSON & CUM1 NQ QMB, TYPE I I ( 3 0 0 ~ )  

3M QMB, TYPE BWA ( 3 0 0 ~ )  

Figure  2. Two Types of GMB I l l u s t r a t i n g  
t h e  Dif ference  i n  P a r t i c l e  S i z e  
and Number of Imperfect Bubbles 



T a b l e  2. A n a l y s i s  o f  Hol low Glass M i c r o s p h e r e s  

P e r c e n t  P e r c e n t  
R e t a i n e d  Through Water P a r t i c l e  
o n  60 Mesh 200  Mesh C o n t e n t  A l k a l i n i t y  ' D e n s i t y  ~ l o a t e r s  

GMB S c r e e n  S c r e e n  ( P e r c e n t )  (meq/g)* (g/cm3) ( P e r c e n t )  

* M i l l i e q u i v a l e n t  p e r  gram 



The number of broken and unblown GMB,.shown i n  t h e  e l e c t r o n  photo- 
g raphs  of F i g u r e  2 ,  a r e  q u a n t i t a t i v e l y  e v a l u a t e d ' b y  means of t h e  
' r a t i o  of f l o a t e r s  t o  s i n k e r s  g iven  i n  Table  2 .  F l o a t e r s  a r e  t h e '  
p e r f e c t l y  formed GMB wh i l e  t h e  s i n k e r s  a r e  t h e  broken o r  unblown 
GMB and o c c a s i o n a l  i m p u r i t i e s .  Both b e f o r e  and a f t e r  tumbl ing ,  t h e  
3 M  samples  w e r e  96 t o  99 p e r c e n t  f l o a t e r s  wh i l e  t h e  E&C samples  
were o n l y  78 p e r c e n t  f l o a t e r s . .  

I t  h a s  been p r e v i o u s l y  no ted  t h a t  E&C GMB tended t o  s t r a t i f y  
du r ing  s h i p p i n g  and s t o r a g e .  I t  w a s  neces sa ry  t h e r e f o r e  t o  
de te rmine  t h e  e x t e n t  of s t r a t i f i c a t i o n  p r e s e n t  i n  3 M  GMB. Micro- 
merographs w e r e  o b t a i n e d  f o r  tumbled B40A and E&C Type I and I1 
GMB. From t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i t  w a s  observed  t h a t  
50 p e r c e n t  by weight of t h e  B40A GMB have a S tokes  d i ame te r  of 
49 microns  (pm) o r  l e s s  w i t h  an o v e r a l l  range  of 6 . 5  t o  130 microns .  
For Type I and I1 material t h e  50 p e r c e n t  mark came a t  71 and 78 
microns  r e s p e c t i v e l y  and t h e  I-anges were 4 . 5  t o  over  200 and 8 t o  
210 microns .  

P r o c e s s i n g  Pa rame te r s  

The nex t  s e r i e s  of tes ts  w a s  des igned  t o  tes t  bo th  t h e  fo rmula t ion  
and t h e  GMB. The t e s t s  w e r e  working v i s c o s i t y ,  r e a c t i v i t y  of t h e  
f i l l e d  epoxy,  and p h y s i c a l  p r o p e r t i e s  of t h e  cured  e n c a p s u l a n t s .  
A l l  t h r e e  a r e  areas of concern .  The working v i s c o s i t y  of t h e  GMB- 
r e s i n  system is impor tan t  because  t h e  m a t e r i a l  must ,remain f l u i d  
enough t o  pour f o r  a t  least 30 minutes .  T h i s  requi rement  has  been . 
a major  problem f o r  mixes c o n t a i n i n g  E&C Type I GMB. Po t  l i f e  
v i s c o s i t y  w a s  e a s i l y  t e s t e d  u s i n g  t h e  u n f i l l e d  r e s i n  and c a t a l y s t .  
But add ing  a f i l l e r  makes t h i s  t es t  n e a r l y  imposs ib le  s i n c e  a  
c o n s i s t e n t  r e a d i n g  cannot  be  o b t a i n e d .  I n c o n s i s t e n t  v i scometer  
r e a d i n g s  r e s u l t  when t h e  s p i n d l e  r o t a t e s  i n  a n e a r l y  f i l l e r - f r e e  
w e l l  of r e s i n .  The r e a d i n g s  o b t a i n e d  are no t  a  t r u e  r e f l e c t i o n  
of v i s c o s i t y .  A f t e r  t h e  v a r i o u s  methods f o r  o b t a i n i n g  t h e  
v i s c o s i t y  were examined a s u i t a b l e  s o l u t i o n  was o b t a i n e d .  I d e a l l y  
t h e  v i scome te r  should  be  d i s p o s a b l e  and h i g h l y  r e p r o d u c i b l e .  
Zahn cups  and d i s p o s a b l e  Gardner v i s c o s i t y  a p p a r a t u s  were e v a l u a t e d  
bu t  t h e  o r i f i c e s  of t h e  Gardner cups  were t o o  s m a l l  t o  be  used 
w i t h  t h e  h igh  v i s c o s i t y  system and t h e  Zahn cups  were no t  d i s p o s a b l e .  

Semco t u b e s  (Semco S a l e s  and S e r v i c e ,  I n c o r p o r a t e d )  were s e l e c t e d  
because ,  be ing  p l a s t i c ,  t hey  were comple te ly  d i s p o s a b l e ,  cheap,  
and came w i t h  a screw-in c o n i c a l  t i p  which could  be c u t  o f f  a t  
any d e s i r a b l e  d i ame te r .  The t i p s  were removed j u s t  p a s t  t h e  screw 
t h r e a d s  t o  g i v e  a  f a i r l y  r e l i a b l e  0 .350 i n c h  (0 .889  cm) d i ame te r .  
The m a t e r i a l  was p repa red  u s i n g  a 2000 gram b a t c h  s ize  p e r  P.rocess 
S t anda rd  9927003 except  t h a t  t h e  mix w a s  no t  r e t u r n e d  t o  t h e  oven 
a f t e r  c a t a l y s t  a d d i t i o n .  

One hundred gram samples were poured a t  a p p r o p r i a t e  t i m e  i n t e r v a l s  
i n t o  Semco t u b e s  t h a t  had t h e i r  t i p s  s e a l e d  w i t h  masking t a p e .  The 
t u b e s  had a l s o  been p r e h e a t e d  t o  150°F (66OC). Thermocouples 



were used  t o  moni tor  t h e  t empera tu re  of t h e  m a t e r i a l  i n  t h e  mixing 
bowl and t o  o b t a i n  t h e  i n i t i a l  t empera tu re  of t h e  100 grams of 
GMB mix i n  t h e  Semco t u b e .  A f t e r  t h e  GMB mix tu re  had been poured 
i n t o  t h e  t u b e  and t h e  t empera tu re  r eco rded  t h e  Semco t u b e  w a s  
p o s i t i o n e d  ove r  a  p o l y e t h y l e n e  cup on a t a r e d . b a l a n c e .  When t h e  
t a p e  cove r ing  t h e  o r i f i c e  w a s  removed a  t i m e r  w a s  s t a r t e d .  

A f t e r  5 minu te s  t h e  weight  of t h e  m a t e r i a l  t h a t  had f lowed through' 
t h e  o r i f i c e  was r eco rded .  The r e s u l t s . o f  t h i s  tes t  a r e  p r e s e n t e d '  
i n  F i g u r e  3.  . I t  can be  s een . f rom t h e  g raphs  t h a t  30 minutes  a f t e r  
c a t a l y s t  a d d i t i o n  t h e  E&C Type I1 and t h e  3M B40A GMB a r e  more f l u i d  
t h a n  t h e  ,E&C Type I a f t e r  on ly  1 0  minutes .  I t  w a s  a l s o  no ted  t h a t  
t h e  l i n e s  drawn through  t h e  cu rves  a r e  n e a r l y  p a r a l l e l .  I n  
a d d i t i o n ,  a t  1 0  minutes  v i r t u a l l y  85 p e r c e n t  of t h e  B40A f i l l e d  
m a t e r i a l  had f lowed th rough  t h e  o r i f i c e .  A t  20 and 3 0 ' m i n u t e s  
t h e  p e r c e n t a g e s  were 65 and 55 r e s p e c t i v e l y .  T h i s  d a t a  would 
appear  t o  i n d i c a t e  l i t t l e  i f  any problems w i t h  v i s c o s i t y  ove r  a 
30-minute p o t  l i f e .  

Once i t  was determined t h a t  t h e  3 M  GMB m e t  t h e  more impor tan t  
f e a t u r e s  of t h e  e x i s t i n g  m a t e r i a l  s t a n d a r d  for 'E&C GMB, i t  w a s  
neces sa ry  t o  de te rmine  t h e  maximum exotherm of t h e  m a t e r i a l .  
Tab le  3 c o n t a i n s  exotherm d a t a  o b t a i n e d  from t h e  m a t e r i a l s  s t a n d a r d  
procedure  f o r  r e a c t i v i t y  except  t h a t  f i l l e d  material w a s  used .  
T h e . r e a c t i v i t y  p rocedure  s p e c i f i e d  100 gram samples and 160°F 
(71°C) c u r e s  s o  it is u s e f u l  p r i m a r i l y  a s ' a  r e f e r e n c e .  The r e s i n  
and c a t a l y s t  used wi th  each  t y p e  of GMB were Epi  Rez 510 and 
J e f f e r s o n  DEA, s o  i f  t h e  exotherm d a t a  from t h e  u n f i l l e d  m a t e r i a l  
is compared w i t h  t h a t  of  t h e  f i l l e d  m a t e r i a l  i t  is p o s s i b l e  t o  
n o t e  any changes  r e s u l t i n g  from t h e  p re sence  of t h e  v a r i o u s  
f i l l e r s .  Using average  v a l u e s  i t  can be  seen  t h a t  f i l l e r  a d d i t i o n  
i n c r e a s e s  t h e  f i r s t  peak t empera tu re  and d e l a y s  t h e  occu r rence  

'of  t h a t  peak .  T h i s  is expec ted  because of t h e  i n s u l a t i n g  
p r o p e r t i e s  i n h e r e n t  i n  t h e  f i l l e r ,  The t i m e  t o  t h e  second peak 
and t h e  t empera tu re  r ise were seemingly u n a f f e c t e d  by f i l l e r  
a d d i t i o n  when B40A material was used .  However, t h e  u s e  of E&C 
GMB of e i t h e r  t y p e  s h o r t e n e d  t h e  t ime  t o  t h e  second peak and 
i n c r e a s e d  t h e  second peak t empera tu re  by about 14OF (8OC). Another 
i n t e r e s t i n g  f a c t  i s  , t ha t  i n  some of t h e  r e a c t i v i t i e s  o b t a i n e d  f o r  
Type I and I1 a  second peak was no t  a p p a r e n t .  T h i s  e r r a t i c  behavior  
d i d  n o t  deve lop  i n  t h e  3 M  GMB and may be p e c u l i a r  t o  t h e  E&C GMB. 
A d d i t i o n a l  t e s t i n g  of  exotherm as a f u n c t i o n  of m a s s  is d i s c u s s e d  
i n  t h e  second s e c t i o n  of t h i s  r e p o r t .  

P h y s i c a l  P r o p e r t i e s  of Cured M a t e r i a l  

T h e . f i n a 1  s t e p  b e f o r e  r e q u e s t i n g  g e n e r a l  accep tance  of t h e  3 M  
Type B40A GMB was t o  comple te ly  c h a r a c t e r i z e  t h e  mechanica l ,  

' e l e c t r i c a l ,  and thermal  p r o p e r t i e s  of t h e  s e l e c t e d  f o r m u l a t i o n .  
Tab le s  4  th rough  9 p r e s e n t  t h e s e  p r o p e r t i e s  a s  averaged v a l u e s  
and compares them wi th  d a t a  on Type I GMB o b t a i n e d  from t h e  



F i g u r e  3 .  Weight of  M a t e r i a l  Flowed Through a  Semco Tube 
as a Func t ion  of Time i n  Minutes A f t e r  C a t a l y s t  
Addit  i o n  



T a b l e  3 .  R e a c t i v i t y  and  G e l  Time f o r  F i l l e d  R e s i n s  

R e a c t i v i t y  

F i r s t  F i r s t  Second Second 
Peak  Peak  Peak  Peak  G e l  

T Y P ~  GMB Time Tempera tu re  Time Tempera tu re  Time 
GMB ( ~ b w )  (min )  (OF) ( o w  (min)  (OF) ( " 0  (min)  

R e s i n  
o n l y  0 5.98 . 230.1 110.0 116.6 189.9- - 88.;0 122.5 



. 
Tab le  4 .  T e n s i l e  P r o p e r t i e s  k f t e r  Cure f o r  24 Hours a t  

150°F (66OC) 

P r o c e s s  S p e c i f i c a t i o n  

. 9927003 9927085 
V a r i a b l e  Type I B40A 

Maximum ' S t r e s s  
i n  p s i  -(MPa) 4 ,660  ( 3 2 . 1 )  

S t r a i n  A t  
Maximum 
S t r e s s  
( P e r c e n t  ) 

Yie ld  S t r e s s  
i n  p s i  (MPa) No y i e l d  No y i e l d  

Y i e l d .  S t r a i n  
( P e r c e n t )  No y i e l d  No y i e l d  

E l a s t i c  Modulus 
i n  p s i  (MPa) 490,000 ( 3 , 3 8 0 )  477,000 ( 3 , 2 9 0 )  

e n c a p s u l a t i n g  r e s i n s  p r o p e r t i e s  c h a r t  p r epa red  by A .  J .  Quant 
and C .  W .  Hatcher  of Sandia  L a b o r a t o r i e s ,  Albuquerque. These 
tes ts  i n d i c a t e  t h a t  t h e  3M GMB a r e  no t  r a d i c a l l y  d i f f e r e n t  from 
t h e  E&C GMB. They va ry  s l i g h t l y  b u t  t h i s  is t o  be  expec ted  s i n c e  
3M GMB a r e  made by a comple te ly  d i f f e r e n t  p r o c e s s  and a r e  c o a t e d  
wi th  an adhes ion  promoter .  T h i s  would i n  p a r t ,  account  f o r  t h e  
i n c r e a s e d  mechanical  p r o p e r t i e s .  The e l e c t r i c a l  p r o p e r t i e s  a r e  
a l s o  s l i g h t l y  improved. S i n c e  GMB f o r m u l a t i o n s  a r e  u sed  a s  
i n s u l a t o r s ,  low 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  v a l u e s  
a r e  d e s i r a b l e ,  whereas ,  h igh  volume r e s i s t i v i t i e s  a r e  expec t ed .  
In  a l l  t h r e e  i n s t a n c e s  t h e  3M GMB appear  s l i g h t l y  s u p e r i o r .  

Some of t h e  d i f f e r e n c e s  i n  t h e  e l e c t r i c a l  p r o p e r t i e s  may be  
a t t r i b u t e d  t o  t h e  GMB b u t  c o n s i d e r a t i o n  must be  g iven  t o  changes 
i n  t h e  t e s t  methods. 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  
tes ts  are now be ing  performed u s i n g  a Balsbaugh T e s t  C e l l  (Model 
LD-3 Balsbaugh L a b o r a t o r i e s )  i n s t e a d  of t h e  micrometer sample 
h o l d e r  p r e v i o u s l y  used .  Specimen s i z e  w a s  a l s o  changed f rom'2-  
inch-diameter  (5 .08  cm) by 0.125-inch-thick (0 .317 cm) d i s c s  t o  
3 .25 by 3 .25  by 0.125-inch (8 .26  by 8 .26 by 0.317 cm) p l a t e s .  In  



Tab le  5. Compressive P r o p e r t i e s  A f t e r  Cure f o r  24 H o u r s .  
a t  1 . 5 0 ~ ~  (66OC) 

p r o c e s s  S p e c i f i c a t i o n  

9927003 9927085 
V a r i a b l e  Type I B40A 

Maximum .stress' 
' i n  p s i  (MPa) 10 ,600  ( 7 3 . 1 )  11 ,960  ( 8 2 . 5 )  

S t r a i n  A t  
.Maximum S t r e s s  
( P e r c e n t  ) 3.36 

Y i e l d  S t r e s s  
p s i  (MPa) 10 ,600  

Yie ld  S t r a i n  
( P e r c e n t  ) 3.36 

No y i e l d  

N o  y i e l d  

Rupture S t r e s s  
i n  p , s i  (MPa)  9 ,020  ( 6 2 . 2 )  11 ,960  ( 8 2 . 5 )  

Rupture S t r a i n  
( P e r c e n t  ) 4.66 , 

E l a s t i c  Modulus 
i n  p s i .  (MPa) 420,000 (2 ,900)  481,000 (3 ,320)  

a d d i t i o n ,  t h e  f l u i d  normal ly  used  i n  d i e l e c t r i c  s t r e n g t h  t e s t i n g ,  
I n t e r t i n e  by Monsanto, is no l o n g e r  a v a i l a b l e  and Dow Corning 200 
has  r e p l a c e d  i t .  According t o  ASTM D-149, r e s u l t s  i n  one medium 
cannot  be  compared w i t h  r e s u l t s  i n  a n o t h e r .  A d i e l e c t r i c  s t r e n g t h  
of 279 v o l t s  p e r  m i l  was o b t a i n e d  f o r  t h e  E&C Type I GMB us ing  
t h e  DC 200 f l u i d .  T h i s  i n d i c a t e s  t h a t  t h e  3M GMB have s l i g h t l y  
h i g h e r  d i e l e c t r i c  s t r e n g t h s  and t h a t  t e s t i n g  i n  DC 200 i m p a r t s  
lower  o v e r a l l  s t r e n g t h  v a l u e s .  

Only i n  volume r e s i s t i v i t y  is t h e  d i f f e r e n c e  between t h e  two 
materials s o  l a r g e  as t o  p r e c l u d e  exper imenta l  errors.  Apparent ly  
, t he  3 M  GMB p r o v i d e s  s u p e r i o r  i n s u l a t i o n  a b i l i t y .  Thermal p r o p e r t i e s  
are  n e a r l y  i d e n t i c a l  and no c l e a r  c u t  s u p e r i o r i t y  can b e  p r o j e c t e d .  
~ n l y ' i n  m o i s t u r e  a b s o r p t i o n  is t h e r e  a wide d i f f e r e n c e  i n d i c a t i n g  
a  b e t t e r  m o i s t u r e  r e s i s t a n c e  f o r  t h e  3M Type B40A GMB f i l l e d  
material. 



.  able 6 .  F l e x u r a l  P r o p e r t i e s  A f t e r  Cu.re f o r  24 Hours 
a t  150°F (66OC) 

P r o c e s s  S p e c i f i c a t i o n  

. 9927003 9927085 
V a r i a b l e  Type I B40A 

Maximum F i b e r  
S t r e s s  I n  p s i  
( m a )  5 ,850  (40 .3)  . 7,064  (48 .7 )  

D e f l e c t  i o n  A t  
Maximum F i b e r  
S t r e s s  
i n .  / i n .  (mm/mm) 0.29 (7.37') 0 .18  (4 .57 )  

Rupture S t r e s s  
i n  p s i  (MPa) 5 ,850  (40 .3 )  7,064 c48.7) 

~ u p t u r e  S t r a i n  
i n . / i n .  (mm/mm) 0.29 (7:37) 0.18 (4 .57 )  

E las t i c  Modulus 
i n  p s i  (MPa) 440,000 (3 ,030)  440,000 (3 ,030)  

S ~ e c i f i c  Problems With E n c a ~ s u l a t e d  Assemblies 

Once t h e  s e l e c t i v i t y  of t h e  r e s i n  and c a t a l y s t  s p e c i f i c a t i o n s  
had been r e - e s t a b l i s h e d  and an improved f i l l e r  had been l o c a t e d  
t h e  nex t  s t e p  was t o  i n v e s t i g a t e  s p e c i f i c ,  c h r o n i c  problems 
i n v o l v i n g  encapsu la t ed  e l e c t r o n i c  a s sembl i e s .  These problem a r e a s  
i n c l u d e  c u r e  t i m e ,  exotherm, v o i d s ,  r e s i n - f i l l e r  s e p a r a t i o n ,  
and the rma l  shock.  Some are p e c u l i a r  t o  t h e  epoxy-GMB material  
bu t  o t h e r s  are s h a r e d  by a l l  e n c a p s u l a n t s .  

Cure Cycle  

Although t h e  c u r e  c y c l e  of  an epoxy-GMB-DEA encapsu lan t  has  
been w e l l  e s t a b l i s h e d  and is no t  a problem area i n  t h e  t r u e  
s e n s e ,  a t t e m p t s  t o  modify t h e  c y c l e  by s h o r t e n i n g  t h e  t i m e  have 
been made. I n i t i a l  h e a t  d i s t o r t i o n  d a t a  i n d i c a t e d  t h a t  24 hour s  
a t  150°F (66OC) is a n  a c c e p t a b l e  c u r e  f o r  t h e  3M Type B40A . 
GMB f i l l e d  r e s i n  as i t  has  been f o r  t h e  E&C GMB. However, i f  
t h e  c u r e  cou ld  be s h o r t e n e d  t o  1 6  o r  even 20 hours  a  c o n s i d e r a b l e  
s a v i n g s  i n  mold turn-around-t ime would r e s u l t .  



Table  7 .  Volume R e s i s t i v i t y  and D i e l e c t r i c  
S t r e n g t h  A f t e r  Cure f o r  24 Hours 
a t  150°F (66OC) 

P r o c e s s  S p e c i f i c a t i o n  

9927003 9927085 
V a r i a b l e  Type I B40A ' 

Volume R e s i s t i v i t y  

Ambient 1 . 5 0  TS2.m 1 . 8 4  TS2-m 

100°F (37.8OC) 0 .13  TS2-m 1 . 6 3  TS2-m 

150°F (66OC) 6 .2  GS2-m 382 a - m  

200°F (93OC) 0 .041 MS2-m 1 0 . 3  M a e m  

Dielectric S t r e n g t h  

Shor t  Time . . 

0.025 i n .  (3 .2  rnm) 465 V / m i l  371.4 V / m i l  
(18 .3  V/mm) ( 1 4 . 6  V/mrn) 

The t h r e e  c u r e  c y c l e s  s e l e c t e d  f o r  i n v e s t i g a t i o n  w e r e  1 6 ,  20,  and 
24 hour s  a t  150°F (66OC). The r e f e r e n c e  c y c l e  was 24 hour s  a t  
150°F s i n c e  i t  is t h e  c u r r e n t  c u r e  c y c l e  f o r  epoxy-GMB cured  
wi th  DEA. S i x t e e n  and 20 hour s  were chosen as c u r e  t i m e s  
because t h e y  are convenien t  time i n t e r v a l s  f o r  u s e  i n  t h e  p roduc t ion  
area. 

S e v e r a l  p r o p e r t i e s  were e v a l u a t e d  a t  v a r i o u s  c u r e  t i m e s ;  t h e s e  
i nc luded  t h e  t e n s i l e  p r o p e r t i e s  of  maximum stress and s t r a i n  
a t  maximum stress, stress and s t r a i n  a t  y i e l d ,  and e l a s t i c  
modulus i n  accordance w i t h  ASTM D-638; t h e  compress ive  p r o p e r t i e s  
of maximum stress and s t r a i n  a t  maximum s t r e s s ,  stress and s t r a i n  
a t  y i e l d ,  stress and s t r a i n  a t  r u p t u r e ,  and e l a s t i c  modulus i n  
accordance w i t h  ASTM D-695; and t h e  h e a t  d i s t o r t i o n  t empera tu re  
(HDT) i n  accordance w i t h  ASTM D-648. 



Table  8 .  D i e l e c t r i c  Cons tan t  and 
D i s s i p a t i o n  F a c t o r  A f t e r  
Cure f o r  24 Hours a t  

- .  
150°F (66OC) 

P r o c e s s  S-pecif i c a t i o n  , 

9927003 9927085 
V a r i a b l e .  Type I B40A 

Dielectric Cons tan t  

0 .  lkHz 3 .53  2.92 

lkHz 3 .30  2.87 

lOkHz 3 .10  2 .83 

0.1MHz 3.07 2 .69  

MHz 2 .89  2.62 

D i s s i p a t i o n  F a c t o r  

~ MHz 0.032 , 0.031  

F i f t e e n  specimens were p repa red  f o r  each set of p r o p e r t i e s  
t e s t e d .  I n  a d d i t i o n ,  two d i f f e r e n t  p a l l e t  l o t s  of 3M1s t y p e  
B40A GMB were used t o  make t h e  specimens.  The t e n s i l e  specimens 
were molded t o  conform t o  S a n d i a ' s  S t anda rd  T e s t  Specimen 
Number 196-B (Sandia  L a b o r a t o r i e s ,  S t anda rd  T e s t  Specimens, 
SC-4540C ( M )  J u l y  1965) .  Both t h e  t o p  and bottom s u r f a c e  were 
machined t o  e l i m i n a t e  any p o t e n t i a l  r e s i n - l a y e r  e f f e c t s  due. 
t o  molding.  The compress ive  specimens (Number 6 )  and HDT specimens 
(Number 50)  were machined from 6 by 4 by 0 . 5  i n c h  (15  by 1 0  b y  
1.3 cm) s l a b s .  

Averaged d a t a  f o r  t h e  t e n s i l e ,  compress ive ,  and HDT t e s t s  are. 
g iven  i n  T a b l e s  1 0 ,  11, and 1 2 .  I n  t h e  t e n s i l e  t e s t i n g  no y i e l d  
p o i n t  w a s  observed  s o  o n l y  maximum o r  u l t i m a t e  stress and s t r a i n  
were r eco rded .  A s imilar  s i t u a t i o n  e x i s t s  i n  t h e  compress ive  
tes t  r e s u l t s  s i n c e  maximuin and r u p t u r e  s t r e s s  o c c u r r e d  a t  t h e  
same p o i n t  and no y i e l d  w a s  a p p a r e n t .  



T a b l e . 9 .  Thermal and Misce l laneous  P r o p e r t i e s  A f t e r  
Cure ' f o r  24 Hours a t  150°F (66OC) 

- - - -- - 

9927003 ' 9927085 
P r o p e r t y  Type I B40A 

Heat D i s t o r t i o n  
Temperature (OC)* 78 77 

C o e f f i c i e n t  of 
Thermal Expansion 0.000034** 0.0,00033** 
( i n / i n I o C )  (cm/cm/'C) . 0.000040*** 0.'000034*** 

BTU i n  

f t 2  h r  O F  

(W/m K )  . 

Heat R e s i s t a n c e .  
' ,  i n  P e r c e n t  of 

Weight Loss 0 .06  

Thermal 
shock? Passed  Passed  

G l a s s  
T r a n s i t  i o n  
Temperature (PC) 1 7 6  

S p e c i f i c  G r a v i t y  . . 0.87  

Mois ture  Absorpt ion 
i n  P e r c e n t  of Weight 
Gain 2 .49 0 .54 

* A t  264 p s i  (1 .82  MPa) 
* * A t  - 6 5 O ~  ( - 5 3 . 9 ' ~ )  t o  ambient 

***At  ambient t o  165OF (74OC) 
?Hollow c y l i n d e r ,  SCR-417 

From t h e  t e n s i l e  and compress ive  tes t  d a t a  it can be  seen  t h a t  
stress, s t r a i n ,  and modulus v a l u e s  are r e l a t i v e l y  unchanged d u r i n g  
t h e  s i x t e e n t h  t o  twenty- four th  hour s  of c u r e .  I n  f a c t  i t  a p p e a r s  
t h a t  t h e r e  is  more v a r i a t i o n  i n  r e s u l t s  caused by u s i n g  d i f f e r e n t  
p a l l e t  l o t s  of GMB t h a n  t h e r e  i s  from s h o r t e n i n g  t h e  c u r e  t i m e  by 
o n e - t h i r d .  However, a  change i n  mechanical  p r o p e r t i e s  was no t  
a n t i c i p a t e d  and t h e  d a t a  were in t ended  p r i m a r i l y  as a  check.  
Any obvious  d i s c r e p a n c i e s  i n  mechanical  p r o p e r t i e s  could  a l s o  
have been t h e  r e s u l t  of p r o c e s s i n g  problems or . spec imen p r e p a r a t i o n .  



T a b l e  1 0 .  T e n s i l e  P r o p e r t i e s  of  F i l l e d  Res in  A f t e r  V a r i o u s  Cure C y c l e s  

Cure  
Time 
(Hours)  Gm 

~ l a s t l c  ~ o d u l u s  U l t i m a t e  S : t r e s s  S t r a i n .  a t  
. U l t i m a t e  

( p s i >  ( GPa.) ( p s i )  . (MPa) ( P e r c e n t )  



Table  11. Compressive P r o p e r t i e s  of F i l l e d  Resin Af t e r  Various  Cure Cycles  

Cure E l a s t i c  Modulus Ul t imate  S t . r e s s  S t r a i n  a t  
Time - Rupture 
(Hours) GMB ( p s i )  . (GPa) . ( p s i )  (MPa) (Pe rcen t  ) 



& b l e  12 .  Heat  D i s t o r t i o n  Temperature .o f  F i l l e d  
Res in  a t  264 P s i  ( 1 . 8  W a )  

24 Hour Cure 20 Hour Cure 1 6  Hour Cure 
GMB (OF) (OC) (OF) ("C) . (OF) (OC) 

P-6793-7 174 79 .0  

The most impor tan t  t e s t  of e x t e n t  of c u r e  is h e a t  d i s t o r t i o n  
t empera tu re  (HDT). HDT o r  d e f l e c t i o n  t empera tu re  is  an i n d i c a t o r  
of t h e  e x t e n t  of c r o s s - l i n k i n g  p r e s e n t  i n  a cured  m a t e r i a l .  For 
epoxy-GMB a minimum of 1'70°F (77OC) has  been e s t a b l i s h e d .  None- 
t h e l e s s  it is cons ide red  d e s i r a b l e  t h a t  a c t u a l  HDT exceed t h i s  
v a l u e .  F u l l y  cured  (24  h o u r s )  epoxy-GMB t y p i c a l l y  e x h i b i t s  an 
average  HDT of  175°F (79.5"C).  The d a t a  i n  Table  1 2  r e f l e c t s  
t h i s  .but a l s o  shows t h a t  t h e  HDT r e a c h e s  a p l a t e a u  between 1 6  and 
20 hour s  of c u r e .  T h i s  would seem t o  i n d i c a t e  t h a t  20 hour s  
a t  150°F (66OC) is an adequa te  c u r e .  While t h e  minimum average  
HDT is a t t a i n e d  a f t e r  16 hour s ,  c l o s e r  examinat ion r e v e a l s  t h a t  
some v a l u e s  were s l i g h t l y  below minimum. T h e r e f o r e  a  16-hour 
c u r e  would r e s u l t  i n  some u n c e r t a i n t y .  One s o l u t i o n  would be  t o  
c u r e  f o r  1 6  hour s ,  remove t h e  p a r t  from t h e  mold, and p o s t  c u r e  
f o r  4  a d d i t i o n a l  hou r s  t o  i n c r e a s e  t h e  HDT. The e x a c t  e f f e c t s  
of t h i s  c u r e  on d imens iona l  s t a b i l i t y  have not  been ana lyzed .  
However a d d i t i o n a l  stress bu i ldup  due t o  c o o l i n g  and r e h e a t i n g  
t h e  material should  be  cons ide red  when a p o s t  c u r e  is used .  
T h e r e f o r e ,  even though t h e  HDT a t  1 6  hour s  approximates  t h e  minimum 
a c c e p t a b l e  v a l u e  and an a d d i t i o n a l  s a f e t y  f a c t o r  can be  added 
by a 4-hour,  150°F (66OC) p o s t  c u r e ,  t h e  20-hour c u r e  is  t h e  most 
a c c e p t a b l e  a l t e r n a t i v e .  

Even though s h o r t e n i n g  t h e  c u r e  c y c l e  t o  20 hours  r e p r e s e n t s  a 
s a v i n g s  of 1 2  p e r c e n t  o v e r  t h e  c u r r e n t  c y c l e  such  a change 
shou ld  n o t  be  made wi thou t  c a r e f u l  c o n s i d e r a t i o n  of t h e  i n d i v i d u a l  
needs  of  each  assembly.  

Exo therm 

The r e a c t i v i t y  d a t a  o b t a i n e d  on t h e  f i l l e d  and u n f i l l e d  c a t a l y z e d  
r e s i n  p rov ided  a l i m i t e d  i n s i g h t  i n t o  t h e  exotherm of t h e  system.  
The d a t a  was l i m i t e d  because t h e  q u a n t i t y  of  material involved  
w a s  100 grams and because  t h e  p i n t  (473 cm3) c a n s  used  a l lowed 
h e a t  t o  e scape  f r e e l y .  A s  a  r e s u l t  l a r g e r  specimens were p repa red  



u s i n g  one-half  p i n t ,  p i n t ,  and q u a r t  s i z e  metal p a i n t  c a n s . a n d  
an 8- by 8- by 4-inch (20  by 20 by 1 0  cm) aluminum mold. The 
metal c a n s  were f i l l e d  t o  a  d e p t h  e q u a l  t o  t h e i r  d i ame te r  which 
cor responded  t o  200, 330,  and 680 grams r e s p e c t i v e l y .  The 
aluminum mold was chosen as t h e  most s e v e r e  c a s e  and con ta ined  
approximate ly  2500 grams. F i g u r e  4 shows t y p i c a l  exotherm d a t a .  
I t  w a s  d i f f i c u l t  t o  p o s i t i o n  t h e  thermocouples i n  t h e  e x a c t  
c e n t e r  of m a s s  so some i r r e g u l a r i t i e s  a r e  p r e s e n t  b u t  t h i s  d a t a  . 
is r e p r e s e n t a t i v e  of a c t u a l  measurements - taken  from mold p a r t s .  
A s  t h e  mass i n c r e a s e s ,  t h e  double  peak d i s a p p e a r s  a l t o g e t h e r  and 
on ly  one peak ,  i n t e r m e d i a t e  i n  t ime  and magni f ied  i n  i n t e n s i t y ,  
remains .  A t  t h e  normal mix t empera tu re  of 150°F (65OC) t h e  
v i s c o s i t y  of t h e ' c a t a l y z e d  epoxy-GMB is t o o  h igh  f o r  i t  t o  f low 
p r o p e r l y .  Exotherm t h u s  p r o v i d e s  a more workable m a t e r i a l  by 
r educ ing  t h e  v i s c o s i t y .  I n c r e a s i n g  t h e  t empera tu re  a l s o  i n c r e a s e s  
t h e  r e a c t i o n  rate and t h e  subsequent  i n c r e a s e  i n  v i s c o s i t y  d u e  
t o  c r o s s - l i n k i n g  ( g e l a t i o n )  can s u r p a s s  t h e  v i s c o s i t y  r e d u c t i o n  
r e s u l t i n g  from t h e  i n c r e a s e d  t empera tu re .  High exotherms about  
2 0 0 ' ~  (93OC) c a n . a l s o  harm t h e r m a l l y  s e n s i t i v e  e l e c t r o n i c  components 
i f  p ro longed .  One s o l u t i o n  is t o  c o n t r o l  t h e  m a s s  of encapsu lan t  
used  i n  an assembly.  T h i s  is no t  a t o t a l  answer because of t h e  
v a r i e t y  of encapsu la t ed  a s sembl i e s .  Another,  b e t t e r  a l t e r n a t i v e  
is t o  combine c o n t r o l  of t h e  encapsu lan t  mass w i t h  c o n t r o l  of 
t h e  e x t e r n a l  t empera ture .  P u t t i n g  t h e  c a t a l y z e d ,  epoxy-GMB i n t o  
an oven i n c r e a s e s  t h e  thermal  energy i n p u t  i n t o  t h e  r e a c t i o n  and 
i n c r e a s e s  t h e  exotherm and t h e  r e a c t i o n  ra te .  I f  t h e  m a t e r i a l  is 
a l lowed t o  exotherm wi thou t  adding a d d i t i o n a l  h e a t  t h e  maximum 
exotherm can be  reduced.  

Voids 

Another c h r o n i c  problem w i t h  e n c a p s u l a n t s  a r e  v o i d s  caused p r i m a r i l y  
by en t r apped  a i r ,  component o u t g a s s i n g ,  and c u r e  s h r i n k a g e  of 
t h e  e n c a p s u l a n t .  Voids on t h e  e x t e r i o r  of a  u n i t  a r e  u n s i g h t l y  
bu t  can  be reworked i n  most c a s e s .  I n t e r i o r  v o i d s  a r e  more 
s e r i o u s .  I n  c e r t a i n  environments  t h e  g a s e s  w i t h i n  t h e  v o i d  could  
i o n i z e ,  become conduc t ive ,  and s h o r t  t h e  e l e c t r o n i c  assembly.  

The v i s c o s i t y  of  a f r e s h l y  mixed epoxy-GMB encapsu lan t  is  
s u f f i c i e n t l y  low t h a t  t h e  a i r  bubbles  i n t roduced  du r ing  mixing 
o r  t h e  pour ing  o p e r a t i o n  can be removed by evacua t ing  t h e  mix tu re  
a t  1 t o  3 rnrn Hg f o r  1 t o  5  minu te s  a f t e r  t h e  i n i t i a l  foam r i s e  . 
c o l l a p s e s .  Although e m p i r i c a l l y  e s t a b l i s h e d ,  t h i s  w a s  v e r i f i e d  
by c a l c u l a t i n g  t h e  t e r m i n a l  v e l o c i t y  of a bubble  r i s i n g  th rough  a 
f l u i d  f i l l e d  w i t h  s p h e r e s  of unequal  d i ame te r  (S tokes  Law) and 
by expe r imen ta t ion .  However components and h o r i z o n t a l  p r i n t e d  
c i r c u i t  boa rds  can a c t  a s  mechanical  t r a p s .  T h i s  problem can be  
minimized by p rope r  d e s i g n  of t h e  assembly t o  be  e n c a p s u l a t e d ,  
bu t  n o t  e n t i r e l y  e l i m i n a t e d .  



Figure 4. . E x o t h e r m  Data f o r  3M T y p e  B40A GMB 



R e l a t e d  t o  a i r  v o i d s  i s  t h e  problem of component o u t g a s s i n g .  
Inc luded  i n  component o u t g a s s i n g  is t h e  problem of v o l a t i l e s  i n  
t h e  v a r i o u s  c o a t i n g s  u sed  i n s i d e  an assembly.  I n  o r d e r  t o  a s s e s s  
t h e  magnitude of t h e  pr.oblem, a t t e m p t s  were made t o  f i l l ,  w i t h  ' 

c a t a l y z e d  r e s i n ,  an  i n v e r t e d  t e s t  t u b e  suspended i n t o  a  l a r g e r  
t ube .  Two f i l l  and two c u r e  t e c h n i q u e s  were used .  , T h e  t u b e  
assembly w a s . e i t h e r  vacuum f i l l e d  o r  f i l l e d  and then  evacua ted .  . 
The c u r e  w a s  e i t h e r  i n  a f o r c e d  convec t ion  oven o r  i n  an au toc lave .  . 

p r e s s u r i z e d  t o  125 p s i g  (861  kPa) .  The t echn ique  t h a t  p r o v i d e s  
t h e  maximum vo id  r e d u c t i o n  c o n s i s t e d  0.f t h e  vacuum f i l l  fo l lowed 
by a p r e s s u r e  cu re .  . - 

I n  combinat ion wl th  vacuum f i l l i n g  t h e  concept  of r e p l a c i n g  t h e  
a i r  w i t h  a r e a c t i v e  g a s  t h a t  would i n t e r a c t  w i th  t h e  ~ e s i n  w a s  
c o n s i d e r e d .  I t  w a s  no t  pursued because t h e  more s u i t a b l e  g a s e s  
were h i g h l y  t o x i c  and would have r e q u i r e d  s p e c i a l  hand l ing  
equipment a n d  p rocedures .  

I The t h i r d  cause  of v o i d s ,  s h r i n k a g e  of t h e  encapsu lan t  away 
from a mold s u r f a c e ,  is a s l i g h t l y  d i f f e r e n t  problem from t h e  o t h e r  
two. These v o i d s  which normal ly  occur  a long  m'old p a r t i n g  l i n e s  
o r  i n s e r t s  a r e  a  r e s u l t  of  t h e  n a t u r a l  s h r i n k a g e  of a  c u r i n g  
epoxy ( F i g u r e  5 ) .  Shr inkage  can be d i s t i n g u i s h e d  from v o i d s  
caused by t r apped  bubbles  because t h e  s h r i n k  v o i d s  l a c k  t h e  
g l o s s y  s u r f a c e  of a i r  bubbles . .  Also s h r i n k . v o i d s . a r e  no t  
randomly l o c a t e d  b u t  normal ly  occu r  i n  a s p e c i f i c    at tern. 
S h r i n k  v o i d s  a r e  u s u a l l y  caused by thermal  g r a d i e n t s  w i t h i n  a 
c u r i n g  assembly and can be minimized by reduc ing  ho t  s p o t s .  Th i s  
is p a r t i a l l y  accomplished by uniform mold t empera tu re  p r i o r  t o  
e n c a p s u l a t i o n .  . I n  a d d i t i o n ,  s i n c e  t h e  r e a c t i o n  is exothermic ,  
t empera tu re  can b u i l d  i n  a r e a s .  where t h e r e  is a  l a r g e  mass of 
c a t a l y z e d  r e s i n  s u c h ' a s  t h e  mold r e s e r v o i r .  I f  c u r e  is  i n i t i a t e d  
w i t h i n  t h e  assembly m a t e r i a l  i s  p u l l e d  from t h e  r e s e r v o i r  t o  
accommodate ' t he  n a t u r a l  s h r i n k a g e  of t h e  encapsu1an t .du r ing  c u r e .  
I f ,  however, c u r e  i s  i n i t i a t e d  i n  t h e  r e s e r v o i r  t h e  r e v e r s e  is  
t r u e  and s h r i n k  v o i d s  i n c r e a s e .  The re fo re  i t  is impor tan t  t o  
minimize r e s e r v o i r  s i z e  i n  a d d i t i o n  t o  c o n t r o l l i n g  mold tempera- 
t u r e .  

To summarize, v o i d s  can be  reduced ,  i f  no t  e l i m i n a t e d  by des ign ing  
a s s e m b l i e s  t o  e l i m i n a t e  mechanical  t r a p s ;  minimizing thermal  
g r a d i e n t s  between t h e  mold and p o t t i n g  compound, p a r t i c u l a r l y  
between t h e  p o t t i n g  compound n e a r  t h e  mold s u r f a c e  and t h a t  nea r  
t h e  c e n t e r  of  mass; vacuum f i l l i n g  t h e  mold; and p r e s s u r i z e d  
c u r i n g  t h e  encapsu la t ed  assembly.  

Res in- .F i l l e r  S e p a r a t i o n  

When t h e  i n i t i a l  work w a s  done on t h e  improved .epoxy-GMB-DEA 
f o r m u l a t i o n ,  checks  on t h e  d e n s i t y  d i s t r i b u t i o n  of  t h e  encapsu- 
l a n t  were performed u s i n g  samples c u t  from 6- by 0.5- by 9-inch 
(15 by 1 . 3  by 23 cm) s l a b s .  A t  t h a t  t i m e  no  u n d e s i r a b l e  d e n s i t y  



Figure 5 .  Voids Caused by Shrinkage. 



v a r i a t i o n s  were .observed .  I t  w a s  n o t e d ,  however, t h a t  t h e  .GMB 
tended  t o  f l o a t  and l e a v e  a s m a l l  l a y e r  of c l e a r ,  cured  r e s i n  a t  
t h e  bottom of t h e . m o l d .  T h i s  s e p a r a t i o n  o c c u r s  i n  most low 
d e n s i t y  f i l l e r s  and,  a s . a  r e s u l t ,  t h e  bottom 0.125 inch  (0 .318  cm) 
of each  s l a b  is  removed b e f o r e  d e n s i t y  samples  a r e  c u t .  I n  t e s t  
specimens t h i s  r e s i n  r i c h  l a y e r  can be  e a s i l y  removed bu t  i n  an 
e l e c t r o n i c  assembly t h i s  same s e p a r a t i o n  can occu r  on each 
h o r i z o n t a l  s u r f a c e .  . . 

The problem with'  r e s i n / f i l l e r  s e p a r a t i o n  is ' t h a t  t h e  r e s i n  l a y e r  
has  u n d e s i r a b l y  h igh  thermal  expansion p r o p e r t i e s  compared t o  t h e  
bu lk  e n c a p s u l a n t . a n d  is i n  i n t i m a t e  c o n t a c t  w.ith materials having 
low c o e f f i c i e n t s  of t he rma l  expansion such  as p r i n t e d  c i r c u i t  
board (PCB). T h i s  c r e a t e s  a r e a s  of h igh  stress c o n c e n t r a t i o n  and 
may cause  c r a c k s  i n  encapsu la t ed  u n i t s .  The s e p a r a t i o n  arises 
because  t h e  lower d e n s i t y  GMB have a tendency t o  m i g r a t e  t o  t h e  
t o p  of  t h e  mix wh i l e  t h e  h i g h e r  d e n s i t y  r e s i n  t e n d s  t o  s e t t l e  on 
t h e  bottom. 

' I f  h o r i z o n t a l  s u r f a c e s  such a s  PCBs a r e  p r e s e n t  w i t h i n  t h e  a.ssembly 
t h e  buoyant GMB a r e  t r a p p e d  a g a i n s t  t h e  bottom s u r f a c e  of t h e  
PCBs wh i l e  t h e  r e s i n  rests on t o p .  While t h i s  e f f e c t  w a s  p r e s e n t  
i n  e n c a p s u l a t e d  a s sembl i e s  us ing,  Emerson & Cuming GMB, i t  was 
d imin ished  by t h e  p re sence  of a h i g h  p e r c e n t a g e  of broken GMB 
t h a t  would accumulate w i t h  t h e . r e s i n  on t h e  . h o r i z o n t a l  s u r f a c e s .  
The 3M GMB w i t h  t h e i r  l a r g e r  p e r c e n t a g e  of h igh  q u a l i t y  b a l l o o n s  

. o r  f l o a t e r s  p a r a d o x i c a l l y  aggrava ted  t h e  f i l l e r  s e p a r a t i o n  problem. 
Three i l l u s t r a t i o n s  (Figures 6,  7 ,  and 8 )  show t h e  problems of 
r e s i n ,  f i l l e r  s e p a r a t i o n s  w i th  t h e  3M GMB. A l l  t h e  f i g u r e s  a r e  
dummy as sembl i e s  .having 3  l a y e r s  of PCBs, w i t h  a  h o l e  d r i l l e d  i n  
t h e  c e n t e r  board.  A l l  u n i t s  were p o t t e d  as s p e c i f i e d  by MS 9927085, . 

~ i g u r e  6 r e p r e s e n t s  a dummy u n i t  encapsu la t ed  acco rd ing  t o  
MS 9927085 w i t h  no d e l a y  between evacua t ion  'and c u r e .  F i g u r e s  7 
and 8 r e p r e s e n t  30 minutes  and 2  hours  d e l a y s  r e s p e c t i v e l y  a t  
room t empera tu re  . be fo re  c u r e .  

Fol lowing c u r e ,  a  d i a g o n a l  s l i c e  w a s  t aken  th rough  t h e  4 . 5  i n c h  
(114 mm) c u b i c a l  dummy u n i t s  and machined t o  a t h i c k n e s s  of 
0 .10  i n c h  (2 .54  mm). To o b t a i n  t h e  photographs  f o r  F i g u r e s  6 ,  
7 ,  and 8  t h e  machined samples were photographed w i t h  a  l i g h t  
s o u r c e  behind t h e  specimen. 

The 3 M  GMB system i n  g e n e r a l  is  shown t o  be almost  devoid  of 
s i n k e r s  o r  broken GMB. A l a y e r  of what appeared t o  be  p u r e  r e s i n  
o f  approximate ly  0 . 2 0  i n c h e s  ( 5  mm) i n  dep th  occu r red  on t h e  t o p  
of each  board.  Beneath t h e  PCBs t h e r e  i s  a  da rk  a r e a ,  aga in  due 
t o  t h e  p re sence  of a  GMB r i c h  a r e a ;  The specimens made wi th  
no d e l a y  and 30 minutes  d e l a y  b e f o r e  c u r e  ( F i g u r e s  6 and 7 )  show 
t h e  r e s i n  f l o y i n g  o f f  t h e  PCB edges  and p a r t i c u l a r l y  th rough  t h e  



Figure '6. Cross. S e c t i o n ,  X-Ray o f  Dummy Unit  . 
w i t h  3M GMB Standard Process  

Figure 7.  Cross S e c t i o n ,  X-Ray o f  Dummy Unit  
w i t h  3M GMB 30 Minute Delayed Cure 



Figure  8. Cross Sec t ion ,  X-Ray of Dummy Unit ' 

wi th  3 M  GMB 2 Hour Delayed Cure 

ho le  abd down t o  t h e  PCB beneath.  The 3 M  Gbf? system s e c t i o n  
which underwent t h e  %-hour room temperature de lay  p r i o r  t o  cu re  
(F igure  8) w a s  f r e e  of any evidence of r e s i n  f low from t h e  t o p  
of t h e  boards.  To d iminish  tfie e f f e c t s  of r e s i n - f i l l e r  s e p a r a t i o n ,  
a 2-hour de lay  cure  w a s  incorpora ted  i n t o  t h e  encapsula t ion  process  
us ing  3 M  ,GMB whic.h a l s o  s e r v e s  t o  reduce exotherm. 

Thermal Shock 

A l l  of t h e  electrical assembl ies  manufactured by Bendix Kansas C i ty  
a r e  s u b j e c t e d  t o  some type  of thermal cyc l ing .  The cyc l ing  can 
r e s u l t  from t h e  exotherm and c u r e  of t h e  encapsulant ,  environmental  
cond i t ion ing ,  o r  t h e  des ign  requirements  of t h e  f i n a l  assembly. 
Thermal c y c l i n g  g e n e r a t e s  i n t e r n a l  s t r e s s e s  w i t h i n  t h e  assembly 
because of t h e  d i v e r s e  m a t e r i a l s  wi th  t h e i r  d i f f e r e n t  thermal 
expansion c o e f f i c i e n t s  (CTE). Coupled wi th  thermal ly  induced 
stresses a r e  those  developed wi th in  t h e  encapsulant  when it is 
r e s t r a i n e d  from s h r i n k i n g  dur ing  c u r e  by t h e  components wi th in  
t h e  assembly. Cracking can r e s u l t  when t h e s e  stresses exceed 
t h e  s t r e n g t h  of t h e  encapsulant .  Other i n d i c a t i o n s  of excess ive  . 
stress i n c l u d e  deformation of t h e  encapsulant  and bond f a i l u r e  
between t h e  components and t h e  encapsulant .  These f a i l u r e s  can 
cause  s o l d e r  j o i n t  f a i l u r e ,  p u l l  l e a d s  from components, break 
fragile components, and permit  mois ture  and o t h e r  c o r r o s i v e  
environments t o  p e n e t r a t e  t h e  u n i t .  



  here were' two t e s t s  o r i g i n a l l y  developed t o  de te rmine  t h e  t he rma l  ' 

shock r e s i s t a n c e ;  t h e  "Nut and Bo l t "  T e s t  and t h e  Quant hol low 
c y l i n d e r  test .  Both t e s t s  were based on t h e  d i f f e r e n c e  between 
t h e  CTE of a s t e e l  i n s e r t  and t h e  e n c a p s u l a n t .  The Quant hol low 
c y l i n d e r  t es t  w a s  t h e  more s e v e r e  test and on ly  t h e  epoxy-GMB 
f o r m u l a t i o n s  cou ld  p a s s .  T h i s  tes t  w a s  t r i e d  on t h e  new epoxy- 
GMB f o r m u l a t i o n  using.  3M GMB w i t h  mixed r e s u l t s .  I n v e s t i g a t i o n  
of t h e s e  r e s u l t s  i n d i c a t e d  t h a t  pour dep th  was c r i t i c a l .  A 
d i f f e r e n c e  i n  dep th  of  as l i t t l e  a s  0 .125 inch  ( 0 . 3  cm) could  
de te rmine  s u c c e s s  o r  f a i l u r e .  I n  a d d i t i o n  t h e  t e s t  was n o n s p e c i f i c .  
There  w a s  no way t o  de te rmine  t h e  r e l a t i v e  stress r e s i s t a n c e  of 
an e n c a p s u l a n t .  Consequently a  number of o t h e r  thermal  shock 
tes ts  were e v a l u a t e d  t o  i n c r e a s e  t h e  s e v e r i t y  a s  w e l l  as q u a n t i z e  
t h e  t e s t .  I n  o r d e r  t o  obse rve  t h e  c r a c k s ,  most of t h e  tests were 
performed on c a t a l y z e d - u n f i l l e d  epoxy and then  on t h e  GMB f i l l e d  
epoxy. The thermal  shock tes ts  inc luded  t h e  Navy hex b a r  t es t  

. (Mil-I-16923F), t h e  Olyphant a n d . S a t o  washer and t h e  
Miron wedge test .  Although t h e  specimen encapsu la t ed  v a r i e d  i n  
s ize and shape  a l l  were e s s e n t i a l l y  s imi la r  t o  t h e  Quant hol low 
c y l i n d e r  and t h e  r ' e s u l t s  were e q u a l l y  c o n t r a d i c t o r y .  Although 
t h e  u n f i l l e d  epoxy specimens c racked  e a s i l y  none of t h e  specimens 
p repa red  f a i l e d  e i t h e r  t h e  hex b a r  t es t  o r  t h e  washer tes ts .  

The Micon wedge tes t  w a s  developed by t h e  3M Company s p e c i f i c a l l y  
f o r  t h i s  t y p e  of problem. The i n s e r t  is wedge-shaped w i t h  4 h o l e s  
r ang ing  i n  s ize  from 0.250 ( 6  mm) t o  1 i n c h  (25  mm) i n  d i a m e t e r .  
The 0 . 5  (12  mm) d iame te r  h o l e  co r r e sponds  roughly t o  t h e  Olyphant 
washer t e s t s  a l s o  developed by 3M Company. The s e v e r i t y  of  t h e  
t e s t  can b e  c o n t r o l l e d  by t h e  t h i c k n e s s  of t h e  wedge. The the rma l  
shock s t r e n g t h  of v a r i o u s  materials were r a t e d  on t h e  b a s i s  of  
how many h o l e s  s t a r t i n g  from t h e  smallest produced f r a c t u r e s .  
I n  t h e o r y  t h e  s t r e s s e s  i n  t h e  r e s i n  i n s i d e  t h e  h o l e s  do no t  
depend upon t h e  d iameter  of t h e  h o l e .  I n  p r a c t i c e  t h e  deformat ion  
of t h e  r e s i n  a t  t h e  s u r f a c e  above t h e  h o l e  causes  t h e  f a i l u r e  t o  
occur  a t  t h e  s m a l l  h o l e  f i r s t .  The wedge tes t  o f f e r s  a  g radua ted  
s c a l e  of h o l e  s i z e s  and wedge t h i c k n e s s  t h a t  a l l ows  number v a l u e s  
t o  be  a s s i g n e d  t o  a f a i l u r e .  

A number of  specimens were poured u s i n g  t h e  Miron wedge as t h e  
i n s e r t .  The f i r s t  specimens were u n f i l l e d  Epon 828 r e s i n  
c a t a l y z e d  w i t h  DEA and t e s t e d  a t  -40°C. Cracks due t o  t he rma l  
shock on t h e  r e s i n  d i d  occu r .  A c a t a l y z e d  mix tu re  of GMB-epoxy 
w a s  t h e n  t e s t e d  and t h e  f i r s t  i n s t a n c e  of thermal  shock f a i l u r e  
w a s  r eco rded .  The c r a c k ,  however, o c c u r r e d  i n  t h e  h o l e  having 
t h e  l a r g e s t  d i ame te r  which w a s  c o n t r a r y  t o  t h e  p r e v i o u s  d a t a  
r e p o r t e d  by t h e  i n v e n t o r  of t h e  tes t  method. Because of t h i s  
and t h e  expense and d i f f i c u l t y  exper ienced  i n  p r e p a r i n g  tes t  spec-  
imens,  e f f o r t  w a s  d i r e c t e d  toward o t h e r  p o s s i b l e  thermal  shock 
t e s t s .  



What w a s  d e s i r e d  was a  s e v e r e  t he rma l  shock test of s imp le  d e s i g n  
t h a t  used  t e s t  specimens t h a t  cou ld  be machined from t h e  d e n s i t y  
and a s h  c o n t e n t  s l a b s  poured i n  t h e  p roduc t ion  a r e a .  T h i s  l e d  t o  
t h e  development of a r i n g  and t a p e r e d  mandrel  t es t  s e t u p .  The 
tes t  f i x t u r e  is  a tapere'd mandrel  made of' a material having a 
low CTE such as s tee l  o r  ce ramic .  A l ock ing  t a p e r  is  machined 
o n t o  t h e  mandrel .  T e s t  r i n g s  a r e  machined o u t  of p roduc t ion  
tes t  s l a b s  t o  such a s ize t h a t  t h e  r i n g  can be  s l i p p e d  o n t o  
t h e  mandrel  t o  a  p rede te rmined  s t r e s s  by u s i n g  a f o r c e  gage o r  
by measur ing r i n g  expans ion .  The r i n g  and t a p e r e d  mandrel a r e  
t h e n  t h e r m a l l y  shocked t o  a t e m p e r a t u r e ,  such as -40°F (-40°C). 
T h e o r e t i c a l l y ,  a s  t h e  r i n g  and test mandrel  are coo led ,  l a r g e  
stresses a r e  developed i n  t h e  tes t  r i n g  s i n c e  i ts h igh  CTE causes  
i t  t o  s h r i n k  t i g h t l y  o n t o  t h e  mandrel  which has  a  lower CTE. 
E v e n t u a l l y  a t empera tu re  shou ld  be  reached  which produces  stresses 
i n  t h e  t e s t  r i n g  t h a t  exceeds  i t s  t e n s i l e  s t r e n g t h  and f r a c t u r e  
o c c u r s .  S i n c e  t h e  CTEs of t h e  encapsu lan t  and t h e  mandrel a r e  
known, as w e l l  a s  specimen d imens ions ,  t h e  s t r e s s e s  r e q u i r e d  t o  
b reak  test specimens can  be c a l c u l a t e d .  The method has  t h e  
a d d i t i o n a l  advantages  t h a t  i t  is of s imple  d e s i g n ,  t h a t  specimens 
a r e  machined from s l a b s  poured w i t h  p roduc t ion  p a r t s ,  t h a t  many 
tes ts  can be  run a t  once ,  and t h a t  t h e  t e s t i n g  f i x t u r e s  a r e  no t  
d e s t r o y e d  du r ing  a t e s t .  

Both s teel  and ceramic mandre l s  were used .  The s t e e l  mandrels  
were 18 i n c h e s  (46  cm) long  w i t h  a 0.002 i n / h  (cm/cm) lock ing  
t a p e r  and a d iameter  r a n g e ' o f  0.620 t o  0.656 i n c h e s  ( 1 . 5 7  t o  1 . 6 7  cm). 
The ceramic  mandrels  w e r e  1 3  i n c h e s  (33  cm) long  w i t h  a  d iameter  
range  of 0.624 t o  0 .650 (1 .59  t o  1 . 6 5  cm). The tes t  r i n g s  were 
0.50 i n c h e s  (1 .27  cm) h i g h ,  had an i n n e r  d iameter  of 0.624 i n c h e s  
( 1 . 5 9  cm) and a w a l l  t h i c k n e s s  of about 0.08 i n c h e s  (0 .20  cm). 
Varying amounts of mechanical  p r e s t r e s s i n g  from 0 t o  200 l b s - f o r c e  
( O ' t o  890 newtons) were a l s o  e v a l u a t e d  i n  con junc t ion  wi th  thermal  
s t r e s s i n g  from 200°F to ' -100°F  (93  t o  -73OC). No combination of 
t h e s e  v a r i a b l e s  cou ld  produce c o n s i s t e n t  t he rma l  c r a c k i n g  f a i l u r e s .  
Only e x c e s s  mechanical  stress produced c o n s i s t e n t  f a i l u r e s .  A t  
t h i s  p o i n t  t h e  tests were t e rmina t ed .  Apparent ly  t h e r e  is a key 
t o  t he rma l  c r ack ing  b u t  t h e  e x a c t  c a s u a l  r e l a t i o n s h i p  between 
stress and c rack ing  w a s  no t  determined.  

I n v e s t i g a t i o n  of a Backup Encapsu lan t  f o r  Ablefoam 5 

I n  a d d i t i o n  t o  improving t h e  GMB-epoxy low d e n s i t y  e n c a p s u l a n t ,  
a t t e m p t s  were made t o  f i n d  a  s u i t a b l e  back-up encapsu lan t  f o r  
Ablefoam 5. 

I n i t i a l .  e f f o r t s  i n  t h i s  a r e a  involved  u s i n g  t h e  Capoxyfoam I 
system developed a t  Bendix Kansas C i t y  t o  reduce  fo rmula t ion  
work on t h e  b a s i c  epoxy foam premix.  By doing t h i s ,  t h e  endeavor 
would be  reduced p r i m a r i l y  t o  e v a l u a t i n g  v a r i o u s  blowing a g e n t s  
and s u r f a c t a n t s .  Exper imenta t ion  w i t h  t h e  b a s i c  r e s i n s ,  c u r i n g  
a g e n t s  and p r o c e s s i n g  cou ld  be  minimized i f  no t  e l i m i n a t e d .  



� he p r e l i m i n a r y  f o r m u l a t i o n  work involved  t h e  i n t r o d u c t i o n  of 
v a r i o u s  low b o i l i n g  o r g a n i c  l i q u i d s  i n t o ' t h e  Capoxyfoam I sys t em.  
The b a s i c  Capoxyfoam I f o r m u l a t i o n  is g iven  i n  Table  1 3 .  
F a b r i c a t i o n  of t h i s  t y p e  of foam premix c o n s i s t s  of b l end ing  
t h e  foam c o n s t i t u e n t s  w i t h  t h e  l i q u i d  blowing agen t  and then  
pour ing  t h e  foam premix i n t o  a mold and c u r i n g  f o r  4 hour s  a t  
170°F (77OC.). 

An e v a l u a t i o n  of t h e  o r g a n i c  l i q u i d s  employed and t h e i r  r e s p e c t i v e  
foams is p r e s e n t e d  i n  Tab le  14 .  Petroleum e t h e r  w a s  found t o  
be t h e  most s u i t a b l e  blowing agent  i n  t h i s  e v a l u a t i o n ,  y i e l d i n g  
a comple te ly  blown epoxy foam w i t h  uniform d e n s i t y .  

A s  ev idenced  by t h e  we igh t s  of t h e  c y l i n d r i c a l  specimens c u t  
from each  foam b lock  t h e  average  o v e r a l l  d e n s i t y  v a r i e s  less than  
1 . 0 4  p e r c e n t e f o r  t h e  Capoxyfoam I f o r m u l a t ' o n  u s i n g  p  t ro leum 5 5 . e t h e r .  Compressive s t r e n g t h s  f o r  20 l b / f t  (320 kg/m ) foam 
specimens averaged 609 p s i  ( 4 . 2  MPa) and 295 p s i  ( 2 . 0  MPa) a t  
room t empera tu re  and 200°F (93OC), r e s p e c t i v e l y .  . 

Attempts  were made t o  i n c r e a s e  t h e  r e l a t i v e  com'pressive s t r e n g t h  
by employing a d d i t i o n a l  c u r i n g  a g e n t s  and a c t i v a t o r s .  The u s e  
of such a g e n t s  a s  t h e  BF3 p i p e r i d i n e  complex, 2 ; 4 - l u t i d i n e ,  and 
Merginamide L-425 (S tepan  Chemical Company) i n d i c a t e d  no s u b s t a n t i a l  
i n c r e a s e  i n  t h e  compress ive  s t r e n g t h s .  

Formula t ion  a c t i v i t y  a l s o  i nc luded  t h e  u s e  of  g l a s s  mic roba l loons  
i n  t h e  foam system.  Concen t r a t i on  of t h e  mic roba l loons  w e r e  
approximately  25 p e r c e n t  by weight of t h e  t o t a l  epoxy r e s i n .  The 
foams appeared  t o  be  of uniform d e n s i t y  w i t h  an average  v a r i a n c e  
less t h a n  1 . 5  p e r c e n t ,  and t h e i r  r e s p e c t i v e  compre.ssive s t r e n g t h s  . 
were i n c r e a s e d  by approximately  30 p e r c e n t .  

F u r t h e r  e v a l u a t i o n  of  t h e  petroleum e t h e r  blown epoxy foams 
inc luded  examinat ion of t h e  thermal  and e l e c t r i c a l  p r o p e r t i e s .  
The v a l u e s  of t h e  Capoxyfoam I - pet ro leum e t h e r  cured  foam system 
appear  t o  be  w i t h i n  t h e  expec ted  range  f o r  epoxy foams of t h i s  
n a t u r e .  Thermal g r a v i m e t r i c  a n a l y s i s  determined t h a t  i n i t i a l  
weight l o s s  o c c u r s  a t  3 5 0 ° C  (662OF). The volume r e s i s t i v i t y  w a s  
157 teraohms/cm when t e s t e d  i n  accordance w i t h  ASTM D-257. The 
d i e l e c t r i c  c o n s t a n t  w a s  1 . 5  and t h e  d i s s i p a t i o n  f a c t o r  was 0.0119 
when t e s t e d  a t  1 MHz i n  accordance w i t h  ASTM D-150. 

One p r o p e r t y  o f  pr ime concern i n  u s i n g  pe t ro leum e t h e r  as t h e  
a c t i v e  blowing agent  is t h e  open-to-closed ce l l  c o n t e n t  of t h e  - cu red  foam. Using a helium and set pychnometer t echn ique ,  t h e  
t o t a l  vo id  c o n t e n t  of t h e  Capoxyfoam I-petroleum e t h e r  foam 
system w a s  73 .4  p e r c e n t .  The open ce l l  and c l o s e d  c e l l  vo id  
c o n t e n t s  were 20.22 p e r c e n t  and 53.18 p e r c e n t ,  r e s p e c t i v e l y .  
These v a l u e s  a r e  meaningful  when compared t o  t h o s e  of t h e  
Capoxyfoam I system u s i n g  ammonium c a r b o n a t e  as t h e  blowing a g e n t .  



.Tab le  1 3 .  Capoxyfoam I Formulat ion 

Weight 
Components M a t e r i a l s '  (Grams) 

DER 431 (Dow Chemical Company) 100 
Resin  EPON 828 ( S h e l l  Chemical Company) 100 

Phenyl G lyc idy l  E t h e r  2 
L-5320 (Union Carb ide  Corpora t ion )  4 

Epon Z ( S h e l l  Chemical Company) 40 
Curing Nadic Methyl Anhydride 
Agent ( A l l i e d  'Chemical Corpora t ion )  . 8 

Maleic  Anhydride 2 

Blowing 'NH4C02-Ammonium Carbonate  26 
Agent 

A s  can be  s een  from t h e  d a t a  i n  Tab le  1 5 ,  u s i n g  petroleum e t h e r  
i n  t h e  Capoxyfoam I system has  r e s u l t e d  i n  i n c r e a s i n g  t h e  open 
c e l l  c o n t e n t  n e a r l y  f o u r - f o l d .  At tempts  were a l s o  made t o  mold 
v a r i o u s  dummy c o n f i g u r a t i o n  u n i t s  w i t h  t h e  petroleum e t h e r  foam. 
Examination of  foamed u n i t s  i n d i c a t e d  t h a t  t h e  foam e f f e c t i v e l y  
f lowed i n t o  s m a l l  s p a c e s  of c l o s e  c r o s s - s e c t i o n a l  t o l e r a n c e .  
However, t h e  extreme f l ammab i l i t y  of pet roleum ether made i t  
d e s i r a b l e  t o  e v a l u a t e  o t h e r  blowing a g e n t s .  A f t e r  c o n s i d e r i n g  
a l l  a v a i l a b l e  nonflammable blowing a g e n t s  i t  w a s  dec ided  t o  
i n t r o d u c e  a Freon compound (E.  I .  du Pont de  Nemours & Company) 
i n t o  t h e  foam' system. 

I n i t i a l l y  Freon 11 ( t r i ch loromonof  luoromethane) w a s  employed as 
t h e  blowing a g e n t .  However t h e  b o i l i n g  p o i n t  of Freon 11 is 
on ly  74.S°F (23OC) and mixing w i t h  t h e  foam premix caused premature  
foaming due t o  t h e  v o l a t i l i z a t i o n  of t h &  Freon.  Consequently 
Freon 113  (trichlorotrifluoroethane) w a s  s e l e c t e d  as t h e  a c t i v e  
blowing agen t  because its b o i l i n g  p o i n t  is 117.6OF (47OC). I t  
w a s  de te rmined  by examining d e n s i t y  g r a d i e n t s ,  r e l a t i v e  compress ive  
s t r e n g t h  v a l u e s ,  and g e n e r a l  foam appearance t h a t  t h e  optimum 
c o n c e n t r a t i o n  of Freon 113 w a s  approximate ly  1 3  p h r  ( p a r t s  p e r  
hundred p a r t s  by weight of r e s i n ) .  Amounts less t h a n  1 3  p h r  
caused incomple te  mold f i l l ,  and amounts g r e a t e r  t h a n  1 3  ph r  
d i d  n o t  a p p r e c i a b l y  i n c r e a s e  t h e  q u a l i t y  of t h e  foam specimens.  
The new fo rmula t ion  was i d e n t i c a l  t o  t h a t  g iven  i n  Tab le  1 3  except  
t h a t  Freon 113  w a s  s u b s t i t u t e d  f o r  ammonium ca rbona te .  The foam 
w a s  g iven  t h e  name Frefoam I .  



~ a b l e  14.  ' ~ v a l u a t i o n  of Organic Liquids  Employed a s  Blowing 
Agents i n  t h e  Capoxyfoam I Fo6mulation . 

Boi l ing  Percent  . 

Organic Poin t  Mold 
Blowing Agent (OC) : F i l l  Voids Remarks 

Petroleum 36.9 t o  100 Few 
e t h e r  47.3 

Chloroform 61.3 ' 50 Many ' 

Hep t ane 98 65 Large 

No dimensional 
d i s t o r t i o n .  
Uniform c e l l  
s i z e .  

Resin s e t t l e s  
o u t .  

Voids near  t o p  
of foam. 

Carbon 76.8 
T e t r a c h l o r i d e  

Methyl et 'hyl 79.6 
ketone 

Methanol 64.6 

Isopropanol 82.3 

65 Large Voids near  t o p  
of foam. Resin 
s e t t l e s  o u t .  

65 Large Voids near  t o p  
of foam. Resin 
sett les o u t .  

75 Large Voids near  t o p  
of foam. 

L i t t l e  blowing 
a c t i o n .  

Acetone 56.5 - 75 Many Some s u r f a c e  
d i s t o r t i o n .  

1 ,2-d ichloro-  83.6 L i t t l e  blowing 
e thane  a c t  ion .  

~ Benzene 80 50 Many Resin s e t t l e s  
o u t .  

Dichloro- 40.1 85 Large Voids near  t o p  
methane of foam. 

1,4-dioxane 

Ethanol 

.No .blowing 
a c t  ion .  

Voids '.near . top 
of foam. 

F r e o n , . l l 3  47.6 75 Many Some surf.ace 

. . . .  . . . . . . . . . . . . . . . . . .  
d i s t o r t . i o n .  



Table  1 5 .  A n a l y s i s  of  Void Content  

- - - -  - 

Capoxyfoam I Capoxyfoam I 
Content  ( P e r c e n t )  Petroleum E t h e r  ' Ammonium Carbonate  

Open C e l l  Voids 20.22 5 .03 

Closed C e l l  Voids 53.18 67.03 

A f t e r  mix ing ,  t h e  Frefoam I is poured i n t o  a Semco t u b e ,  capped,  
and q u i c k l y  f r o z e n .  The qu ick - f r eez ing  p r o c e s s  e s s e n t i a l l y  h a l t s  
t h e  p o s s i b l e  chemical r e a c t i o n s  between t h e  foam components. 
When r e q u i r e d ,  t h e - f r o z e n  foam package is al lowed t o  thaw and t h e  
premix is t h e n  i n j e c t e d  i n t o  t h e  d e s i r e d  mold. 

Most of t h e  foam specimens i n i t i a l l y  developed l acked  d imens iona l  
s t a b i l i t y .  These foams had a d e n s i t y  of approximately  18. ,6  pounds '  
p e r  c u b i c  f o o t  (298 kg/m3), and w e r e  cu red  a t  170°F f o r  4 hours .  
A t  room t empera tu re  and. 2 0 0 ' ~  (93OC) t h e . c o m p r e s s i v e  s t r e n g t h  
* v a l u e s  averaged  325.6 p s i  (2.24.MPa) and 115 .7  p s i  '(0.798 MPa) 
r e s p e c t i v e l y  . . 

When one-cubic-inch c y l i n d r i c a l '  specimens of t h e  r i g i d  foam were 
exposed t o  200°F t h e  i n t e r i o r  c e l l  m a t r i x  swe l l ed  and caused a . 

1 0  pe rcen t ,  i n c r e a s e  i n  t h e  d iameter  of t h e  specimen. I t  w a s  
hypothes ized  t h a t  r e s i d u a l  Freon t r a p p e d  w i t h i n  t h e  c l o s e d  ce l l  
network of the '  cu red  foam began t o  d i f f u s e  outward when t h e  
specimens were hea t ed  ab.ove t h e  c u r e  tempera ture . .  A t  t h e s e  
t empera tu re s ,  ' t h e  Freon may have a p l a s t i c i z i n g  e f f e c t  upon t h e  
foam c a u s i n g  t h e  c e l l  m a t r i x  t o  s w e l l .  

To conf i rm t h i s  h y p o t h e s i s  a tes t  w a s  performed u s i n g  a foam 
specimen cu red  a t  170°F (77OC). The foam sample,  enc losed  i n  a 
p y r o l y s i s  u n i t ,  was h e a t e d  t o  200°F (93OC) and t h e  g a s e s  d i f f u s i n g  
o u t  of t h e  foam w e r e  c o l l e c t e d  and ana lyzed  u s i n g  g a s  chromatography. 
The p r e l i m i n a r y  r e s u l t s  i n d i c a t e d  t h a t  Freon 113  vapor s  were p a s s i n g  
o u t  of  t h e  foam m a t r i x .  A s  a r e s u l t  f u r t h e r  a t t e m p t s  t o  i n c r e a s e  
t h e  compress ive  s t r e n g t h  and d e c r e a s e  t h e  v a r i a t i o n s  i n  d imens iona l  
s t a b i l i t y  involved  m o d i f i c a t i o n s  of  t h e  c u r e  c y c l e .  

P r e h e a t i n g  t h e  molds t o  120°F (4g°C) b e f o r e  c u r e  caused a 20 p e r c e n t  
i n c r e a s e  i n  compress ive  s t r e n g t h  v a l u e s  f o r  samples t e s t e d  a t  
200°F (93OC). I n c r e a s i n g  t h e  c u r e  t i m e  t o  8 hours  had l i t t l e  
e f f e c t  i n  i n c r e a s i n g  compress ive  s t r e n g t h s .  



~ h e " b e s t  r e s u l t s  were o b t a i n e d  by c u r i n g  t h e  Frefoam I s y s t e m  a t  
200°F (93OC). Compressive s t r e n g t h  v a l u e s  f o r  specimens t e s t e d  
a t  2 0 0 ' ~  ( 9 3 ' ~ )  were shown t o  have i n c r e a s e d  100 p e r c e n t .  I n  
a d d i t i o n  t h e r e  was l i t t l e  ev idence  of i n t e r i o r  s w e l l i n g  o r  d e n s i t y  
g r a d i e n t  v a r i a t i o n s .  The h i g h e r  c u r e  t empera tu re s  appeared  t o  
e n a b l e  more of t h e  r e s i d u a l  Freon t o  d i f f u s e  o u t  of t h e  c u r e  foam; 
and inc rease '  t h e  djsnensional  s t a b i l i t y  of  t h e  foam. 

D e s p i t e  t h e  i n c r e a s e  i n  d imens iona l  s t a b i l i t y  and compress ive  
s t r e n g t h  p r o p e r t i e s ,  f u r t h e r  improvements were r e q u i r e d .  The 
pr'imary problem w i t h  t h e  Frefoam I w a s  t h e  r e t e n t i o n  of e x c e s s i v e  
amounts of  Freon 113  due t o  t h e  c l o s e d  c e l l  c o n t e n t .  

I t  w a s  a n t i c i p a t e d  t h a t  t h e  r e d u c t i o n  of Freon from 1 3  ph r  t o  
6 . 5  p h r  (Frefoam 11)  would h e l p  t o  a l l e v i a t e  t h i s  problem. Even 
w i t h  t h e  lower amount of blowing a g e n t ,  t h e  foam appeared t o  f i l l  
a l l  mold s p a c e s  comple te ly  and s t i l l  p o s s e s s  a  uniform c e l l  
s t r u c t u r e .  I t  was no ted  t h a t  t h e  average  s k i n  t h i c k n e s s  of  
t h e  Frefoam I cured  specimens w a s  0 .125 inch  wh i l e  t h e  s k i n  of 
t h e  Frefoam I1 specimens w a s  on ly  0.0625 i n c h  i n  t h i c k n e s s .  

Measurements made t o  de te rmine  t h e  dimensional  behavior  of 
Frefoam I and I1 cu red  samples  s u b j e c t e d  t o  a p o s t  c u r e  envi ron-  
ment o f . 2 0 0 ' ~  (93OC) a r e  shown i n  Table  1 6 .  The foams a r e  i n i t i a l l y  
cu red  a t  200°F (93OC) f o r  4  hour s  and a l l  specimens posses sed  a 
d e n s i t y  of  between 20 .0  t o  21.50 pounds p e r  c u b i c  f o o t .  I n  
a d d i t i o n  t o  t h o s e  foams cu red  a t  200°F, s e v e r a l  Frefoam I1 samples 
were cu red  a t  165OF. 

A s  s een  i n  t h e  t a b l e ,  t h e  Frefoam I1 samples p o s s e s s  t h e  g r e a t e r  
d imens iona l  s t a b i l i t y .  The d imens iona l  changes f o r  t h o s e  Frefoam I1 
samples cu red  a t  165OF (74OC) sugges t  t h a t  t h e  h i g h e r  c u r e  tempera- 
t u r e  d i r e c t l y  i n f l u e n c e s  t h e  d imens iona l  c h a r a c t e r i s t i c s  of t h e  
foam specimens.  Samples l e f t  a t  room t empera tu re  fo l lowing  i n i t i a l  
c u r e  e x h i b i t e d  on ly  a minimal change. 

Next a set of compressive specimens w a s  p r epa red  t o  check t h e  
e x i s t e n c e  of a r e l a t i o n s h i p  between t h e  c o n c e n t r a t i o n  of Freon 
i n  t h e  premix and t h e  compress ive  s t r e n g t h  of t h e  cu red  foam. 
Average compress ive  s t r e n g t h  v a l u e s  f o r  t h e  Frefoam I samples 
cu red  a t  200°F ( 9 3 ' ~ )  w e r e  485 p s i  ( 3 . 3  MPa) and 250 p s i  ( 1 . 7  MPa) 
a t  room t empera tu re  and 200°F (93OC), r e s p e c t i v e l y .  Under 
e q u i v a l e n t  c o n d i t i o n s ,  t h e  Frefoam I1 sample e x h i b i t e d  v a l u e s  
of 595 p s i  ( 4 . 1  MPa) and 340 p s i  ( 2 . 3  MPa). Again, t h e  Frefoam I1 
system a p p e a r s  t o  be t h e  s u p e r i o r  foam f o r m u l a t i o n .  

Because t h e  Frefoam I1 fo rmula t ion  posses sed  many of  t h e  p r o p e r t i e s  
r e q u i r e d  of  an encapsu lan t  foam, i t  was t e s t e d  on a "Btf  deck dummy 
mold u n i t .  The foam flowed q u i t e  e a s i l y  i n t o  spaces  and gaps  a s  
s m a l l  a s  0 . 0 3  inch  ( 0 . 7 6  mm). Complete mold f i l l  was no ted  i n  
eve ry  i n s t a n c e .  There  were some randomly d i s t r i b u t e d  v o i d s  b u t  
t h e s e  w e r e  a d i r e c t  r e s u l t  of  improper v e n t i n g  of  t h e  mold. 



T a b l e  16.  Dimensional  S t a b i l i t y  o f  Frefoam I and I1 

Dimensional  Change i n  P e r c e n t  Leng th  at  200°F P o s t  Cure 
I n i t i a l  
Cure  1 2 4 8 24 36 

Material Tempera tu re  (Hour ) (Hours )  (Hours )  (Hours )  (Hours )  (Hours )  

Frefoam 1 200 0 . 9  . 1 . 7  1 . 9  1.9 2 . 0  2 . 0  . . . . 

Frefoam I1 165 

Frefoam I1 200 



ACCOMPLISHMENTS 

An a c c e p t a b l e  a l t e r n a t i v e  t o  Emerson & Cuming (E&C) g l a s s  micro- 
b a l l o o n s  used  as a  f i l l e r  w a s  l o c a t e d .  The new m a t e r i a l  w a s  Type 

; B40A g l a s s  bubb le s  from 3 M  Company. T e s t s  on t h e  3M Type B40A 
material i n d i c a t e  t h a t  a s  bo th  a f r e e  f lowing  powder and a s  a f i l l e r  
i t  is e q u a l , . a n d  i n  some c a s e s  s l i g h t l y  ' s u p e r i o r ,  t o  t h e  material 
c u r r e n t l y  i n  u s e .  . 

A l t e r n a t e  c u r e  c y c l e s  were developed f o r  t h e  epoxy-GMB-DEA 
e n c a p s u l a n t ' t h a t  c u t  t h e  e x i s t i n g  c u r e  t i m e  by 4  hours .  

The exotherm of  t h e  encapsu lan t  was moni tored and shown t o  be  mass 
dependent .  Minimizing t h i s  exotherm w a s  accomplished by c o n t r o l l i n g  
t h e  encapsu lan t  mass and by a l l owing  t h e  encapsu lan t  t o  exotherm 
b e f o r e  t h e  u n i t  w a s  p u t  i n t o  an oven t o  c u r e .  

A f t e r  s t u d y i n g  t h e  t h r e e  s o u r c e s  of v o i d s ,  en t r apped  a i r ,  component 
o u t g a s s i n g ,  and s h r i n k ,  a s e r i e s  of o p e r a t i o n s  were recommended 
f o r  minimizing t h e  problems.  The o p e r a t i o n s  i n c l u d e  d e s i g n i n g  
a s sembl i e s  t o  e l i m i n a t e  mechanical  t r a p s ,  ma in t a in ing  uniform mold 
t empera tu re  throughout  t h e  c y c l e ,  minimizing t h e  m a t e r i a l  i n  
mold r e s e r v o i r s ,  vacuum f i l l i n g  of t h e  mold, and p r e s s u r i z e d  c u r e  
of t h e  e ,ncapsulated assembly.  

4 

The s w i t c h  t o  3M GMB magni f ied  t h e  problem of r e s i n - f i l l e r  
i, 

s e p a r a t i o n  which had been p a r t i a l l y  concea led  by t h e  broken 
and unblown b a l l o o n s  found i n  t h e  E&C GMB. The e f f e c t s  of t h e  
r e s i n  r i c h  l a y e r  were minimized by a 2 hour ,  room t empera tu re  
d e l a y  between f i l l i n g  t h e  mold and c u r i n g  t h e  e n c a p s u l a n t .  

E v a l u a t i o n  of t h e  v a r i o u s  thermal  shock t e s t s  used t o  de te rmine  
t h e  t he rma l  shock r e s i s t a n c e  of c a t a l y z e d  r e s i n s  i n d i c a t e s  t h a t  
t h e s e  tes ts  are not  s u f f i c i e n t l y  s e v e r e  t o  be  used on epoxy-GMB 
e n c a p s u l a n t .  Attempts t o  develop a s e v e r e ,  q u a n t i z a b l e  t e s t  
sugges t  t h a t  t h e  r e l a t i o n s h i p  between c r a c k s  and thermal  and 
mechanical  stress is compl ica ted  by t h e  c r e e p  e x h i b i t e d  by t h e  
epoxy-GMB encapsu lan t .  

A low d e n s i t y  blown epoxy foam w a s  developed a s  a p o t e n t i a l  
backup f o r  Ablefoam 5. The backup foam h a s  been d e s i g n a t e d  
Frefoam I1 and may be  comparable t o  Ablefoam 5 i n  most p h y s i c a l  
p r o p e r t i e s  and 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 .  
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