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SUMMARY 
Th i s  document i s  t h e  f inal  program  repor t   descr ib ing  work 

performed  by the P l a s t i c   P r o d u c t s  and Resins  Department  of 
E. I. du Pont d e  Nemours and Company, I n c .   f o r   t h e   N a t i o n a l  
Aeronautics  and  Space  Administration,  Langley  Research  Center 
under  Contract NAS1-14620. The ob jec t ive   o f  t h i s  program was t o  
conduct  research  and  development  aimed a t  developing NR-150B2 
po ly i r i . de   r e s in   i n to   an   adhes ive   fo r   bond ing  high temperature  
graphi te /polymer  matr ix   composi tes .  The adhes ive  was t o  be 
d e s i g n e d   t o   h a v e   t h e   d u r a b i l i t y   f o r  125-500 hours a t  589 K (600OF) 
i n  a i r  and t o  have a s i g n i f i c a n t  improvement i n   p r o c e s s i b i l i t y   n o t  
p rev ious ly   ob ta ined  wi th  .high  temperature   aromatic   condensat ion 
polyimide  adhesives .  

The o b j e c t i v e  was accomplished  by: (1) e v a l u a t i n g   v a r i a t i o n s  
i n   t h e  monomer s o l u t i o n   s t o i c h i o m e t r y  as it  a f f e c t s   t h e   f l o w  and 
glass t rans i t ion   t empera ture   (Tg)   o f  t h e  poly imide   res in   der ived  
f rom  the   so lu t ion ,  ( 2 )  opt imiz ing   the   bonding   condi t ions   wi th in  
the limits o b t a i n a b l e  i n  commercial   product ion  autoclaves,  (3)  
demonstrat ing the c a p a b i l i t y  of   the newly defined  adhesive  composi- 
t i o n  and  process   us ing   t i t an ium  adherends .  The u t i l i t y  of t h e  
adhesive was then  demonstrated  by: (a)  exposing  lap  shear   samples  
prepared   us ing   graphi te   f iber /NR-l50B2  adherends   to   four   d i f fe ren t  
environments; (b)  p repa r ing  and  evaluat ing  wide  area  bonds  and 
f a c e  sheet /honeycornb  core   f la twise  tensi le   specimens;   and  (c)  
eva lua t ing   adhes ive   c r ack   p ropaga t ion  a t  589 K (600OF). 

During task 1, i t  was found that  improved res in  flow a t  
s i g n i f i c a n t l y   l o w e r   a d h e s i v e   p r e p r e g   v o l a t i l e   l e v e l s   l e a d i n g   t o  
low vo id   l eve l   adhes ive  bond l ines   cou ld   on ly  be obta ined   us ing  
a n  a d h e s i v e   r e s i n  w i t h  a Tg well   below 589 K (600OF) a n d ,  t h e r e -  
f o r e ,   u n s u i t a b l e   f o r   u s e  a t  that  temperature .  

I n  t a s k  2, it was found t h a t  no combinat ion  of   autoclave 
bonding and free-s tanding  post   cure   condi t ions  could  be  found 
which  produced  acceptable l a p  shear bonds a t  both R.T. and 589 K 



u s i n g  IVR-150 polyimide  adhesive  systems  based  on 
N-methylpyrrolidone (NMP) as t h e   s o l v e n t .  However,  replacement of 
t h e  NMP with diglyme (the d ime thy l   e the r   o f   d i e thy lene   g lyco l )  i n  
the  adhesive  system r e s u l t e d  i n  a dramatic  improvement i n   p r o c e s -  
s i b i l i t y  of   the 'adhesi-ve  and  the  a t ta inment   of   acceptable  bond 
s t r e n g t h s  a t  both R.T. and 589 K (600'F). 

The u t i l i t y  of t h e  newly  developed NR-150 adhesive  system was 
demonstrated i n  t a s k  3. Lap shear   samples ,   prepared from composite 
adherends,   were  exposed  to   the  fol lowing  environments:  500 hours  
i n  589 K (600OF) a i r ;  35 days i n  322 K (12O0F) 95% RH; 34 days 
immersed i n  JP-4 j e t   f u e l  a t  R.T.; and 34 days  immersed i n  methyl 
e t h y l  ketone (MEK) at R.T. These   s tud ie s   i nd ica t ed  that t h i s  new 
adhes ive  bond had e x c e l l e n t   r e s i s t a n c e   t o   t h e s e   e n v i r o n m e n t s .  

Eva lua t ion  of bonding w i d e  areas us ing  t h i s  adhes ive  
i n d i c a t e d  that accep tab le  bond s t r eng ths   cou ld   on ly  be obta ined  
us ing   abnorma l ly   l ong   cu re   cyc le s   i n   o rde r   t o   a l l ow  d i f fus ion  of 
the v o l a t i l e s   o u t   o f  the bond l i n e .  

Flatwise  tensi le   specimens  prepared  using  composi te   face 
s h e e t s  and t i t a n i u m  honeycomb core  had low s t rengths   because  of 
poor   techniques i n  c u r i n g  the pr imer   coa t ing  on the honeycomb 
c e l l   e d g e .  More e f f o r t  w i l l  be requi red   to   p roduce  honeycomb 
sandwich  panels w i t h  t h e   f l a t w i s e   t e n s i l e   s t r e n g t h   l e v e l s   e x p e c t e d  
from t h i s  new adhes ive .  

A wedge-type  crack  propagation t es t  a t  589 K (600'F) us ing  
3.175 mm (1/8") t h i c k   u n i d i r e c t i o n a l   g r a p h i t e  fiber/NR-l5OB2 
adherends   conf i rmed  the   exce l len t   toughness  and s t a b i l i t y  of the  
new NR-150 adhes ive .  

The r e s u l t s   o f   t h e s e  tests i n d i c a t e  t h a t  t h e  newly  developed 
exper imenta l   adhes ive  has p o t e n t i a l  as a high  temperature   adhesive 
f o r  use i n  the harsh envi ronments   to   which   je t   engine  parts, high 
pe r fo rmance   mi l i t a ry   a i r c ra f t ,   and   space   veh ic l e s  are exposed. 

2 



1. INTRODUCTION 
This  f i n a l   r e p o r t   p r e s e n t s  work  accomplished  by 

E. I. du  Pont  de Nemours and Company, I n c .   f o r  the Nat iona l  
Aeronautics  and  Space  Administration,  Langley  Research  Center 
under   Contract  NAS1-14620 dur ing  the  period  September 16, 1976, 
through November 16, 1977. The o b j e c t i v e  of t h i s  program was t o  
develop a poly imide   res in   der ived   f rom NR-150B2 p r e c u r s o r   s o l u t i o n  
in to   an   adhes ive   fo r   bond ing   h igh   t empera tu re   g raph i t e   f i be r /  
polymer  matrix  composites.  

Several   adhesives   have  been available f o r  some time  on 
e i t h e r  a commercial or exper imenta l  basis f o r  use a t  high  tempera- 
tures.(’-’’) Most of these adhesives,   however,   suffer  from  one 
or more of t h e   f o l l o w i t l g   d e f i c i e n c i e s :  

(a)  The a d h e s i v e   r e q u i r e s   l o n g  and  involved  processing 
c y c l e s .  

(b) The adhes ive   con ta ins   vo la t i l e s   wh ich   p roduce   adhes ive  
bond l i n e s  w i t h  undes i r ab le   vo ids .  

(c )  The a d h e s i v e s   a r e   t h e r m o s e t t i n g  and a r e ,   t h e r e f o r e ,  
c h a r a c t e r i z e d  by b r i t t l e n e s s  and poor   c r ack   r e s i s t ance .  

( d )  The adhesive  does  not  have good s t r e n g t h  a t  589 K 

( e )  The adhes ive  has good i n i t i a l  589 K (600OF) s t r e n g t h ,  
b u t  t he  bond s t r e n g t h s   d e g r a d e   s e v e r e l y   a f t e r   e x p o s u r e   t o  589 K 
f o r  some time. 

(600’F). 

( f )  The adhes ives  do   no t   cons i s t en t ly   g ive  good  bond 
s t r e n g t h s .  

s o l u t i o n s ,  (11) a polyimide  system has become ava i l ab le   wh ich  has 
t h e   p o t e n t i a l   t o   e l i m i n a t e  many of the problems  of  the  high 
temperature adhes ives   ind ica ted   above .  Upon h e a t i n g  NR-150 
so lu t ions   an   a romat i c   po ly imide  i s  formed  which i s  a l i n e a r  non- 
crossl inked  polymer  having a high degree   o f   thermoplas t ic i ty .  
The a r o m a t i c   c h a r a c t e r   o f   t h e   p o l y m e r s   r e s u l t   i n   e x c e l l e n t  
s t a b i l i t y  a t   least  t o  589 K (600OF). The t h e r m o p l a s t i c i t y  has 

With the i n t r o d u c t i o n   o f  NR-150 polyimide  precursor  

3 

I .  



the p o t e n t i a l   t o   g i v e  flow d u r i n g   p r o c e s s i n g   r e s u l t i n g   i n  
reduced  void  levels  and  t o   g i v e   t o u g h n e s s   r e s u l t i n g  i n  e x c e l l e n t  
r e s i s t a n c e   t o   c r a c k   p r o p a g a t i o n .  

As s t r u c t u r a l   a d h e s i v e s   f o r   b o t h  primary and  secondary 
bonding  are   needed  for   the  Space  Shut t le ,  i t  was apparent that  
an   adhes ive  based on NR-150B2 poly imide   precursor   so lu t ions  might 
ve ry   we l l  be a good c a n d i d a t e   f o r   t h e s e   a p p l i c a t i o n s .  (I2) The 
high temperatures  a n d  t h e  high d e g r e e   o f   r e l i a b i l i t y   r e q u i r e d  
i n d i c a t e d  that  an   adhes ive  w i t h  t h e   c h a r a c t e r i s t i c s  of NR-150 
systems  should be developed a n d  eva lua ted .  

Use of commercial  products  or  names of manufacturers  in 
this  report does not  constitute  endorsement of such  products  or 
manufacturers,  either  expressed or implied, by the  National 
Aeronautics and Space  Administration. 
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2. REQUIRED BONDING PROCEDURES 

For a n  a d h e s i v e   t o   b e   u s e f u l   f o r  a l l  types  of 
a p p l i c a t i o n s ,  i t  must be   app l i cab le   fo r   bond ing  small as w e l l  
as l a r g e r   s t r u c t u r e s .  NASA r equ i r ed  that the   adhes ive  t o  be 
developed  under th is  program  should be u s e f u l  for bonding i n  
l a r g e   p r o d u c t i o n   a u t o c l a v e s .  The p rocess ing   cond i t ions   u sed  i n  
th is  program  were  chosen t o  be a p p l i c a b l e   t o  a large au toc lave .  

Al though  most   o f   the   adhes ive   bonding   eva lua t ions   in  this 
program  were made us ing  a a m a l l  l a b o r a t o r y  press, process ing  
c o n d i t i o n s  were  chosen  to   s imulate  that  used i n  a n  au toc lave .  
The f o l l o w i n g   c o n d i t i o n s   w e r e   u t i l i z e d  w i t h  a vacuum bag  assembly 
as fo l lows  : 

(a) A maximum h e a t i n g   r a t e  of .Ob7 K/second  (5'F/min.). 
(b )  A maximum pressure  of  1.38 MPa (200 p s i ) .  
( c )  A maximum bonding  temperature of 589 K (600'F). 
For most of the  work, f u l l  vacuum (757 mm) was used d u r i n g  

the  bonding  cycle ,  and except   where   ind ica ted ,  a t o t a l   b o n d i n g  
cyc le  of a t  most 288 Ks (8 hour s )   du ra t ion  was used.  Free 
s t a n d i n g   p o s t   c u r e s   i n  a i r  up t o  a maximum temperature  of  about 
64.4 K (7OO'F) were  used. 
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3. UNFILLED ADHESIVE RESIN EVALUATION 
The ob jec t ive   o f   t he  f i r s t  task was t o  determine i f ,  by 

chemical ly   modifying  the  commercial ly   avai lable  NR-150B2G adhe- 
s ive  s o l u t i o n ,   a n  adhesive p rep reg  f i l m  could be developed  which: 
(1) has improved  flow a t  s i g n i f i c a n t l y   l o w e r   v o l a t i l e   l e v e l s   a n d ,  
t h e r e f o r e   g i v e s   a c c e p t a b l e  room temperature  (R.T.)  lap shear 
s t rengths ,  and  (2) has a n  a d h e s i v e   r e s i n  glass t r a n s i t i o n  tempera- 
t u r e  (Tg) above 589 K (600°F) ,   t he reby   a l so  g i v i n g  accep tab le  
589 K l a p  shear s t r e n g t h s .  

The commercially available NR-150B2G polyimide  precursor  
a d h e s i v e   s o l u t i o n  was used as the   cont ro l   composi t ion . .  This  
s o l u t i o n   c o n s i s t s   o f  a 1:.95:.05 mole ratio of 6FTA* t o  PPD* t o  
MPD*, a t  a concen t r a t ion   o f  48 w t .  $ c u r e d   r e s i n   s o l i d s   i n  NMP*. 

To o b t a i n  improved  flow,  the 6FTIA:diamine r a t i o  was changed 
t o  a naximum of 6% e x c e s s   t e t r a a c i d   a n d  t h e  r a t i o   o f  PPD/MPD 
diamines was changed t o - a  minimum of  5O:5O.  
3.1 EXPERIMENTAL  PROCEDURES 

Because  of the  expense and  u n a v a i l a b i l i t y   o f   g r a p h i t e  f ibe'r /  
po ly imide   composi te   pane ls ,   the   in i t ia l   adhes ive   composi t ion  
s c o u t i n g  work was c a r r i e d   o u t   u s i n g  6 AL-4 V t i t a n i u m   a l l o y  
1.27 mm (50 mils) t h i c k   s t a n d a r d   l a p  shear coupons. The 
t i t a n i u m  surface was e t c h e d   u s i n g   P a s a j e l l "  107 f o r  improved 
adhes ion   us ing  the  procedure i n  Appendix A and was primed wi th  
the a d h e s i v e   s o l u t i o n  u s i n g  the   p rocedure   in   Appendix  B, P a r t  I. 
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The adhes ive   p repreg  was prepared by soaking   112   S ty le  E 
glass scrim c l o t h   i n  t h e  n e a t   r e s i n   s o l u t i o n   ( c o n t a i n i n g  48 w t .  
$ c u r e d   r e s i n   s o l i d s )  warmed t o  334-343 K (140-158°F)  then 
pass ing  the  coated  fabr ic   immediately  through  opposed  Gardner  
coa t ing   kn ives  se t  a t  .38-.76 mm (15-30 m i l )  a i r  gap t o   o b t a i n  
p rep reg   o f   t he   des i r ed   t h i ckness .  The p rep reg  was t h e n  "B" 
s t a g e d   i n   a n  a i r  c i r c u l a t e d   o v e n  for 3.6 KS (1 hour) a t  418 K 
(293°F)   and  successively a t  433 K (320°F)  and 453 K (356°F) f o r  
p e r i o d s  of time n e c e s s a r y   t o   o b t a i n  t h e  desired p r e p r e g   v o l a t i l e s  
con ten t .  
*See l i s t  of a b b r e v i a t i o n s  a t  beginning   of   repor t .  
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Lap shear   samples   of   the   s imple  overlap  type  were 
prepared  using a l abora to ry   p re s s   hav ing  .203 m x .2O3 m (8" x 
8") p la t ens   capab le   o f   be ing   hea t ed   t o  at, l e a s t  TOO K ( 8 0 0 " ~ ) .  
Four  samples  were  bonded  simultaneously  using a 4-finger  coupon 
(cut   f rom  the  commercial ly   avai lable   5-f inger   coupon)  with a 
s u i t a b l e   h o l d e r   o n  a vacuum p l a t e  w i t h  b r e a t h e r   p l y s   o f   g l a s s .  
f ab r i c ,   h igh   t empera tu re   t ape   s ea l an t ,  and  . O 5  mm (2 m i l )  KaptonB 
f i l m  as the  vacuum bag. Tne vacuum was suppl ied  by a l a b o r a t o r y  
mechanical vacuum purnp p ro tec t ed  w i t h  a d r y   i c e  t r a p  which 
produced a vacuum of a t  l e a s t  .757 m (29.8") of mercury. Two 
primed t i t a n i u m  coupons  were  sandwiched  on e i t h e r   s i d e  of adhes ive  
p rep reg   t o   p roduce   fou r  25.4 mm (1 inch)  wide  by  127 mm (1/2") 
long  bonds. 

The bonding  cycle   used  for  t h i s  e x p l o r a t o r y  work i s  as 
fol lows : 

(a) Heat  the  lap  shear  assembly  from R.T. t o  589 K (600OF) 
a t  .033 K/second (2  K/minute)  under f u l l  vacuum and 1.38 MPa 
(200 p s i ) .  

(b)  Bond f o r  1.8 Ks (30 min.)  a t  589 K (600°F)  under f u l l  
vacuum, 1.38 MPa (200 p s i )  

( c )  Hold f o r  3.6 K s  (1 hour)  a t  589 K under f u l l  vacuum, 

( d )  Cool a t  about  .22  K/second  (23.b°F/minute) t o  323 K 
z e r o   p r e s s u r e .  

(50°C)  under f u l l .  vacuum, zero p r e s s u r e .  
The Tg of  the  completely  cured res in  i n   t h e   a d h e s i v e  

prepreg  i s  measured  using a Du Pont  990  analyzer with a thermo- 
mechanica l   ana lyzer   a t tachment  on a laminate   prepared  f rom  the 
adhesive  prepreg  using  the  molding  procedure i n  Appendix C.  
3.2 EFFECT OF MONOMER IMBALANCE AND DIAMINE RATIO 

NR-150 polyimide  precursor   solut ions  were  prepared w i t h  a 
monomer imbalance  of 1 1/2%, 3% and 6 mole % excess  6FTA and 
w i t h  a PPD/MPD mole r a t i o   o f  95/5, 75/25, 60/40, and 50/50. 
Solu t ions   were   a l so   p repared   us ing  ODA* i n  p lace   o f  MPD. 

*See l i s t  o f   abb rev ia t ions  a t  beginning   of   repor t .  
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The r e s u l t s  of  thermomechanical  analysis  (TU) of we l l -  
cured   mold ings   f rom  the   var ious   adhes ive   so lu t ions   a re   g iven   in  
Table I a n d  Figure 1. I n c l u d e d   i n   t h e  Table i s  t h e  Tg as we l l  
as the   onse t   t empera ture  (O.T.) o f   t he   r e s in .  The O.T. i s  the  
temperature  a t  which  the TMA c u r v e   b e g i n s   t o   d e v i a t e  from a 
s t r a i g h t   l i n e  as the   t empera tu re   i nc reases .  The d i f f e r e n c e  
between  the O.T. and Tg g ives  a q u a l i t a t i v e  measure  of t h e   r e s i n  
cu re .  The s m a l l e r   t h e   d i f f e r e n c e ,   t h e   b e t t e r   t h e   r e s i n   c u r e .  
The TMA curve of a wel l -cured NR-l50B2G/glass c l o t h   l a m i n a t e  i s  
shown i n  Figure 2.  

From the  data i n  Table I and F igure  1, i t  can  be  concluded 
tha t :  

(1) With the  specific  molding  procedure  used,  polymer  from 
the  commercial NR-150B2G a d h e s i v e   s o l u t i o n  has a n  onset  tempera- 
t u r e  and T g  of  623 K (662OF)  and 633 K ( 6 8 0 O ~ ) ,   r e s p e c t i v e l y .  
This  i s  a t y p i c a l   r e s u l t   f o r  t h i s  composition. 

(2)  Reducing  the  polymer  molecular  weight by add ing   an  
excess  of t h e   t e t r a a c i d  or i n c r e a s i n g  the mole r a t i o  of MPD 
r e s u l t s   i n  a decrease  i n  the  polymer Tg. 

(3) Reducing  the  molecular  weight  of  the  polyimide by t h e  
a d d i t i o n  of a 6% excess  of 6FTA ( g i v i n g  a ca l cu la t ed   deg ree  of 
polymerizat ion  of  33.4 and  molecular  weight  of  17,234)  reduces 
t h e  Tg o f  the  polymer  by 30 K (54°F) .  

(4) Inc reas ing   t he   concen t r a t ion   o f  MPD from 5% t o  25% 
based  on to t a l   d i amines   r educes   t he  Tg of the polymer by only 
8 K (14OF). 

(5) S i n c e   t h e   e f f e c t s   o f   t h e   a d d i t i o n   o f   a n   e x c e s s   o f  
6 F T A  and  a n  i n c r e a s e  i n  M P D  c o n c e n t r a t i o n   a r e  a d d i t i v e ,  combining 
t h e  two mod i f i ca t ions   causes  a profound  decrease i n   t h e  Tg of 
the   resu l t ing   po lymer .  

( 6 )  Replacement  of M P D  by ODA as the co-diamine shows a n  
e f f e c t  similar t o  MPD on  the Tg. 
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TABLE I. 
EFFECT  OF  ADHESIVE  SOLUTION CHEMICAL COMPOSITION ON 

ONSET  TEMPERATURE AND TG O F  ESULTING POLYIMIDE 

Solution  Composition 

Monomer Rat io  
1:l 

6FTA :Diamine 

6% Excess 
6FTA 

1:l 
6FTA:Diamine 

3% Excess 
6 F T A  

1 1/2$  Excess 
6FTA 

3% Excess 
6FTA 

6% Excess 
6 F T A  

376 Excess 
6FTA 

3% Excess 
6FTA 

Diamine 
Rat io  

9515 
PPD/MPD 

9515 
PPD/MPD 

7 512 5 
PPD/MPD 

75/25 
PPD/MPD 

50150 
PPD/MPD 

50150 
PPD/MPD 

50/50 
PPD/MPD 

75/25 
PPD/ODA 

85/15 
PPD/ODA 

Molded Prepreg 

3 3  

633K(680°F) 

6 0 3 ~ ( 6 2 6 O ~ )  

625K(666OF) 

603K(626OF) 

588K ( 598 OF) 

578K( 589°F) 

5 6 6 K (  560°F) 

603~(626OF) 

613K(644OF) 

The ob jec t ive  was t o   s e l e c t  a solution  composition  which 
produces  adhesive  prepreg  giving  acceptable l a p  shear s t r e n g t h s  
a t  589 K-horizontal dashed l i n e  i n  Figure 1. Compositions of 
i n t e re s t ,   t he re fo re ,   a r e   above   t ha t   l i ne .  
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FIGURE 2 
TMA  CURVE OF 

NR-150B2WGLASS CLmH ADHESIVE PREPREG 
LAMINATE MOLDED FROM 
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T,'C  (CORRECTED  FOR  CHROMEL  ALUMEL  THERMOCOUPLES) 

The changes in   the   chemica l   composi t ion   o f  t h e  adhesive 
s o l u t i o n   n o t   o n l y   a f f e c t   t h e  Tg o f  wel l -cured   res in   der ived   f rom 
t h e s e   s o l u t i o n s ,  b u t  a l so   t he   r e s in   f l ow  du r ing   bond ing   and  the  
polymer  toughness. A qua l i ta t ive   measure   o f  the polymer  toughness 
has been observed   dur ing   the   p repara t ion   of   p repreg   f rom these 
s o l u t i o n s .  It was observed that  compositions wi th  6% excess  6 F T A  
produce prepreg having m a r l y  r e s i n   c r a c k s  wi th  some of t he  polymer 
f l ak ing   o f f   on   bend ing  the  prepreg .   Solu t ions  with 1 1/2$ o r  3% 
excess  6FTA produce  prepreg w i t h  few or no cracks depending  on 
v o l a t i l e   c o n t e n t .  It appears  that polymer from s o l u t i o n s  con- 
t a i n i n g  6% excess  GFTA, having a ca l cu la t ed   mo lecu la r  weight of  
17,234, i s  b r i t t l e  and  would  probably  not  produce  tough, 
r e s i l i e n t  bond l i n e s .  

Adhesive  prepreg  prepared  f rom  solut ions  containing 6 mole 
% excess   of  6FTA and a 50/50 ratio of PPD/MPD e x h i b i t   s i g n i f i c a n t l y  
improved flow c h a r a c t e r i s t i c s   b u t  as expected  poor 589 K (600OF) 
l a p  shear s t r e n g t h s  as i n d i c a t e d   i n   T a b l e s  I1 and 111. 
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TABLE 11.. 
COMPARISON OF PREPREG PROPERTIES AND LAP SHEAR STRENGTHS 

AT ROOM TEMPERATURE USING TWO DIFFERENT ADHESIIVE SOLUTIONS 

Ad he s i v e  V o l a t i l e s  

(No Fil ler)  of Prepreq  
S o l u t i o n  Used Content 

N R - 1 5 0 ~ 2 ~   1 3  9% 
adhesive 
s o l u t i o n  
1 :1 mole r a t i o  
6FTA:Diamine 
95/5 PPD/MPD 

II 14.4% 

adhesive  solu-  6.3% 
t i o n   c o n t a i n i n g  
6% excess  6FTA 
50/50 PPDhPD 

a 7 .2k 

Regin at 
Bond Line 

of Tested Lap Ti/TI Bonds 
Shear Sample Lap Shear Resin 

Onset S t r e n g t h  Squeeze-Out 
Temp. Tu at R.T. at Bond Line 

(avg. of 
4 samples) 

603 K 609 K 16.95 MPa slight 
(626°F)  (636°F)  (2458 p s i )  

603 K 619 K 14.23 MPa 
(626°F)  (655°F) (2064 p s i )  

moderate 

(not determined) 13.91 MPa slight 
(2018 p s i )  

414 K 427 K 16.13 MPa 
(286'F) (310'F) 12340 p s i )  

moderate 

T A 3 U  111. 
LAP SHEAR STRENGTHS AT 316°C  (600OF) 

Titanium/Titanium 

Adhes ive   So lu t ion   Vo la t i l e s  a t  589 K (600'~) 
Prepreg Lap Shear St reng th  

Coyposition  Content  Average of 4 Samples 

M-15OB2G adhes ive  14.4%  4.60 MPa 
s o l u t i o n ,  1 :1 6FTA: (667 p s i )  
Diamine 
95/5 PPD/MPD 

11 14.8%  4.97 MPa 
(721 p s i )  

II 

Adhesiye  solut ion 8.1% 0.72 MPa 
con ta in ing  67; excess  (104 Ps i ) ,  
6FTA, 50/50 PPD/MPD 
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Compar ison   of   the   adhes ive   p repreg   vo la t i les   conten t ,  the 
adhesive r e s i n  Tg a t  the  bond l i n e ,   t h e   l a p   s h e a r   s t r e n g t h  
obtained  on  bonding  t i tanium  adherends,   and  the  res in   squeeze-  
ou t  a t  t h e  bond l i n e  i s  made i n  Table I1 f o r  t h e  commercially 
a v a i l a b l e  NR-150B2 composition (monomer mole r a t i o s   o f  1:.95:.05 
6FTA:PPD:MPD) and the  experimental  6 mole k excess  6FTA; 50/50 
PPD/MPD mole r a t i o .  A p r e p r e g   v o l a t i l e   c o n t e n t   o f   o n l y   a b o u t  
6-8y6 i s  required  to   produce  adequate   f low  using the  experimental  
composition as cornpared t o   a b o u t  14% f o r  the commercially avail-  
able   composi t ion w i t h  equiva len t   f low and  l a p  shear s t r e n g t h .  
However, as i n d i c a t e d   i n  Table 111, the  589 K (600OF) l a p   s h e a r  
s t r eng th   o f  a bond prepared   us ing   the   exper imenta l   adhes ive  com- 
p o s i t i o n  i s  very  poor and  well   below that obta ined   us ing   the  
cont ro l   composi t ion .  
3.3 INITIAL PREFERRED  ADHESIVE  COMPOSITION  ADHESIVE 

CONTAIMNG MPD 
From the information  presented  above,  i t  i s  apparent  t h a t  

t h e   p r e f e r r e d  adhesive cornposition  should  have a cu red   r e s in  Tg 
above 589 K and a monomer imbalance no g r e a t e r   t h a n  3 mole $ 
excess  6FTA. 

Three composi t ians   ind ica ted  i n  Table I V  were chosen as the  
most l i ke ly   cand ida te s   fo r   mee t ing   t he   r equ i r emen t s   o f   an  optimum 
NR-150 adhesive  composi t ion.  

Solut ion  cornpasi t ion A,  Table 4, was c h o s e n   f o r   e v a l u a t i o n  
f i r s t .  Prepreg was prepared  from the s o l u t i o n   a c c o r d i n g   t o  the 
p rocedure   desc r ibed   i n   Sec t ion  3.1. Lap shear bonds were 
prepared wi th  t i t an ium  adherends   us ing  the  procedure also 
described i n   S e c t i o n  3.1 wi th  the r e s u l t s  of t e s t s  on  the  samples 
i n d i c a t e d   i n  Table 5. The bonding  procedures f o r  the  four   samples  
i n  the  Table were i d e n t i c a l   e x c e p t   f o r   t h e   p o s t   c u r e   c o n d i t i o n s  
which were carried out  immediately a f t e r  t h e  1.8 Ks (30 minutes) 
bonding a t  1.38 MPa (200 p s i ) .  This  p o s t   c u r e   s t e p  var ied i n  time 
from 3.6 Ks (1 h o u r )   t o  7.2 K s  (2  hours)  and in   t empera tu re   f rom 
589 K (600OF) t o  644 K (700°F). A f ree  s t a n d i n g  a i r  pos t   cu re  was 
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not  used i n   t h i s   s t u d y .  The pos t   cu re   cond i t ions ,  bond l i n e  
th i ckness ,   adhes ive  bond l i n e   r e s i n  Tg and O.T. and  the  average 
R.T. l a p   s h e a r   s t r e n g t h   a r e   g i v e n   i n   T a b l e  V. 

TABm I V  
GLASS TUNSITION TEMPERATURE (Tg) AND 
ONSET  TEMPERATURE ( 0  .T. ) OF  MOLDINGS 

FROM  ADHESIVE  PREPREG  BASED ON 
CANDIDATE SOLUTIONS 

Onset  Temperature Tg of 
Solut ion  Composi t ion of Molding  Molding, 

A .  1 1/2% excess  6FTA* 595K(612"F)  596K(61b°F) 
6 0/40 PPD/MPD 
48 w t .  % i n  N?@ 

70/30 PPD/MPD 
48 w t .  $ i n  NMP 

60/40 PPD/ODA 
48 w t .  $ i n  NMP 

B. 3% excess  6FTA 583K( 509OF) 593K(608"F) 

C .  1 1/2$ excess  6 E T A  588K( 598°F)  594K(610°F) 

*See l i s t  o f   abb rev ia t ions  a t  beginning of  r e p o r t .  

The r e s u l t s   i n d i c a t e   t h a t :  
(1) A p r e p r e g   v o l a t i l e   c o n t e n t  of about  9 1/2$ i s  r equ i r ed  

t o  produce  acceptable   adhesive  f low  during  the  bonding  operat ion.  
This  i s  above  the hoped for 6-8s l e v e l   r e q u i r e d  for t h e   i n i t i a l l y  
evaluated  lower  molecular   weight   composi t ion i n  Tables  I1 and 111. 

(2)  R.T. l a p  shea r   s t r eng ths   o f   20 .68  MPa (3000 p s i )  t o  
27.58 MPa (4000 p s i )  a re   read i ly   ob ta ined   on   pos t   cur ing   under  
f u l l  vacuum f o r  up to   7 .2  K s  (2   hours)  a t  589 K (600OF) ( s e e  
Samples 9, 10, 11, Table V ) .  

(3) These  high l a p  s h e a r   s t r e n g t h s   a r e   o b t a i n e d  wi th  bond 
l i n e   t h i c k n e s s e s  of .127 mm t o  .254 mm (5-10 mils) a th i ckness  
range  which has been  found by o t h e r s ( 2 )   t o   g i v e  optimum  bond 
s t r e n g t h s .  

(4) Although  post   cur ing i n  a vacuum bag a t  589 K produces 
high R.T. l a p  s h e a r   s t r e n g t h s ,   t h e  Tg of t h e   r e s i n  i n  the bond 
l i n e  i s  well below t h e  589 K n e c e s s a r y   t o   g i v e   a c c e p t a b l e  589 K 
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TABLE V. 
LAP SHEAR STRENGTHS AT  ROOi4 TEMPERATURE 0)' POLYIMIDE BONDED 6/4 TITANIUM 

Adhesive  solut ion  composi t ion:  1 1/2$ excess 6 R A ,  60/40 PPD/hF'D 
Bonding  Conditions:  1.8 Ks (30 minutes) 589 K (600'F) , f u l l  vacuum, 1.38 MPa 

(200 p s i )  
P r e p r e g   v o l a t i l e   c o n t e n t  I -9.5% 

Lap Shear 
Sample # 

9 

10 

11 

12 

Lap Shear S t r e n g t h  R.T. 
Average of 4 ( h i g h  and lon l  

MPa p s i  

24.6 3558 
(21.8-27.1) (3160-3923) 

24.1 3490 
(22.7-25 2) (3298-3602) 

26.2 3802 
(23.6-28.4) (3426-4117) 



l a p  shear s t rengths ,   and  below  the 596 K (614OF) v a l u e  of well- 
cured   res in   f rom t h i s  so lu t ion   composi t ion .  

(5) Vacuum bag p o s t   c u r i n g   f o r  4.3 Ks (1 1/4 hours)  a t  
644 K (700°F) s i g n i f i c a n t l y   i n c r e a s e d  the Tg of the a d h e s i v e   i n  
t h e  bond l i n e  b u t  causes  a d r a s t i c   r e d u c t i o n   i n  the R.T. l a p  
s h e a r   s t r e n g t h  (Sample 12, Table 5 ) .  V i s u a l   i n s p e c t i o n  of the  
bond l i n e   i n d i c a t e d  t h e  adhes ive  was s ign i f i can t ly   da rkened   and  
had f r a c t u r e d   i n t o  small p a r t i c l e s .  T h i s  i s  i n   c o n t r a s t   t o   t h e  
l i g h t   c o l o r   a n d   c o n t i n u o u s   f a i l u r e   s u r f a c e s   o f  the bond l i n e s  of 
the  samples   post   cured a t  only 589 K (Samples 9, 10, and 11, 
Table V ) .  TMA a n a l y s i s   o f  the adhes ive  bond l i n e   o f  one  of the  
l a p  ahear  samples i n d i c a t e d  a r e s i n  Tg of  over 643 K ( 6 9 8 " ~ )  well  
over  that  f o r  a wel l -cured   res in   o f  that composi t ion (596 K, 
614OF). These   obse rva t ions   i nd ica t e  that polymer  degradat ion 
must  have  occurred d u r i n g  t he   pos t   cu re ,   fo rming  a cross- l inked  
b r i t t l e  r e s i n .  
3.4 ADHESIVE C O N T A I N I N G  ODA 

The obvious  degradat ion 3f t h e  r e s i n   c o n t a i n i n g  MPD i n  the 
bond l i n e  of lap   shear   spec imens   pos t  c u r e d  t o  644 K (TOOOF) 
i n d i c a t e d  t h a t  e i t h e r  the  r e s i n  was i n h e r e n t l y  less s table  
because of t he   h igh   concen t r a t ion   o f  MPD, a p o t e n t i a l l y   l e s s  
s t a b l e  monomer, o r  t h e  NMP so lven t  t h a t  had no t   cmpe te ly   been  
e l imina ted  f r o n  the  bond l i n e  may degrade the polymer a t  644 K 
(700 O F )  

To d i f f e r e n t i a t e   b e t w e e n  the above two p o s s i b i l i t i e s ,  
so lu t i an   compos i t ion  C ,  Table I V ,  was p r e p a r e d   i n  which 
o x y d i a n i l i n e  (ODA) was used i n   p l a c e   o f  MPD. T h i s  adhes ive  
s o l u t i o n  was used to   p repa re   adhes ive   p rep reg ,  a compression 
molding for TMA a n a l y s i s ,  and   t i t an ium  l ap  shear samples. 

The resu l t s  o f   t e s t s   3 n   l a p  shear samples   prepared  using 
t h i s  p o t e n t i a l l y  triore stable composition are g i v e n   i n   T a b l e  V I .  
These l a p  shear samples  were p r e p a r e d  u s i n g  the  procedure 
i n d i c a t e d  i n  Sec t ion  3.1 wi th  the   excep t ion  that 1.38 MPa (200 

p s i )  pressure was no t   app l i ed   du r ing   hea t -up   un t i l  473 K (392OF) 
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TABLE V I .  

U P  SHEAR STRENGTHS  AT ROOM TEMPERATURE OF POLYIMIDE BONDED 6/4 TITANIUM 

A d h e s i v e   c o m p o s i t i o n :  1 1/2$ excess 6FTA, 60/40 PPD/ODA 
B o n d i n g   c o n d i t i o n s :  1.8 Ks (30 m i n s . )  589 K, f u l l  vacuum, 1.38 MPa (200 psi) 

_ I  . P r e p r e g   v o l a t i l e   c o n t e n t :  9.1-9.2s 

L a p   S h e a r   S t r e n g t h  R.T. 
P o s t   C u r e  Bond L i n e   R e s i n  a t  A v e r a g e  of 4 ( h i g h   a n d  low) 

L a p   S h e a r  C o n d i t i o n s  T h i c   k n e  s 6 Bond L i n e  
Sample # ( f u l l .  vacuum' only) mm (Mils1 ElPa psi  

14 0.9 Ks 
( 15 mins . )  

6.3 Ks 644 K (2-0-4.O) ( 0.8-13.3) (1412-1725) 
589 K 644 K .051-.102 Not T e s t e d  10.9 1 81 

(105 mins .  ) 
15 3.6 Ks 140-.178 

( 60 mins . )  589 K (5.5-7.0) 

( 90 m i n s ,  ) 616 K 
(z%?""p, (506 F) (17.2-26.8) 5.4 Ks (2493-3893) 

537 'K 23.6 3415 

16 1.8 Ks 
( 30 mins*) 589 K (3.0-4.0) 

.O76-.102 Not T e s t e d  13.5 1954 
(12 8-14.9) (1861-2155) 

1.8 Ks 602 K 
1.8 KS 616 K 
1.8 Ks 631 K 
1.8 Ks 644 K 



was reached. The remainder of t h e  bonding  cycle  was the  Same as 
that used   for   the   samples  i n  Table I1 followed  by  post   cure  condi- 
t i o n s   i n d i c a t e d  i n  Table V I .  

It 'appears' that  t h i s  new composi t ion 'has  the  p o t e n t i a l  of 
p roduc ing   h ighe r   l ap   shea r   s t r eng ths   t han   t he   p rev ious   compos i -  
t i o n .  Sample 13, Table V I ,  has a n   a v e r a g e   l a p  shear s t r e n g t h  a t  
room temperature  of  32.3 MPa (4677   p s i )  wi th  two  of the f o u r  
samples  having l a p  shea r  s t rengths  over  34.5 MPa (5000 p s i ) .  
These l e v e l s  are we l l   ove r   t hose   ob ta ined   p rev ious ly  - 26.20 MPa 
(3800 p s i )  ( 12) bonding  t i tanium w i t h  NR-150B2G adhes ive   con ta in ing  
aluminum  powder.  These l e v e l s  are a l l  the  more remarkable i n  that 
t h e   f a i l u r e  mode i s  mainly  adhesive.  One can   on ly  guess a t  the l a p  
s h e a r   s t r e n g t h   l e v e l s   o b t a i n a b l e  when c o h e s i v e   f a i l u r e  becomes the 
s t r eng th   de t e rmin ing  mode. It i s  b e l i e v e d   t h a t  the  s t r e n g t h s  
possible   f rom  the  composi t ion  containing ODA are higher  than   t hose  
from the  composi t ion  containing MPD because ODA p r o d m e s  a longe r  
polymer  chain than  MPD a t  t he  same degree of po lymer iza t ion  (same 
pe rcen t   excess  6FTA) . 

A s  t h e  Tg o f   t h e   r e s i n  i n  t he  bond l i n e  of Sample 13, Table 
V, was well   below that  necessa ry   t o   p roduce   accep tab le   l ap  shear 
s t r e n g t h s  a t  316"c,   the  remaining  samples i n  Table I11 were 
p r o c e s s e d   u s i n g   v a r i o u s   p o s t   c u r e   c o n d i t i o n s   i n   a n   e f f o r t   t o  
o b t a i n   r e s i n   i n   t h e  bond l i n e  w i t h  a high Tg. 

A s  w i t h  the  samples i n  Table V, i t  was found that i n c r e a s i n g  
the pos t   cure   t empera ture   to  644 K (700°F) a l s o   r e s u l t e d   i n  a 
s i g n i f i c a n t   r e d u c t i o n  i n  l a p  shear strength leve ls   (Samples  14 
and 16) and a s ign i f i can t   da rken ing   o f  the r e s i n   i n  t h e  bond l i n e .  
Some degrada t ion  i n  l a p  shear l e v e l  i s  a l s o   i n d i c a t e d  on p o s t  
c u r i n g  a t  343°C  (Sample 24) w i t h  l i t t l e  improvement i n  bond l i n e  
r e s i n  Tg. 

T h e s e   r e s u l t s   i n d i c a t e  that the  probable   cause  of   adhesive 
degrada t ion  when pos t   cu r ing  l a p  shear   samples  a t  temperatures  
above  316"c is. t h e   i n t e r a c t i o n   o f   t h e   r e s i n  w i t h  t h e   r e s i d u a l  NMP 
solvent.   Polymer  degradation  caused  by the presence of r e s i d u a l  
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NMP has also been  suggested as the  reason  for   poor   mechanical  
proper t ies   o f   compress ion  molded laminates  which  have  not  been 
s u f f i c i e n t l y   v e n t e d   d u r i n g  the molding  cycle(’3). 
3.5 POST CURING NEAT RESIN ADHESIVE BONDS: VACUUM l3AG POST CURING 

A s  the i n v e s t i g a t i o n   i n   S e c t i o n  3.4 i n d i c a t e d  t h a t  p o s t  
c u r i n g   t i t a n i u m  bonded l a p  shear samples   within  the vacuum bag 
immediately a f te r  the bonding  cycle  had a complex e f f e c t   o n  the  
a d h e s i v e   i n  t he  bond l i n e ,  t h i s  type  of pos t   cure  was i n v e s t i g a t e d  
f u r t h e r .  Lap shear samples us ing  6/4 t i tanium  coupons were bonded 
four -a t -a - t ime  us ing   the   s imula ted   au toc lave   condi t ions   in  a p r e s s  
as i n d i c a t e d   i n   S e c t i o n  3.1 w i t h  the   excep t ion  t h a t  the  a p p l i c a -  
t i o n   o f  1.38 MPa (200 p s i )   p r e s s u r e  was d e l a y e d   u n t i l  473 K 
(392OF) was reached during  heat-up and  t he  time and temperature  of 
t he   pos t   cu re  whi le  under f u l l  vacuum and  zero   p ressure  was va r i ed .  
Lap shear  samples  were  bonded  using e i t h e r  adhesive  prepreg  based 
on   so lu t ion   composi t ion  A, Table I V  ( con ta in ing  MPD) o r  s o l u t i o n  
composition C ,  Table I V  ( con ta in ing  ODA). The r e s u l t s   o f  t h i s  s tudy  
are shown i n  Table VII, i n  which the  vacuum pos t   cu re   cond i t ions ,  
the onse t   t empera ture  (O.T.), a n d  Tg of the  r e s i n  a t  thc! bond 
l i n e ,  and the l a p   s h e a r   s t r e n g t h s  a t  e i t h e r  R.T. or 589 K are 
given.  

Conclusions  obtained from the  data i n  Table V I 1  are as 
fo l lows  : 

(1) Post   cur ing  under  vacuum f o r  10.8 K s  (3   hour s )  a t  
589 K does  not give a c c e p t a b l e  589 K l a p  shear s t r e n g t h s   u s i n g  
e i t h e r  of t he   adhes ive   so lu t ion   compos i t ions   ( s ee  Samples 20 and 
24, Table V I I ) .  

( 2 )  Using adhesive composition A (MPD comonomer), i n c r e a s i n g  
the pos t   cure  time from 3.6 K s  (1 hour )   t o  10.8 K s  (3 hours)  and 
t o  72.0 K s  (20 h o u r s )   r e s u l t s   i n  a r e g u l a r   d e c r e a s e   i n  R.T. bond 
s t r e n g t h  w i t h  the  s t r e n g t h   a f t e r  t h e  72.0 Ks pos t   cu re   s eve re ly  
degraded  (Samples 17, 18, 19, and 21, Table V I I ) .  



TABLE VII. 

EFFECT OF POST CURE I N  VACUUM BAG ON PROPERTIES 
OF POLYIMIDE BONDED 6/4 TITANIUM 

Adhesive  Composition: 1-1/2$ excess  6FTA*, 60/40 PPD*/Codiamine 
Adhesive  Prepreg  Volati le  Content -10% 
Bonding  Conditfons: (30 mins.-1.8 Ks), 589 K f u l l  vacuum, 1.38 MPa (200 p s i )  

Post  Cure Lap Shear   Strength 
Condit ions Resin A t  (Average of 4) 

F u l l  Vacuum, Zero  Pressure Bond Line R.T. 5U9 K 

# I n  Adhesive K s  (Hours) K ( O F )  K (OF) K (OF) ( p s i )  &si) 
Sample Comonomer Time Temp.  O.T. Ti3 MPa MPa 

17 MPD* 3.6 ( 1) 589 (600) 498 508 24.10 

553 18 96 
(536)  (2750) 

( S o l u t i o n  A) (437)  (455)  (3490) 
18 11 10.8 ( 3) I 1  

11 10.8 ( 3) 11 19 

*6FTA: 2,2 b i s  (3' ,&'-dicarboxyphenyl)  hexafluoropropane 
PPD: paraphenylenediamine 
MPD: meta henylenediamine 
ODA: oxyd ! a n i l i n e  



(3) Using  adhesive  composi t ion C (ODA comonomer), t h e  R.T. 
l a p  shea r   s t r eng th   r ema ins  a t  h igh   l eve l s   on   pos t   cu r ing  f o r  
7.2 Ks (2  hours) o r  10.8 Ks (3  hours)  (Samples 22 and 23,  Table 
VII) 

(4) Pos t   cu r ing  i n  a vacuum bag,  samples  prepared  using 
composition C (ODA comonomer) f o r  6 . 3  Ks (1 3/4 hours)  a t  644 K 
(700°F) a l s o   s e v e r e l y   d e g r a d e s   t h e  R.T. l a p  s h e a r   s t r e n g t h  
(Sample 25, Table VIS). 

(5) With e i the r   adhes ive   compos i t ion ,   i nc reas ing   t he   pos t  
cure  t ime c)r temperature  while  under f u l l  vacuum does  not   increase 
t h e  Tg of   the   adhes ive  a t  the  bond l i n e   t o   t h e   d e s i r e d  589 K o r  
above  temperature.  
3.6 "A ANALYSIS OF BOND LINE ADHESIVE 

The onse t   t empera ture  ( 0 . T . )  and g l a s s   t r a n s i t i o n  
temperature  (Tg) of   the  bond l i n e   a d h e s i v e  of a l l  of  the  samples 
i n  Table VI1 have  been  measured  using  the  thermomechanical 
a n a l y s i s  method. A small sample of adhes ive /meta l   l amina te ,   cu t  
f rom  the   fa i led  l a p  shear   sample,  i s  analyzed.  A s  t he  t i t a n i u m  
shows l i t t l e   d i m e n s i o n a l  change  over  the  temperature  range 
i n v e s t i g a t e d ,   t h e  TMA c u r v e s   o b t a i n e d   a r e   c h a r a c t e r i s t i c  of t h e  
adhes ive .  TMA curves  for   Samples  19, 20, 24, and 25, Table VII, 
a r e   p r e s e n t e d  i n  F igu res  3, 4, 5, and 6 .  Although  the bond l i n e  
a d h e s i v e   i n  Samples 19 and 20  (Figures  3 and 4) show t h e  same Tg 
(578 K), t he   shapes   o f   t he   cu rve   i nd ica t e  that  the a d h e s i v e   i n  
Sample 19 has a higher degree of cu re   ( l ower   l eve l s  of NMP 
remaining) t h a n  Sample 20. 

The TMA curves  shown i n   F i g u r e s  5 and 6 (Samples 24 and 25) 
do  no t   ind ica te   unequivoca l ly   the  Tg of these  samples.   There 
may be some c ross - l ink ing   occu r r ing   wh ich  may compl ica te   the  
curve.   Only  the  determinat ion of 589 K l a p   s h e a r   s t r e n g t h s  w i l l  
determine the q u a l i t y  of t h e s e  samples. 
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FIGURE 3 
TMA CURVE OF 

ADHESIVE  BOND LINE 
FROM SAMPLE 19 TABLE VI1 

(582.F) 
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1 I I I  I 1 1  I l l  
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T:C (CORRECTED FOR CHROMEL AWWEL THERMCOUPLES) 

FIGURE 4 
TMACURVEOF 

ADHESIVE BOND LINE 
FROM SAMPLE 20 TABLE VI1 

400K 450K 500K 550K 600K 650K fOOK 
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FIGURE 5 
TMA  CURVE OF 

ADHESIVE  BOND LINE 
FROM SAMPLE 24 TABLE.V I I  

Tg = 571 K 
(568.F) 
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FIGURE 6 
TMA  CURVE  OF 

ADHESIVE BOND LINE 
FROM  SAMPLE 25 TABLE VI1 

Tg 553 K 
/ (536.F) 
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. .  . . .. .. . . . . . . . . .. . . 

3.7 FHEE STANDING AIR POST CURE 
The da ta  i n  Table V I 1  i r i d i c a t e   t h a t  a p o s t   c u r e   w i t h i n  t h e  

v:~.cuum bag  produces  an  adhesive bond l i n e  w i t h  a Tg below t h e  
d e s i r e d  589 K (600OF) and dec reases   t he  R.T. l a p  s h e a r   s t r e n g t h .  
A s  the  a t ta inment   o f   acceptab le  l a p  s h e a r   s t r e n g t h s  a t  bo th  R.T. 
and  589 K could  not be e a s i l y   o b t a i n e d   b y  t h i s  pos t  cure method, 
i t s  i n v e s t i g a t i o n  was abandoned,  and  the  use of a f r e e   s t a n d i n g  
a i r  post   cure  was eva lua ted .  Lap shear samples were f i rs t  p o s t  
cured a t  589 K i n  tile vacuum bag t o   e n s u r e  low v o l a t i l e   l e v e l s  i n  
t h e  bond l i n e ,   t h e n   c o o l e d ,  removed from  the  bag  assembly,  and 
post   cured i n  a i r  us ing  a small l abora to ry   oven .  

The r e s u l t s   o f   u s i n g  t h i s  method of p o s t   c u r i n g  are g i v e n   i n  
Table V I I I .  The pos t   cu re   cond i t ions   u sed   i n  t h e  vacuum bag and  
i n  a i r  a r e   i n d i c a t e d  as w e l l  a s  t h e   e f f e c t  of these   condi t ions   on  
the  bond l i t i e   r e s i n  Tg, t h e   c h a n g e   i n   t h e  bond l i n e  t h i c k n e s s  
a f t e r  a i r  p a s t   c u r e ,  a n d  t h e   l a p   s h e a r   a t r e n g t h .  I n  a l l  cases  i n  
t he  Table, t he  bond l i n e  t h i ckness  and t h e   p e r c e n t   i n c r e a s e   a r e  
the  average  of  t h e  f o u r  samples bonded a t  one  time. The a i r  pos t  
cure  was c a r r i e d   o u t  by i n c r e a s i n g   l i n e a r l y   t h e   o v e n   t e m p e r a t u r e  
t o   t h e   f i n a l   t e m p e r a t u r e   o v e r   t h e   e n t i r e  time pe r iod   i nd ica t ed .  

The fo l lowing   canc lus ions   a re   no ted   f rom  the   da ta   in  Table 
V I 1 1  : 

(1) Pos t   cu r ing  i n  a i r  reduces  the R.T. l a p   s h e a r   s t r e n g t h  
b u t   i r x r e a s e s   t h e  3 1 6 " ~  l a p   s h e a r   s t r e n g t h  wi th  e i t h e r  adhesive 
composi t ion  evaluated.  (Compare Samples 26 and  27,  Table V I I I ,  
w i t h  Samples 19 and 20, Table V I 1  and  Samples 32 and 33, Table 
V I 1 1  w i t h  Samples 23 and  24,  Table V I I . )  

( 2 )  The  bond l i n e   s i g n i f i c a n t l y   i n c r e a s e s  i n  t h i ckness  
( swe l l s )  on p o s t   c u r i n g   f r e e  s t a n d i n g  i n  a i r .  

(3 )  The t e n d e n c y   f o r   t h e  bond l i n e  t o   s w e l l   o n   p o s t   c u r i n g  
i n  a i r  can  be  reduced  by (1) i n c r e a s i n g  the  time  of the  vacuum 
pos t   cure  a t  589 K a n d   ( 2 )   s t a r t i n g   t h e  a i r  pos t   cure  a t  a tem- 
p e r a t u r e   w e l l  below t h e  Tg o f   t h e   r e s i n  a t  the bond l i n e   a f t e r  
t he  vacuum post  cure  (compare  Samples 30 and 31 w i t h  Samples 32 
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TABLE VIII. 

POLYIMIDE BONDED 6/4 TITANIUM LAP SHEAR SAMPLFS 
EFFECT OF POST CURE IN A I R  ON PROPERTIES OF 

Adhesive  Composition: 1-1/2$ excess 6F"A*, 60/40 PPD*/Codiamine 
Adhesive  Prepreg  Volatile  Content -10% 
Bonding Conditions: (30 mins.-1.8 Ks) 589 K (600°F) f u l l  vacuum 

1.38 MPa (200 p s i j  

Post Cure Conditions  Resin a t  Bond Line 
F i r s t ,   F u l l  Vacuum Followed By  Bond Line  Thickness 

Sample Comonomer  Time Temp. Time 
No Pressure Air Oven 

# I n  Adhesive Ks (Hours). K (OF1 Ks (Hours) K ( F) K (OF)- K (OF) Post Cure Post Cure 
T~:P - Temp.  "C Before A i r  After  Air 

Lap Shear  Strennth 
]Average of 41 

MPa  MPa 
6 R.T. Q 589 K 

&si) (psi) 

33 I1 10.8 ( 3) -593 596 
(60 ) (614)  (5.5 mils) 

.140 mm 
27% 

*6FTA: 2,2 bis  (31,41-dicarboxyphenyl)  hexafluoropropane 

MPD: metaphenylenediamine 
PPD: paraphenylenediamine 

ODA: oxydianiline 

(1288) 
8.47 



a n d  33, Table V I I I ) .  
L (4) P o s t   c u r i n g   i n  a i r  i n c r e a s e s   t h e  Tg of the   adhes ive  
r e s i n   i n   t h e  bond l i n e  i n  some c a s e s   t o  the  d e s i r e d   l e v e l ,  
e.g., 2589 K (600OF). 

Many of   the l a p  s h e a r  samples which  have  been a i r  pos t   cured  
f a i l  cohes ive ly  w i t h i n  the   adhes ive  bond l i n e .  It i s  be l ieved  that  
t h i s  t y p e   o f   f a i l u r e  i s  caused   by   the   p resence   o f   vo la t i les  which 

swe l l   t he  bond l ine   on   pos t   cure   p roducing  a porous weak bond. A s  
t h e  Tg of t he  bond l i n e  adhes ive  of some of t h e  samples i n  Table 
V I 1 1  i s  above 589 K, t h e  589 K l a p  shear sample should  be a t  
h i g h e r   l e v e l s  than observed. A s i g n i f i c a n t   r e d u c t i o n   i n  t h e  bond 
l i n e   s w e l l i n g  mus t  be made, t h e r e f o r e ,   b e f o r e   a c c e p t a b l e  l a p  shea r  
bond s t r e n g t h s  will be r e a l i z e d  a t  bo th  R.T. and 589 K. 

The curves  f rom  the TMA a n a l y s i s   f o r   S a m p l e s  26, 28, 30,  and  
33, Table V I 1 1  a r e  shown i n  F igu res  7,  8, 9,  a n d  10. 
3.8 A I R  POST CURING UNDER PRESSURE 

I n  o r d e r   t o   r e d u c e   t h e   s w e l l i n g   o f  t he  bond l i n e ,  l a p   s h e a r  
samples   prepared  using NMP based  adhesive  solut ions  were a i r  p o s t  
cured  while  the bond l ines   were   under  pressure as indica ted   be low.  

Four   l ap   shea r  samples (made us ing  t h e  4 gang 6/4 t i t a n i u m  
coupons)  were  bonded  and vacuum p o s t   c u r e d   f o r   f o u r   h o u r s   u s i n g  
t h e   p r o c e d u r e   i n d i c a t e d   i n   S e c t i o n  3.5 w i t h  n e a t   r e s i n   a d h e s i v e  
prepreg.  The l a p  shear   samples   were   then   pos t   cured   in  a i r  under 
a 0.14 MPa (20 p s i )  p re s su re  u s i n g  a press w h i l e   i n c r e a s i n g   t h e  
t empera tu re   l i nea r ly   f rom 418 K (393°F) t o  661 K (730°F) over  a 
129.6 KS (36 hour)   per iod.   These  four   samples   exhibi ted  an 
average bond l i n e   s w e l l i n g   o f   o n l y  11% w i t h  t h e  i n d i v i d u a l   v a l u e s  
varying  from 8% t o  18% and an   ave rage  589 K l a p   s h e a r   s t r e n g t h   o f  
10.43 MPa (1512 p s i )  w i t h  the  values   varying  f rom 9.64 MPa (1398 
p s i )   t o  11.98 MPa (1737 p s i ) .  T h u s ,  by  reducing t h e  bond l i n e  
swel l ing ,   h igher   and  more c o n t r o l l e d  589 K l a p   s h e a r  strengths 
can  be  obtained w i t h  a prepreg  based  on neat r e s i n .  
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FIGURE 7 
TMA  CURVE OF 

ADHESIVE BOND LINE 
FROM SAMPLE 26 TABLE VI11 
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FIGURE 8 
TM A CURVE  OF 

ADHESIVE BOND LINE 
FROM  SAMPLE 28 TABLE VI11 
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FIGURE 9 
TMA  CURVE OF 

ADHESIVE  BOND LINE 
FROM SAMPLE 30 TABLE VI11 

/ (602'F) 
Tg : 590K 
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FIGURE 10 
TMA  CURVE OF 

ADHESIVE  BOND LINE 
FROM SAMPLE 33 TABLE YIII 
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4. ALUMINUM POWDER FILLED ADHESIVE COMPOSITIONS 
The work  on  developing a p rocess   fo r   bond ing   t i t an ium  us ing  

un f i l l ed   adhes ive   p rep reg   based   on  NR-150 polyimide  precursor  
s o l u t i o n s   c o n t a i n i n g  NMP s o l v e n t   i n d i c a t e d  tha t  a complex a i r  pos t  
cure  s t e p  would probably   be   requi red   to   p roduce   acceptab le   l ap  
shear   bonds a t  both  R.T. and 589 K (600OF). It was apparent ,  
t h e r e f o r e ,  tha t  the   ob jec t ive   o f   deve loping  a more eas i ly   p rocessed  
adhes ive  would  not  be met us ing  t h i s  system. 

A s  NASA had recent ly   de te rmined  t h a t  there were no d e l e t e r i o u s  
e f f e c t s   o n   b o n d i n g   g r a p h i t e  f i b e r  composites w i t h  aluminum  powder 
f i l l e d   a d h e s i v e s ,   t h e  work was d i r ec t ed   t oward   eva lua t ing  NR-150 
a d h e s i v e   s o l u t i o n   c o n t a i n i n g  aluminum. A f i l l e r  such as aluminum 
powder  would  be  expected t o   i n c r e a s e   t h e  Tg of t he  adhesive bond 
l i n e  and  reduce bond l ine   swe l l ing   du r ing   pos t   cu re .  
4.1 INITIAL EXPERIMENTS 

The i n i t i a l  work  on t h i s  second task  concerned t h e  e v a l u a t i o n  
of adhesive  prepreg based on   adhes ive   so lu t ion  C,  Table I V ,  
con ta in ing  35 w t .  $ aluminum  powder  based  on t o t a l  cu red   so l id s .  
The aluminum  powder  used i n  t h i s  s tudy  was Reynolds Grade 1-131 
atomized  powder  having a p a r t i c l e   s i z e  of about  .01 mm (10 microns) .  
The a d h e s i v e   s o l u t i a n   c o n t a i n i n g  the  aluminum  powder was used t o  
prepare   the   adhes ive   p repreg  as w e l l  as t o  prime  the  etched 
t i t a n i u m   s u r f a c e .  The procedures   ind ica ted  i n  Appendices A a n d  B 
were used f o r  t h i s  s tudy .  The adhes ive   p repreg  was prepared as 
i n d i c a t e d   i n   S e c t i o n  3 . 1  and  "B" staged a t  418 K (293OF) only.  
The v o l a t i l e   c o n t e n t  was cont ro l led   by  the  s t a g i n g  time. Adhesive 
p rep reg  .279 mm (11 mils) t h i c k  p r e p a r e d  from this  s o l u t i o n   u s i n g  
112 S t y l e  E glass w i t h  a v o l a t i l e s   c o n t e n t   o f  14.3% has a u n i t  
weight of .0187 Kg/m2 (.09 lbs./f t2) and   conta ins  48 w t .  % cured 
r e s i n   s o l i d s ,  2 1  w t .  $ aluminum  powder,  and 17 w t .  $ g l a s s  scrim 
c l o t h .  

The i n i t i a l   e x p e r i m e n t s   d e f i n e d  the v o l a t i l e   c o n t e n t   o f  the 
p rep reg   r equ i r ed  t o  g ive  acceptable R.T. bond s t r e n g t h s .  Lap 
shear s t rengths   of   bonds  produced  using adhes ive  p rep reg   con ta in ing  
aluminum  powder are shown i n  Table I X .  A l so   i nd ica t ed  are the :  
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TABLE I X .  
6/4 TITANIUM LAP SHEAR SAMPLES BONDED WITH ALUMINUM-FILLED E X P E R I M E ~ A L  NR-150 ADHESIVE PREPREG 

BONDING CONDITIONS: HEAT-UP RATE -.Ob7 K/SEC. (2'C/MIN. FULL VACUUM 1.38 MPa (200 psi) 
HOLD 1.8 Ks (30  MINS.) F'ULL VACUUM 1.3 MPa (200 p s i )  

ADHESIVE  SOLUTION COMPOSITION: 1-1/2% EXCESS 6 F I A ,  60/40 PPD/ODA, 35 WT. $ REYNOLDS ALUMINUM POWDER GRADE 1-131 

Pr imer  Lap S h e a r   S t r e n   t h  
Bond Line  Coa t ing   Pos t   Cure  (Average of 47  

Shear   Content  mm Squeeze  Out mm a t  589 K Vacuum MPa Remarks 
Sample # $ (mils) A t  Bond Line  (mils) Ks (Hours)  Type F a i l u r e  

h P  V o l a t i l e s   T h i c k n e s s   T h i c k n e s s  Time R.T. 316 O c  

34 11.9 
(8) 

.203 Very L i t t l e   c . 0 2 5 4  
(e1 . 0 )  

Adhesive 
(Poor   Flow) 

35 .18 
7) (c1.0) (207)  

36 1 2 . 8   V e r y   L i t t l e   c . 0 2 5 4   3 . 6  (1) 12.78 Adhesive 

I1  I1  I1  e .  0254 I1  1.43 I1  

( G O 3  (e1.0) (1854) (Poor   Flow) 

37 
II .19 II 11 11 I1  1.71 II 

(7-1 /2)   (248)  
38 13.5 . 1 4   S l i g h t  e .  0254  3.6 (1) Some C o h e s i v e   F a i l u r e  

( 5-1\21 (c1.0) 
39 
40 14.0  .114 Modera te   c .0254  14 .4   (4)  18.60 F a b r i c   t o   R e s i n   F a i l u r e  

41  

42  15.4 Good e. 0254   14 .4   (4 )  18 S O 5  F a b r i c ' t o   R e s i n  & Cohesive 

1 1  .165 11 
11  11 1.08  802 C o h e s i v e   F a i l u r e  

(4-1/2) (4.0) (2697)  Some C o h e s i v e   F a i l u r e  

(6-1 /2)  (156) 

I I  .076 11 
11 11 

3 . 0 5   F a b r i c   t o   R e s i n   F a i l u r e  
(3) (442)  High  Value = 9.17 (1330)  

( iP76 (4.0) (2618)  

43 I1 11 I1  2 . 4 4   F a b r i c   t o   R e s i n   F a i l u r e  
(3-1/2)   (352)   High  Value = 7.37 (1070) 

44  12 .5  .Ob3 Excessive  .O51- .076  3 .6  (1) 2 4 . 2 7   F a b r i c   t o   R e s i n   F a . i l u r e  

45 

I1 
.09 

(2-1 /2)   (2 .0-3 .0)   (3520)  

(3) 
11 .076 I1  11 I1 



p r e p r e g   v o l a t i l e   c o n t e n t ,  bond l i n e   t h i c k n e s s ,   p r i m e r   c o a t i n g  
th i ckness ,   pos t   cu re  time a t  589 K under vacuum, r e s in   squeeze  
o u t  a t  t h e  bond l i n e ,  and  the   type  of l a p  shear f a i l u r e   t h a t  
occu r red   du r ing   t e s t ing .  

From the  data i n  Table V I I I ,  i t  can be seen  that an   adhes ive  
p r e p r e g   v o l a t i l e   c o n t e n t   o f   a b o u t  1365 w t .  $ i s  optimum, g i v i n g  
a n  average R.T. l a p  shear s t rength   o f   24 .48  MPa (3551 p s i )  
(Sample 38, Table   VII I ) .  However, i f  the   t i t an ium  adherend   pr imer  
coa t ing   t h i ckness  i s  increased  f rom less than  .0254 mm (1 m i l )  t o  
.051-.076 (2-3 mils) ,  t h e n  a n   a d h e s i v e   p r e p r e g   v o l a t i l e   c o n t e n t  
of   about   12.5 w t .  76 will a l s o   g i v e  h igh  R.T. l a p   s h e a r   l e v e l s   o f  
24.27 MPa (3520 p s i )   ( s e e  Sample 44, Table I X ) .  These higher 
p r e p r e g   v o l a t i l e   c o n t e n t   l e v e l s  are t o  be con t r a s t ed  w i t h  a l e v e l  
of about  10% r e q u i r e d   f o r   p r e p r e g  based o n   n e a t   ( u n f i l l e d )   r e s i n  
systems  (see Tables V I 1  and V I I I ) .  

Using  adhesive  prepreg wi th  a v o l a t i l e   c o n t e n t  greater than  
l3.5$, lower R.T. l a p  shea r   s t r eng ths   occu r   because  the adhes ive  
bond l i n e  becomes too   t h in .   Poore r  l a p  shear s t r e n g t h s   r e s u l t  
because of a r e s i n   s t a r v e d  bond  which then  f a i l s  a t  the glass 
s c r i m   c l o t h / r e s i n   i n t e r f a c e .  
4.2 EFFECT OF FILLER CONCENTRATION 

The e f f e c t   o f  aluminum  powder load ings  of 35, 50, and 65 w t .  
% (based on t o t a l   c u r e d   s o l i d s )   i n  the a d h e s i v e   s o l u t i o n  was 
i n v e s t i g a t e d .   F o r  t h i s  work, the  f o l l o w i n g   a d h e s i v e   s o l u t i o n  
composition was used : 

ADHESIVE  SOLUTION D 
Onset Temp. Tg of 

Composition of Molding  Molding 
1:l 6FTA:diamine No ne 605 K 
60/40 PPD/ODA (630°F) 
48 w t .  96 c u r e d   r e s i n   s o l i d s  
i n  NMP. 



T h i s  new adhes ive   so lu t ion   compos i t ion  was picked f o r  t h r e e  
reasons : 

F i r s t ,   p r e p r e g  based on   Solu t ion  D has a r e s i n   f l o w  
q u a l i t a t i v e l y   e q u i v a l e n t   t o  that f o r  S o l u t i o n  C p rep reg  a t  the 
same v o l a t i l e s   c o n t e n t .  

Second,   wel l -cured  res in   f rom  Solut ion D has a Tg (332"c), 
somewhat above that  from  Solut ion C- (32lOC). It should be easier,  
t h e r e f o r e ,   t o   o b t a i n  bond l i n e s   h a v i n g  a Tg above 3 1 6 " ~  wi th  
S o l u t i o n  D t h a n  w i t h  S o l u t i o n  C. 

T h i r d ,  a t  the  same aluminum powder load ing  and B stage 
cond i t ion ,  t h i s  composi t ion  produces  tougher   prepreg  than the 
previous  composition. It would  be  expected t h a t  a t  high  aluminum 
powder load ings  t h e  adhesive  composi t ion  producing a higher  
molecular  weight would  produce  tougher more r e s i l i e n t   a d h e s i v e  
bonds. The r e l a t i o n s h i p   o f  t h e  Tg of th is  w e l l - c u r e d   r e s i n   t o  t h e  
p rev ious ly   eva lua ted   r e s in   compos i t ions  and  the commercial NR- 
l5OB2G (1:l 6FTA:diamine, 95/5 PPD/MPD) is g i v e n  i n   F i g u r e  1. 
4.2.1  Control  of Bond Line  Thick-ness 

I I  I1 

I n   t h e   i n i t i a l   e x p e r i m e n t s ,  it was found t h a t   t h e  a d d i t i o n  
of  aluminum  powder s i g n i f i c a n t l y   r e d u c e d  the r e s i n   f l o w   i n  t he  bond 
l i n e  as compared t o   n e a t   r e s i n .  A s  a r e s u l t ,  prepreg con ta in ing  
aluminum  powder i s  "B" staged us ing  more m i l d  cond i t ions ,   t he reby  
reducing t h e  degree  of r e s in  cure  (a higher v o l a t i l e s   c o n t e n t ) .  

Use of p rep reg   hav ing   r e s in  w i t h  a lower degree of   cure  makes 
c o n t r o l  of the  bond l i n e   t h i c k n e s s  more d i f f i c u l t .   P r e p r e g  wi th  
r e s i n  h a v i n g  a lower degree  of  cure i s  less  fo rg iv ing   and   r equ i r e s  
g r e a t e r   p r e c i s i o n  i n  process ing .  Too t h i n  a bond l i n e  i s  u s u a l l y  
obta ined .  With t o o   t h i n  a bond l i n e ,  the  r e s i n  has been  squeezed 
out  from  around t h e  c a r r i e r   c l o t h ,   g i v i n g  a r e s i n   s t a r v e d  bond 
l i n e   r e s u l t i n g  i n  poor   l ap   shea r   s t r eng ths   wh ich  f a i l  a t  the  glass- 
r e s i n  i n t e r f a c e .  

I n   o r d e r   t o   p r e v e n t  t h i s  problem, two changes were made i n  
the  procedures   used:  First, the   p r imer   coa t ing   t h i ckness  was 
increased  from  below ,025 rm (1.0 m i l )  t o  .O5O t o  .075 mm (2.0- 



3.0 mils).  The p r imer   coa t ing  was "B" staged 5 minutes a t  418 K 
(293OF) as be fo re .   Inc reas ing   t he  p r i m e r  coa t ing   t h i ckness   w i th -  
out   changing the pr imer  B" s t age   cond i t ions  r e su l t s  i n  a c o a t i n g  
having a lower degree of cure   and   permi ts   the   use  of prepreg  w i t h  
a l o w e r   v o l a t i l e   c o n t e n t .  

11 

Second, the adhes ive   p repreg  wars prepared  by a double 
coa t ing   p rocess   i n   wh ich  a t h i n   c o a t  of' s o l u t i o n  was a p p l i e d   t o  
the  glass s c r i m   c a r r i e r   c l o t h   a n d  "B" staged t o   e n s u r e   t h e   r e s i n  
n e a r   t h e   g l a s s   c l o t h  was we l l   cu red .  A second  coat ing was then  
app l i ed  and  "B" s t a g e d   t o  a l e s s e r   e x t e n t   t h a n   t h e  f i r s t  coa t ing .  
The g l a s s   c l o t h  i s  about  .089 mm (3.5 mils) t h i c k ;   t h e  f i r s t  
c o a t i n g  i s  about  .178 mm (7.0 mils) th ick ;   and   the  f i n a l  c o a t i n g  
r e s u l t s  i n  a p r e p r e g   t o t a l   t h i c k n e s s  of .279-.381 mm (11-15 mils).  
The f i n a l  t h i ckness   o f   t he   p rep reg ,   t he re fo re ,  was similar t o   t h a t  
p repa red   u s ing   t he   s ing le   coa t   p rocess  as descr ibed  i n  Sec t ion  3.1. 
4.2.2 L+p Shear   S t rengths  of F i l led   Adhes ive  Bonds 

The bond s t rengths  of   l ap   shear   samples   f rom  t i t an ium 
adherends  bonded w i t h  adhes ive   con ta in ing  35, 50, and 65 w t .  76 
aluminum  powder  (based  on t o t a l  cu red   so l id s )  are  g iven  i n  Table 
X. For t h i s  e v a l u a t i o n ,  two se t s  of four  simultaneous  bondings 
were made r e s u l t i n g   i n   e i g h t   s a m p l e s ,   f o u r  of which  were  tested 
a t  R.T. a n d  f o u r  a t  589 K (600OF). The adhesive  prepreg was made 
by c o a t i n g  112 S t y l e  E g l a s s  (1-589 f i n i s h )  two success ive  times, 
"B" s t a g i n g   a f t e r   e a c h   c o a t i n g .  The I'B" stage condi t ions   used ,  
p r e p r e g   t h i c k n e s s   a n d   v o l a t i l e s   c o n t e n t ,   l a p   s h e a r  bond l i n e  
thickness ,   and artmunt of  squeeze  out a t  bond l i n e  are a l l  
i n d i c a t e d   i n  Table X.  

The data p resen ted   i n   Tab le  X can be summarized as fo l lows :  
(1) I n c r e a s i n g   t h e   c o n c e n t r a t i o n   o f  aluminum  powder f i l l e r  

r e q u i r e s  a r e d u c t i o n  i n  the  time and/or  temperature  of "B" 
s taging t o   o b t a i n   t h e  same p r e p r e g   v o l a t i l e s   c o n t e n t .  

(2) High R.T. l a p  s h e a r   s t r e n g t h   l e v e l s  are obtained wi th  
prepreg   having  a v o l a t i l e s   c o n t e n t  of about  7 1/2%, a v o l a t i l e s  
l e v e l   l o w e r   t h a n  t h a t  found  necessary   us ing   unf i l led   adhes ive  as 
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TABLE X .  
LAP SIEAR STRENGTHS OF 6/4 TITANIUM 

CONTAINING ALUMINUM POWDER 
BONDED UITH EXPERIMENTAL NR-150 ADHESIVE 

Adhesive Solution Composition: 1:l 6FTA1:Diamine,  60/40 PPD/ODA, 48 w t .  i n  NMP' 

47 

48 

49 

50 

51 

1 2 3 4 5 6  7 8 9 10 11 

/O.T. Tg 
Prepreg "B" Stage 

Successive  Coatings Powder Volatiles Thickness (High  and Low Values) Measured  on Failed 
Aluminum 

Lap Shear Stren t h  
Conditions-Two Bond Line (Average of 4k 

~ a p  Shear Concent ation 1 After  First Coating i n  mm Squeeze Out  MPa (ps i )  Failure Bond L i n e .  
Sample 2 After Second Coating  Prepreg $ (Mils) a t  Bond Line R.T. 5@3K(600"F) Mode ' K  K 

46 1 1.8 K s  30  min 418K 293'F 10 .051-.127 Excessive  25.15(3647) Adhesive ' 265  280 
35 2 3.6 Ks 60 min 418K  293'F 

1.8 Ks130 m i 4  433K/320°4  (2.0-5.0)  18.8-30.8 
,I 1.36(197 Fabrichesin 

11.25-1.24 
9.0 

I1 

7.6 

.038-.127 Moderate 29.14f4226) FabridResin 
t o  27.7-30.5 ' 

(1.5-5.0)  Excessive 1.27(184$  Fabric/Resin 
1.01-1.4 

.114-.216 30.48(4420) Adhesive 

(4.5-8.5) Moderate 
29.1-31.5 ' 

287 

280 

1 1.8 Ks 0 min 418K 293'F 
1.2 (181) Fabric/Resin 

21 2.4 Ks K s I Z O  3o .in\ min 418K[293.F] 433K 3 2 0 ~ F  8.8 .051-.085  Excessive  20.87(3027) Fabric/ResLn 
0.83-1.62 and Cohesive 

52 
53 5: 17.9-23.1 

300 
I, 

I1 

I, 

54 Moderate 23.75(3445) 

55 (6.0-11.0) 'I 1.61(2 3) Cohesive 
20.5-26.2 

312 

1.0-1.2 
56 65 .140-.203 Slight 25.85(4326) Adhesi ye,- 3104  32Z4 

57 
23.9-36.87 

(5.5-8.0) Moderate (Average of 1.74(253) Cohesive 
Cohesive 

3) 
'6mA = 2,2 bis(3~,4~-dicarboxyphenyl) hexafluoropropane; PPD = paraphenylenediamine; ODA = oxydianiline; NMP = N-rnethylpyrrolidone 
2concentration based on to t a l  cured solids 



i n d i c a t e d   i n  Table V I .  T h i s  l ower   vo la t i l e   con ten t  i s  poss ib l e  
because o f :  (1) the   t h i cke r   p r imer   coa t ing   on  t h e  t i t an ium 
adherends as compared t o  t h a t  used   prev ious ly  (.0254-.0508 mm, 
1-2 mils v s  m.0127 mm,  0-5 m i l s ) ,  and  (2) the use of prepreg  . 

coated two success ive  times with, t h e r e f o r e ,  b e t t e r  Cont&1  of 
the r e s i n   c u r e   n e a r  t h e  g1,ass scrim c a r r i e r . . .  

' . .. . ,. 

(3) Use of 65 w t .  $ concen t r a t ion  of aluminum  powder f i l l e r  
i n  the a.dhesive  does-  not  degrade  the R.T. l a p  shear strengths.  
The a v e r a g e -   l a p   s h e a r   s t r e n g t h  of 29.,85 MPa ($326 p s i )  f o r  Sample 
56 con ta in ing  65 w t .  $ f i l l e r  compares  favorably wi th  the s t r e n g t h  
of 30.48 MPa (4420 p s i )  f o r  Sample 50 con ta in ing  35 w t .  $ f i l l e r  
(Table X )  . 

_. 

I n  f a c t ,  one lap   shear   spec imen of the  three t e s t e d  of Sample 
57 had a bond s t r e n g t h  of 36.87 MPa (5347 p s i ) ,   t h e   h i g h e s t  R.T. 
l a p   s h e a r  s t r eng th  obta ined  i n  t h i s  program. 

(4) Surpris ingly,   under   the  bonding  condi t ions  used as 
i n d i c a t e d   i n   f o o t n o t e  3 ,  Table X, t h e r e  was no improvement i n  t h e  
589 K (600OF) l a p  shear s t r e n g t h   o n   i n c r e a s i n g   t h e  aluminum 
powder f i l l e r   c o n c e n t r a t i o n  i n  t h e   a d h e s i v e .  With a l l  samples 
tes ted ,  t h e  589 K s t r e n g t h s  were very low and a l l  f a i l u r e s  were 
c o h e s i v e   i n  the adhes ive  layer.  

(5) I n c r e a s i n g   t h e  aluminum  powder f i l l e r  concen t r a t ion  
i n  the a d h e s i v e   i n c r e a s e s   t h e  Tg o f   t h e   r e s i n   i n   t h e  bond l i n e .  
A t  a 65 w t .  k aluminum  powder concen t r a t ion ,  the  Tg of the adhe- 
s i v e  r e s in  i n  the bond l i n e  i s  595 K (612OF), above the  589 K t e s t  
tempera ture ;   bu t  the  onse t   t empera ture  (O.T.) was below the t e s t  
temperature.  It can   on ly  be concluded tha t  accep tab le  589 K bond 
s t r eng ths  w i l l  be a t t a i n e d   o n l y  when the  a d h e s i v e   r e s i n   i n   t h e  
bond l i n e  has both   the  O.T. and Tg above 589 K. 
4.3 POST CURING ALUMINUM-FILLED ADHFSIVE BONDS 

Lap shear samples   prepared  using t i t a n i u m  adherends  and 
aluminum  powder f i l l e d  adhes ive   so lu t ions   have   been   pos t   cured  
f r ee  s t a n d i n g   i n  a i r  a t  various  temperatures.   These  samples were 
p repa red   u s ing   s eve ra l   adhes ive   so lu t ion   compos i t ions  w i t h  s e v e r a l  
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aluminum  powder f i l l e r   c o n c e n t r a t i o n s .  The t i t an ium 'adhe rends  
were surface  e tched  and  pr imed  using  procedures  i n  Appendix A and 
Appendix B, P a r t  I. The adhes ive  prepreg was prepared   us ing  the  
doub le   coa t ing   p rocess   i nd ica t ed   i n   Append ix  D. Three  adhesive 
solut ion  composi t ions  were  evaluated:   Composi t ion  D,(Sect ion 4.2)  
con ta in ing  65 w t .  % aluminum  powder f i l l e r ;  a s o l u t i o n   c o n t a i n i n g  
a 25/25 r a t i o  of PPD/ODA with 60% f i l l e r ,  a n d  NR-150B2G adhes ive  
s o l u t i o n   c o n t a i n i n g  60% filler. A l l  of the  s o l u t i o n s  had a con- 
c e n t r a t i o n   o f  48 w t .  $ c u r e d   r e s i n   s o l i d s   i n  NMP. The s o l u t i o n s  
con ta in ing  aluminum  powder  were used  to   p r ime  the t i tanium  adherend 
s u r f a c e  as w e l l  as t o  prepare prepreg .  

The l a p   s h e a r   s t r e n g t h s   o f  samples p o s t   c u r e d   i n  a i r  a r e  
r e p o r t e d   i n  Table X I .  The bonding   cyc le   used   for   these   samples  i s  
g iven  a t  the bottom  of  Table X I  w i t h  the  t ime f o r  p o s t   c u r i n g  i n  
the vacuum bag i n d i c a t e d   i n  Column 7. A s  shown i n  Column 8 and 9, 
a i r  post   cures   of   28.8-57.6 Ks (8-16 hours)  a t  temperatures  of 
589-644 K (600-700°F)  were  used. 

The r e su l t s  of t h i s  pos t   cu re   s tudy   a r e  summarized as fo l lows:  
(1) Constant temperature pos t   cu re ,  f ree  s t a n d i n g   i n  a i r  

i n c r e a s e s   t h e  589 K l a p  s h e a r   s t r e n g t h s ,  b u t  dec reases  the R.T .  
l ap   shear   s t rengths   (compare   Samples   60   and  6 1  w i t h  Samples 58 and 
59, Table XI) . 

(2)  No improvement i n   t h e  589 K bo.nd s t r eng th  i s  observed 
on   pos t   cu r ing  a t  616 K (650'F) as compared t o   p o s t   c u r i n g  a t  
589 K (600'F)  (compare  Samples 64 and  65  w i t h  60 and 61, Table 
XI) . 

(3) Samples  bonded w i t h  adhesive  f rom  solut ion  Composi t ion 
D (60/40 PPD/ODA) which are  pos t   cu red   t o  644 K (TOOOF)  show a 
dranatic  improvement i n  t h e  589 K bond s t rength  (Samples  66 and 67, 
Table XI). 
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TABLE X I .  
EFFECT OF ISOTHEAMAL A I R  POST  CURE ON LAP  SHEAR  STRENGTHS 
OF 6/4 TITANIUM BONDED WITH NR-150 ADHESIVE  CWPOSITIONS 

- 1 .2 1 'c 5. 6 z s n  - 10 - 11 e13 

Lap Diamines 
Tg 

of Well Prepreg  Resin 
Shear Used A1 Powder  Cured Volatile Squeeze-Out Post Cure T h e  Temp. 

Vacuum Post Cure [ ] No. of Samples Bond Line 

Sample  and Content  Resin  Content 
(High  and Low Values)  Onset 

on K (Hours) a t  Ks K a t  R.T. a t  589  K(600"F) Temp. Tg 

Air Lap Shear  Strength  Resin a t  

# Ratio $ K ( O F )  $ Bonding  589 K(600°F1  (Hrs.) (OF)  MPa ( p s i )  MPa ( p s i )  K ( O F )  K( F) 
58 PPD*/ODA* 65 605(630)  7.6 Good 14.4 None 30.48(4420)[41 553 5 T  

59 It   It  It I1 ( 4) (29.10-31.11) 
1.2 (181) 41 
(.82-1.61\ 

(536) (5 5) 

60 PPD/ODA 65 605(630) 7.7 Good 

61  4.94(716)[41 
b0/40 

I1 It I1 

57. (16t (6:O) 5 9 t"ls"%-l?kf' 23 

(3.74-6.19) 
62 I t  It  It 11 It 589 19.48(2825)[3 9.2 

(600) (16.78-21.291 
573  580 

(572)  (585) 

70 

71 

72 PPD/MPD* 60 633 (680) 11.7 Slight None 5.7 22 3 

73 

n It 11 I 1  It n 57.6  616 
. .  . 

It  (16) (6%) 
I1 I t  It It It It  11 

w/5 It  I1 It tt ~ 1 3 . ~ & - l ~ . ~ k ? '  
I1 I ,  

Bonding Conditions: Heat samples a t  2 K/min. from R.T. t o  573 K 200'F under full vacuum; heat 573 K t o  589 K 6 0 0 " ~  a t  2 min. 

*PPD = paraphenylenediamine; ODA = oxydlaniline; MPD = metaphenylenediamine 
under full vacuum and 1.38 MPa (200 psi)  ; d n d  I/!? hour a t  589 K (600°F), lull vacuum, 1.3h MPa )(200 

A l l  adhesive  solution  compositions  contain 1:l r a t i o  of te t raacid t o  diamine 



(4) Lap shear  samples  based  an  the  75/25 PPD/ODA adhes ive  
composi t ion  post   cured a t  616 K (650 '~ )  have  bond s t r e n g t h s  
similar t o  samples based  on  adhesive  Composition D (60/40 PPD/ODA) 
pos t   cu red   t o  644 K (700°F) (compare  Samples 70 and 7 1  w i t h  
Samples 66 and 67,  Table X I ) .  

(5) Lap shear   samples  bonded w i t h  aluminum  powder f i l l e d  
NR-150B2G a d h e s i v e   s o l u t i o n  will a l s o   r e q u i r e  a n  a i r  p o s t   c u r e   t o  
g ive   h igh  589 K bond s t rengths   (Samples  72  and  73,  Table X I ) .  

(6) Although  three  of  the l a p  shear  samples  analyzed  by t h e  

TMA technique showed the   adhes ive  i n  t h e  bond l i n e   t o  have both 
the   onse t   t empera ture  and  Tg above  the 589 K t e s t   t e m p e r a t u r e ,   t h e  
589 K l a p  ahear   s t rengths   were   no t  a t  the d e s i r e d   l e v e l  of 13.79 
MPa (2000 p s i )  d e s i r e d  by NASA (Samples 66, 67, and 68, Table X I ) .  

(7 )  None o f   t he   l ap   shea r   s amples   l i s t ed   i n   Tab le  X I  t h a t  
have  been a i r  post   cured a t  any  temperature  have R.T. bond 
s t r e n g t h  a t  the  20.69 MPa (3000 p s i )  l e v e l   d e s i r e d   b y  NASA. 

The decrease  i n  t h e  R.T. l a p  s h e a r   s t r e n g t h   o n   p o s t   c u r i n g   i n  
a i r  may be a t  l e a s t   p a r t i a l l y   a c c o u n t e d   f o r  by t h e  up t o  25% 
swel l ing   o f   the   adhes ive  bond l i n e   d u r i n g   t h e   h i g h  temperature 
exposure.  This  swelling,  which i s  caused  presumably  by  the 
expansion of v o l a t i l e s ,   i n c r e a s e s   t h e  bond l i n e  void  content ,  
thereby   reducing   the  bond s t r e n g t h .   P o s t   c u r i n g   u s i n g  a g r a d u a l l y  
inc reas ing   t empera tu re  from below  the T g  of the bond l i n e   a d h e s i v e  
t o  644 K (TOOOF) should  minimize  the  swelling and  r e s u l t  i n  h i g h e r  
l a p   s h e a r   s t r e n g t h   l e v e l s .  
4.4 EXPERIMENTS AT H I G H  TEMPERATURES 

The decrease  i n  R.T.  l a p  s h e a r   s t r e n g t h  and t h e   l e s s  t h a n  
d e s i r e d  589 K bond s t rength   o f   samples   pos t   cured   in   s tages  a t  
589 K ,  616 K ,  and  644 K i s  bel ieved  caused by the  r a p i d  e v o l u t i o n  
of the   remain ing   vo la t i les   f rom  the   adhes ive  bond l i n e  caus ing  
voids  a n d ,  t h e r e f o r e ,  a porous weak bond. 
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I n   o r d e r   t o   d e m o n s t r a t e  t h a t  s w e l l i n g  i s  the  major  cause of 
t h e  low l a p  shea r   s t r eng ths ,   t he   fo l lowing   expe r imen t s  were 
c a r r i e d   o u t :  

(1) Pos t   cu r ing  l a p  shea r   s amples   f r ee   s t and ing   i n  a i r  t o  
644 K (700°F)  using a l i n e a r  slow r a t e  of t empera tu re   r i s e .  

(2) Pos t   cu r ing  i n  a i r  whi le   the  l a p  shear bonds a re   under  

(3) Bonding a t  a temperature  of 616 K ( 6 5 0 " ~ )   i n s t e a d  of 
pressure ,   thereby   mechanica l ly   p revent ing  bond l i n e  swe l l ing .  

589 K (600°F) ,   t he reby   poss ib ly   e l imina t ing   t he   necess i ty  of a n  
a i r  pos t   cure .  

(4) Bonding a t  a much h igher   t empera ture  (700 K, 800°F)  and 
p res su re  (6.895 MPa, 1000 p s i )  f o r  a shor t .  time to   a l so   p roduce  a 
wel l -cured bond l i n e  which also does  not   require   post   cure .  

The bonding   condi t ions  for t he  f i r s t  three  experiments   were 
s i m i l a r   t o  that  descr ibed  i n  S e c t i o n  3.1 with the   fo l lowing  
excep t ions  : 

(a) Pressure  was no t   app l i ed  u n t i l  a temperature  of 473 K 

(b)  A bonding  temperature  of 616 K ( 6 5 0 " ~ )  was used i n  
(392 OF) was reached. 

experiment 3. 
( c )  The vacuum bag   pos t   cure   usua l ly   car r ied   ou t   immedia te ly  

a f t e r   b o n d i n g  was e l imina ted .  The samples  were  cooled  while s t i l l  
u n d e r   f u l l  vacuum and 1.38 MPa (200 p s i ) .  This  bonding  cycle 
change was used t o   e l i m i n a t e   t h e   p o s s i b i l i t y  that removal  of 
pressure   whi le  a t  the  bonding temperature c o u l d   c a n t r i b u t e   t o   t h e  
swelling of t h e  adhes ive  bond l i n e .  

Bondings a t  TOO K (800"~) were   car r ied   ou t   us ing  a preheated 
p r e s s  w i t h  no  vacuum bag. The ho lde r   con ta in ing   t he  t i t a n i u m  
coupon/adhesive l a p  shear   assembly was i n s e r t e d  i n  the   p rehea ted  
p r e s s  and  a p r e s s u r e  of 6.895 MPa (1000 p s i )  appl ied  immediately.  
The samples   were ,   therefore ,   under   p ressure  as the  samples  heated 
up. After  bonding,  the  samples  were  cooled  under 1.38 MPa (200 

P s i )  
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TABLE X I I .  
LAP SHEAR STRENGTHS OF 6/4 TITANIUM BONDED WITH EXPERIMENTAL NR-150 ADHESIVE 

ADHESIVE COMPOSITION: 1:l ~FTA*:DIAMINE; 60/40 PPD*/ODA*; 65% ALUMINUM POWDER I N  NMP 

- 1 - 2 9 4 2 - 6 7 - - - 8 P - 10 - 11 123 

K 589K(600°F)  Failure Temp. T s  

R e s i n   a t  
Bond Line 

Out Hours (OF) M ~ R ~ ~ ; i ~ l  MPa ( p s i )  Mode K F K F 

Prepreg Air Post  Cure Lap Shear   S t rength(4)  
Vola t i les   Thick  Time Temp. Resin 

Sample  Content mm 
Temp. 

K Squeeze Time 
bnse t 

$ Mils 
Adhesive -&d -&& 

21 Cohesive '&:' (589) 
(13.0)  (1/2  600 None - l7 3? 1 T5' 1.43( 208  Cohesive 6 410 

75 10.2 .3 1. 24 
(14%) (1;) (65%) Good 

- 

(383 704) 
)( 

(3) (590) (600) 
(Free  Standing)  

76 10.2 589 Good 24 " 

77 10.2 .3 24  438 64 5 10.91 15 3 Adhesive 5 3 59 

78 9.2 S l i g h t  None - 12 0 39( 179'1) 

I t  9.65(1400)  Cohesive 
1/2  (600) (4) 

(2 )  
(14%) (;>:) (65%) Good (329  702) ($1 ' 12.89(  1870)  Cohesive  ($0)  (602) 

(.45MPa(65 p s i )  p re s su re )  

(3) 
79 9.2 .30 1.8 616  S l igh t  None - .81( 117) Cohesive 

80 3.6 .30 S l i g h t  None - 19.46(2822) 

"U' 3 * 0  (i?:) (lOoibin.) (800j 

(12.0)  (1/2)  (650) (4) 
(12.0) ( 5  min.)  (1) 4.43( 6621  Cokesfve (3%) (zt?) 2 Ad es ve 

700(2 Good No ne - 19.56(2817)  Adhesive 

*6FTA: 2,2  bis(3 '   ,b ' -dicarboxyphenyl)   hexafluoropropane 
PPD: paraphenylenediamine; ODA: oxyd ian i l ine  

Bonding  pressure:  1.38 MPa (200 p s i  
Bonding  pressure  for  Samples 80 and 81. 6.8 5 MPa 
Sample 81 vented  0.6 Ks (10  min.) a t  760 K ( 8 00'F) 
Number i n  parenthesis   under   the  lap  shear-   s t rength 

- - ( a )  - ,  
7.12  (1033)  Cohesive 

(3) 

(1000 p s i )  
no pressure  before   cool ing  under  1.38 MPa (200 p s i )  
i n d i c a t e s  number of  samples   tes ted 



The r e s u l t s  of t hese   bond ing   s tud ie s  are g i v e n   i n  Table X I I ,  
which i n c l u d e s  a non-pDst  cured  control sample (Sample 74). 
Although  four   lap  shear   samples  have been bonded  simultaneously, 
i n  some cases one  sample was used f o r  TMA a n a l y s i s ,  two of t h e  
samples were tested a t  one  temperature,  and a s i n g l e  sample a t  the  
o t h e r .  

The r e s u l t s   o f   t h i s   s t u d y  are summarized as fo l lows :  
(1) Air p o s t   c u r i n g   u s i n g  a s low  temperature   increase t o  

646 K (704OF) over  24 h o u r s   i n c r e a s e s   t h e  589 K l a p  shear s t r e n g t h  
bu t   dec reases   t he  R.T. strength  (compare  Samples 75 and 76 w i t h  
Sample 74, Table X I I )  . 

(2)  The bond s t r e n g t h s  of samples  post   cured  using a slow 
rate of  temperature rise are no b e t t e r  t h a n  these obta ined   us ing  a 
cons tan t   t empera ture   pos t  cure a t  three increas ing   tempera tures  
(compare  Samples 75 and 76, Table X I 1  w i t h  Samples 66 and 67,  
Table X I ) .  The s i m i l a r i t y   i n  bond s t r eng ths   ob ta ined  from these 
two  methods  of  post  curing i s  n o t   s u r p r i s i n g  as both  methods 
caused  about a 25% s w e l l i n g  of the  adhesive bond l i n e .  

(3) Bonding a t  616 K (65O0F) ins tead   of  a t  589 K (600"F), 
s u r p r i s i n g l y ,  shows no improvement i n  t h e  bond s t r e n g t h s  a t  e i t h e r  
R.T. or 589 K (compare Samples 78  and 79 wi th  Sample 74, Table 
X I I )  . 

(4) P o s t   c u r i n g   i n  a i r  while apply ing  a pos i t i ve   p re s su re   o f  
0.45 MPa (65 p s i )   t o  the bond l ine   p roduces  a f u r t h e r  improvement 
i n  589 K l a p  shear s t r e n g t h .  This  post   cure ,   which was c a r r i e d  
ou t   u s ing  a p r e s s  w i t h  a slow rate of temperature  rise, produced 
samples  which had no measurable bond l i n e  swel l ing and   r e su l t ed  
589 K l a p  shear s t r e n g t h s   o f  12.89 MPa (1870 p s i ) .  T h i s  bond 
s t r e n g t h  i s  s i g n i f i c a n t l y  higher than  the  bond s t r e n g t h  of 9.65 
MPa (1400 p s i )  ob ta ined   us ing  a similar pos t   cure   p rocedure  with- 
out  pressure  (compare  Samples 77 and 76, Table XI I ) .  
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(5) S u r p r i s i n g l y ,   p o s t   c u r i n g  l a p  shear  sample  under 
p r e s s u r e  t o  prevent  bond l i n e   s w e l l i n g   g a v e  no improvement i n   t h e  
R.T. lap  shear   s t rength  (compare  Samples  77 and 75, Table X I I ) .  
Although  the R.T. bond s t rengths   'o f   the   samples   pos t   cured  wi th  
and  without  pressure  were similar, t h e  mechanism of f a i l u r e  was 
d i f f e r e n t .  The s a m p l e   p o s t   c u r e d   f r e e   s t a n d i n g   f a i l e d   c o h e s i v e l y  
w i t h i n  t h e  bond l ine ,   whereas   the  sample pos t   cured   under   p ressure  
f a i l e d   a d h e s i v e l y  a t  t h e   a d h e s i v e h n e t a l   i n t e r f a c e .  

(6)  Bonding w i t h  no vacuum bag a t  6.895 MPa (1000 p s i )  .and 
700 K ( 8 0 0 ~ ~ )   f o r  s h o r t  times  gave  improved R.T. bond s t r e n g t h s  
b u t  s t i l l  i n f e r i o r  589 K st rengths   (Samples  80 and 81, Table X I I ) .  
It would  have  been  expected that bonding a t  a temperature   of  700 K 
(800OF) for a t  l e a s t  0.9 Ks (15 mins . )   wou ld   r e su l t   i n  a completely 
cured  adhesive bond l i n e   a n d ,   t h e r e f o r e ,  high 589 K bond s t r e n g t h s .  
However,  Sample 81, Table X I I ,  which had good r e s i n   f l o w   i n   t h e  
bond l i n e  had a 589 K l a p  s h e a r   s t r e n g t h   o f   o n l y  7.12 MPa (1033 
p s i )  and fa i led cohes ive ly  w i t h i n  the  bond l i n e .  

(7) TMA measurements  on a titanium/adhesive/titanium 
sandwich  cut  from a n  un te s t ed  l a p  shear   spec imen  ind ica te  that 
none  of the  bonding and pos t   cu re   p rocesses   u sed   i n   Tab le  X I 1  
produced  adhesive bond l i n e s  with both   the   onse t   t empera ture  and  
Tg of the   r e s in   above  589 K. Although a i r  pos t   cu r ing   does  
markedly  change  the  shape  of  the TMA curve  (compare  Figure 11 
with Figure 12 and l3), the  bond l i n e s   a r e  s t i l l  not  competely 
cured.  
4.5 FINAL POST CURE EXPERIMENTS 

The data i n  Sec t ion  4.4 i n d i c a t e d  that  a 86.4 Ks (24 hour)  
p o s t   c u r e  w i t h  a l i n e a r   i n c r e a s e  i n  t e m p e r a t u r e   r e s u l t e d   i n   a n  
undesired  degree  of   adhesive bond l i n e   s w e l l i n g  (-25%) and less 
t h a n   d e s i r e d  l a p  shea r   s t r eng ths   u s ing   t i t an ium  adhe rends .  The 
use of a longe r  a i r  post   cure   t ime wi th  a more gradual   t empera ture  
i n c r e a s e   t o  improve  the l a p  s h e a r   s t r e n g t h s  was i n v e s t i g a t e d .  
Th i s  i n v e s t i g a t i o n  was c a r r i e d   o u t   u s i n g  two d i f f e r e n t  NR-150 
adhes ive   so lu t ions :   adhes ive   so lu t ion   Compos i t ion  D (Sec t ion  4.2) 
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FIGURE 13 
TMA  CURVE OF 

ADHESIVE  BOND LINE 
FROM  SAMPLE 77 TABLE PSI 

AIR POST CURED WITH PRESSURE 
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c o n t a i n i n g  65 w t .  $ aluminum  powder,  and the  commerc ia l ly   ava i lab le  
NR-150B2G a d h e s i v e   s o l u t i o n  (a 95/5 mole r a t i o  of PPD/MPD) 
c o n t a i n i n g  60% -aluminum  powder. T h i s  l a t t e r  composition  produces 
we l l - cu red   nea t   r e s in  w i t h  a Tg of 633 K (680OF) which i s  16 K 
above t h e  we l l - cu red   r e s in  Tg of 617 K ( 6 5 2 O ~ )  f o r  polymer  from 
solut ion  Composi t ion D. Use of t h i s  h i g h e r   r e s i n  Tg system  should 
r e s u l t   i n   p o s t   c u r e d   a d h e s i v e  bond l i n e s  with r e s i n  Tg's well above 
589 K and ,   t he re fo re ,   h ighe r  589 K bond s t r e n g t h s .  

Two different   autoclave-type  bonding  cycles   were  employed 
us ing  a vacuum bag i n  a p r e s s :  one i n  which a s ingle   bonding  
temperature  of 589 K (60O0F) a t  1.38 MPa ( 2 0 0   p s i )  was employed 
and  one i n  which a lower  temperature  of 433 K (320°F) was used a t  
1.38 MPa (200   ps i ) ,   fo l lowed  by  a temperature  of 589 K (600OF) a t  
a lower  pressure  of  0.52 MPa (75  p s i ) .  T h i s  l a t t e r   p r o c e d u r e  has 
been   found  to   successfu l ly   reduce   the   vo la t i le   conten t   o f  a 
graphi te   f iber /NR-l50B2  molding  to  a l e v e l  which  produces a 
b l i s t e r - f r e e  laminate on a subsequen t   f r ee   s t and ing   pos t   cu re .  
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EFFECT OF 
O N  BOND 

TABLE XIII. 
ADHESIVE COMPOSITION, BONDING AND WST CURE CONDITIONS 
STRENGTHS OF NR-150 BONDED TITANIUM LAP SHEAR SAMPLES 

5 - 7 - 8 2 - 10 

Increase i n  
- 11 12 

bnset 
BijFia Line 

Bonding Conditions  Post Cure Conditions Bond Line Lap Shear  Strength Temp.  Tg 

MPa si Atmos here K s  :ours K O F )  $ MPa l p s i )  (OF)  (OF) 
589 K 600°F) K K 

# % Ks Hours 

82  9.2  3.6 (I) 589(600) 1 .38(2OO) Vacuum  Bag 

Sample Content Time  Temp. Pressure T me Temperature  Thickness 

MP:'?i;g A d ~ e s i v e ) C ~ o ~ ~ A * : d ~ a m i n e ~ * / O D A !  6 Alum  num owder i n  NU 

A i r  ll:%t[$) zy?%i! 
(316-9732) 

16.2 io.uo(lgb6)  8.78(1273) 

83  9.2  3.6 (1) '589(600)  l.38(2OO) Air 14.04(39)  431-662 18.8 10.47(1518)  10.50(1523)  603  612 

84 9.2  5.4 (1 1/2) 589(600)  l.38(2OO) A i r  14.04(39)  431-662 19.6  10.20(1479)  9.72(1410) None 
( 316-732  (626)  (642) 

(316+732) 
135  9.5 1. 1 2 3 32 1.3 2 

7.: [2( :&[60:{  0.5:[ ?E{ 
86 9.5 1.8 (1/2) 4 3 320 1.78 200 

d916001  0.52I  751 

None - 
Air 144. (40) 426-662  9.1  12.05(1749)  8.94(1297) 

87  9.5 1.8 1/2) 4 3 20 1.38 200 Air 144. (40) 426+662 16.2 9.42(1366)  9.34(139) 

- -  - 17 * 84 (2587) 

(308-732) 

(7089732) 3.6 [l) 5&[200]  0.521  751 
88 11.5 3.6 (1) 

89 11.0 3.6 (1) 589(600)  l.38(2OO) Air 136.8(38) 423461 12.2 13.31(1931)  7.12(1033) None %68 

90  10.5 1.8 1 2 589 600 1.38 200 A i r  75.6(21)  ($9(60?)  9.6  13.27(1925)  9.49(1377) 

NR-l5OB2G Adhesive: 1:l 6FTA*:diamine 95/5 PPD*/MPD* bo% Aluminum  Powder in NMP* 
589(600) 1 .38  (200) No ne - " 13.72(1990)  2.52(  366)  538 568 

(509)  (563) 

0637 0) (734) 
5.4 ((1'1 2) 589  600  0.52  75 

91 10.5 ::: A i r  144.  (40) 424-662 
Not Post Cured - 

(304-732) 
10.7 7.34  (1064) 

92  10.5 1.8 1/2) 4 3 320  1.38 200 
7.2 12) 5&[6001 0.521 751 A i r  144. (40) 424-662 17.9  5.19['752]  4.61(  668) 

- Not Post Cured- 15.62  2267 

*6FTA: 2,2  bis(3' ,4'-dicarboxyphenyl)  hexafluoropropane; 
(304-732) 

PPD: paraphenylenediamine; ODA: oxydianiline; MPD: metaphenylenediamine; MrIP = N-methylpyrrolidone 



From t h e   r e s u l t s   o f   t h e s e   i n v e s t i g a t i o n s  which are 
summarized i n  Table X I I I ,  i t  can be concluded that 

(1) A f ree  s t a n d i n g  a i r  pos t   cu re   u s ing  a very slow rate of 
t e m p e r a t u r e   r i s e  of .0016 K/s ( ~ 0 . 2 ~ F / m i n . )   a p p e a r s  no b e t t e r  than  
the   pos t   cure   condi t ions   p rev ious ly   used  in producing  high l a p  
s h e a r  bond s t r e n g t h   l e v e l s  a t  both  R.T. and 589 K. 

(2) There  appears no d i f f e r e n c e   i n  the l a p  shear bonds 
p roduced   u s ing   e i the r   o f  the  two adhesive  composi t ions or bonding 
c y c l e s .  

(3) I n  a l l  cases ,   pos t   cur ing   reduces   the  R.T. l a p  shear 
s t r e n g t h s  a n d  i n c r e a s e s   t h e  589 K s t r e n g t h   t o  a maximum of 10.34 
MPa (1500 p s i ) .  

a t  R.T. and 13.79 MPa (2000 p s i )  a t  589 K - were   no t   a t ta ined   wi th  
any of the condi t ions   used .  
4.6 BONDING AT HIGH TEMPERATURES AND PRESSURES 

(4) The bond l e v e l s   d e s i r e d   b y  NASA - 20.69 MPa (3000 p s i )  

It was inc reas ing ly   appa ren t  tha t  the high bond s t r e n g t h  
leve ls  des i r ed  a t  both R.T. and  589 K (600OF) a r e   n o t   e a s i l y  
a t t a i n e d  wi th  t i t an ium  adherends   us ing   the   t empera ture   and   pres -  
sure  l i m i t a t i o n  imposed  by NASA and  the  adhesive  systems  developed 
t o  date.  The use of h igher   t empera tures   and   pressures  similar t o  
the   condi t ions   used   for   Samples  80 and 81, Table X I 1  was, t h e r e -  
f o r e ,   i n v e s t i g a t e d   f u r t h e r ,  i n  o r d e r   t o   d e m o n s t r a t e  t he  u l t i m a t e  
c a p a b i l i t y  of NR-150 adhes ives .  Lap shea r   bonds   u s ing   t i t an ium 
adhe rends ,   w i th   adhes ive   p rep reg   hav ing   s ign i f i can t ly   l ower  
v o l a t i l e   l e v e l s ,  were  prepared  using  temperatures  up  t o  710 K 
(818O~)  and p r e s s u r e s  up t o  20.68 MPa (3000 p s i )   i n  a p r e s s  with- 
o u t  a vacuum bag. 

A s  w i t h  t h e  vacuum bag autoc lave   condi t ions ,   four   bonds   were  
made a t  once   u s ing   fou r   f i nge r  50 mil 6/4 t i tanium  coupons  using 
a h o l d e r   t o   a l i g n   t h e  metal adherends and  c o n t a i n  a thermocouple. 
The t i t a n i u m   s u r f a c e s  were etched  and pr imed us ing   the   p rocedures  
i n  Appendix A and  B, P a r t  I. The h o l d e r   c o n t a i n i n g  the t i t an ium/  
adhesive  prepreg/ti tanium  assembly was pu t  i n  a p rehea ted   p re s s  
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TABLE X I V .  
HIGH TEMPERATURE BONDING WITH 

EXPERIMENTAL m-150 ADHESIVE AND TITANIUM ADHERENDS 

Lap Shear  StrenRth 
Bonding Conditions d R.T. e589  K(600"F) 

L 
Sample Temperature T i  me Pressure MPa  MPa 

K('F) Seconas (MlnS.)  MPa ( p s i )  ( p s i )  ( p s i )  Remarks 
93 R . T . 4 6 6 1  730 180 3 None 6.30  Incomplete 

coo1 1.38( 200) 
Failure 0 

Cohesive 

589 K 

100 448 47 09 816 900 
709[816]  610[818] 600 None[Venting)  (2042)  (783) Bond 

1.38 200) 14.08 5.40 Incomplete 

Cool 1.38 200) 
No ne Cohesive 

Fabric 
Distorted 

coo1 
5 None Venting) 

1.38 200) 
Bonds  made using  adhesive  prepreg .33 mm (13 cils) thick -2% vo la t i l e s  
Adhesive  Solution: 1:l 6FTA:diamine;  60/40 PPD/ODA 

6/4 titanium coupons etched  using  "Pasajell" 107 then primed w i t h  .Ol3 mm (1/2 mil) 
655 aluminum powder i n  NMP 

coating of adhesive  solution and "B" staged 1.8 Ks (1/2 hour)  a t  418 K (293°F) 



and  bonded  according  to  the s c h e d u l e s   i n   T a b l e  XIV.  Adhesive 
solut ion  Composi t ion D - 1:l 6FTA:diamine, 60/40 PPD/ODA, 48 w t .  
$ c u r e d   r e s i n   s o l i d s   i n  NMP c o n t a i n i n g  65% aluminum  powder was 
used f o r   p r e p a r i n g   p r e p r e g   f o r  t h i s  s tudy .   Prepreg  with v o l a t i l e  
l eve l s   o f   abou t  2 w t .  Ti was prepared  by "B" s t a g i n g  up t o  478 K 
(401'F). The r e s u l t s   o f   t e s t s  on l a p  shear samples prepared  under 
va r ious   bond ing   cond i t ions   a r e  g i v e n  i n  Table X I V .  Bonding  pres- 
su res   o f  1.38 MPa (200 p s i )  t o  20.89 MPa (3000 p s i )  were eva lua ted .  
Var ia t ions   o f   t ime a t  which the  p r e s s u r e  i s  f i rs t  a p p l i e d ,   p r e s s u r e  
d w e l l  t imes and  venting  t imes  were a l l  eva lua ted .  

I n   g e n e r a l ,  t h e  r e s u l t s  of bonding a t  high temperatures  and 
p r e s s u r e s  are d i sappo in t ing .  A s  has been  found wi th  low p r e s s u r e ,  
low temperature  bonding,  followed  by a pos t   cu re ,  higher  589 K 
(600OF) l a p  shear s t r e n g t h s   u s u a l l y   o c c u r  w i t h  lower R.T. s t r e n g t h s .  
Bond s t rengths   above  6.89 MPa (1000 p s i )  a t  589 K are obta ined  when 
bonding a t  700 K ( 8 0 0 ~ ~ )  only  when a vent ing   (pos t   cure)   t ime of a t  
least  10 minutes i s  used.  (See  Samples 97,  98, and 99, Table X I V . )  
Use of lower  pressures  (Sample 100) o r  p re s su res   ove r  6.89 ma 
(1000 p s i )  (Sample 101) d o   n o t   r e s u l t  i n  improved  bond s t r e n g t h s .  
It appears  that  adhes ive   p repreg   having  -2% v o l a t i l e s  has border  
l i n e   r e s i n  flow a t  the  temperatures  used as s e v e r a l   o f   t h e   l a p  
shear bonds  exhibi ted  incomplete   bonding.  

When time p e r m i t s ,   f u r t h e r   e v a l u a t i o n  of bonding a t  high 
temperatures   and  pressures   should  be made u s ing  the  commercial 
NR-150B2G composition as w e l l  as Composition D (Sec t ion  4 .2) .  
The effect   of   bonding w i t h  and  without the use of a glass c l o t h  
scrim  and the e f f ec t   o f   o the r   t i t an ium  su r face   t r ea tmen t s   shou ld  
be e v a l u a t e d .  
4.7 WIDE AREA BONDING 

The work reported  above  on  bonding  t i tanium  lap shear 
samples  using NR-150 a d h e s i v e   s o l u t i o n s  based on NMP i n d i c a t e d  
t h a t  t h i s  adhesive  system would be u n s a t i s f a c t o r y   f o r   p r e p a r i n g  
wide  area bonds. The unsolved  problem  associated w i t h  the 
removal of the las t  traces o f   v o l a t i l e s   i n  t h e  p r e p a r a t i o n  of 
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TABLE XV. 
G!IDE AREA BOPDING OF TITANIUbI 

IJSING  hPlP  BA7ED KR-150 ADHESIVE  SOLUTIONS 

.1524 m x .1524 111 (6" x 6") 6/4 t i t a n i u n   p a n e l s  
Bonded us ing   adhes ive   Cornpos i t i on  D c o n t a i n i n g  55 w t .  f a1uminul:l powder 

S t r e n g t h   o f  Lap Shear   Adhes ive  Bond Line 
Adhesive  Adhesive( ' )   Saxple   Taken From Cente r   Onse t  

P r e p r e g  Bond Line of  Eond  Teclp. Tg 
Sample  Thick TU Thickness  a R.T. @ 583 K F a i l u r e  IC IC 

# mm (Mils) V o l a t i l e s  mm (Xils) MPa ( p s i )  MPa ( p s i )  Mode _(OF) (OF) 
A - 352 9.0 .752 14.00 Cohes ive  545  545 

(14.0) (30.2) (2031)  (523)  (523) 

(26.5) (16321 (500) (52 ) 
C 0 165 6.4 .280  9.23 Cohes ive  , 551 

( 5.5) (11.C) (1118) 2) 
D .300 8.0 * 749  13.75 Cohes ive  548 573 

(12.0)  (29.5) (1994) (527)  (572) 

B 3.0 .E73 11.25 Cohes ive  533 54% 

The fol lowing  sat ; lple  was p o s t   c u r e d  ir, a i r  85.4 Ks (24 h o u r s )  
473 K (392'~)  646 K (685"~) 

E .300  8.0  597  6.46 6. 50(2) Cohes ive  568  583 
(12 .o) (23.5) ( 937)  (942)  (563) (590) 

A f t e r  
Post   Cure 

(25.5) 
.648 

Measured i n   c e n t e r   o f   s a n d w i c h   p a n e l  
Measured  on sarnple a b o u t  50.5 n1n1 (2") from edge 
Measured a f t e r   p o s t   c u r e  

Bonding  CDndit ions:   Heat   under  f u l l  vacuu,;1 a t  2.2 K R.T. t o  589 K (600°F') 
Apply 1.3 MPa (200  p s i )  a t  473 K 
Hold 1/2 h o w  a t  559 K, f u l l  
F s s t   c u r e  1 hour  589 K f u l l  vacuurri o n l y  
Cool t o  3.T. IJnder f u l l  vaclJ.urn 



standard  12.7 mm (1/2 inch )  x 25.4 mm (1 i n c h )   l a p  shear bonds 
would be e v e n  more d i f f i c u l t  t o  so lve   on   p repa r ing   t i t an ium 
bonded  sandwich p a n e l s  up t o  .254 m x .254 rn (10 i nches  x 10 
i n c h e s ) .  A s  the  c o n t r a c t  w i th  NASA r equ i r ed  t h e  d e l i v e r y  of  two 
wide area bonded panels   using  t i tanium  adherends,   the   bonding of 
wide  a r e a s  was eva lua ted .  
4.7.1 Bonding Us ing  a Press  

Five  wide area ( ~ 5 2 4  m x .1524 m; 6" x 6") 6/4 t i t a n i u m  
panels  were  bonded  under s i m u l a t e d  au toc lave   cond i t ions   u s ing  a 
vacuum bag i n  a p r e s s .  The t i t a n i u m  surfaces were  etched  and 
primed  using the  procedure  in   Appendix A and  Appendix B, P a r t  11. 
The adhes ive   p repreg  was p r e p a r e d  us ing   the   p rocedure   in   Appendix  
D us ing  t h e  adhes ive  solut ion  Composi t ion D (Section  4.2)  con- 
t a i n i n g  65 w t .  $ aluminum  powder f i l l e r .  One w i d e  area bond was 
made us ing  a th inner   adhes ive   p repreg   prepared   us ing  a s i n g l e  
c o a t i n g   p r o c e s s  similar t o  t ha t  d e s c r i b e d   i n   S e c t i o n  3.1. A l l  
f i v e  w i d e  area bonds  were made u s ing  t h e  procedure a t  the bottom 
of  Table XV. 

Conclusions  based  on  the  bonding  of  .1524 m x ;1524 m (6" x 
6")  t i t an ium  pane l s   u s ing  a vacuum bag i n  a p r e s s  as summarized 
i n  Table XV are as fo l lows :  

(1) I n  a l l  c a s e s ,   t h e  bond s t r e n g t h s  (a t  room temperature)  
of l a p  shear  samples  cut  from the c e n t e r   o f   t h e  bonded  panel 
a r e  low. For  example, bond s t r eng ths   o f   9 .23  MPa (1338 p s i )   t o  
14.00 MPa ( 2 0 3 1   p s i )  were obtained  vs   over   20.69 MPa (3000 p s i )  
for convent iona l   l ap   shear   samples   us ing  the same adhesive 
system. 

(2) The f a i l u r e  mode of a l l  samples  from the  wide area 
bonds i s  cohesive w i t h i n  t he   adhes ive   l aye r .  This  i s  t o  be 
con t r a s t ed  w i t h  f a i lu re   be tween   t he   me ta l   subs t r a t e   and  the  
a d h e s i v e   l a y e r  f o r  convent iona l  l a p  shear samples. 

(3) The bond l ines   p roduced  i n  the  c e n t e r  of t h e  w i d e  area 
bonds a re   abnormal ly  t h i c k  (m.762 mm, 30 mil s )   u s ing   p rep reg  
.3O5-. 356 mm (12-14 mils) t h i c k  which  produces . l27-.2O3 m 
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(5-8 mils) bond l i n e s   i n   c o n v e n t i o n a l   l a p  shear samples. 
These   r e su l t s   can   on ly  be explained  by  the  entrapment  of 

v o l a t i l e s   i n   t h e   c e n t e r  of the wide  area bond producing a swollen 
porous weak bond. 

(4) Use of a t h i n n e r   l o w e r   v o l a t i l e   p r e p r e g  (Sample C, 
Table X V ) ,  a l though  producing a t h i n n e r  bond l i n e ,   d o e s   n o t   g i v e  
improved  bond s t r e n g t h s   i n  the c e n t e r  of a wide a r e a  bond. 

(5)   Pos t   cur ing  a wide area bonded p a n e l   i n  a i r  (Sample E, 
Table X V )  does  not  improve the  R.T. bond s t r e n g t h   a n d ,   i n   f a c t ,  
l owers   t he   s t r eng th .  The pos t   cure   a l so   does   no t   p roduce  589 K 
bond s t r e n g t h s   e q u a l   t o  that r e su l t i ng   f rom  pos t   cu r ing   conven-  
t i o n a l  l a p  shear samples. 

(6)  TYA a n a l y s i s   o f  the c e n t e r   s e c t i o n   o f   t h e  wide  area 
bonds   i nd ica t e s  that  the Tg o f   t h e   a d h e s i v e   r e s i n   i n  the bond 
l i n e  (545 K t o  572 K) i s  well  below the  589 K temperature  
d e s i r e d .  Even a f t e r  a pos t   cu re  up t o  646 K ( 6 8 5 " ~ ) ,  t he  Tg of 
the a d h e s i v e   i n  t h e  c e n t e r   o f  t he  bond l i n e  i s  s t i l l  below the 
desired l e v e l .  
4.7.2 Autoclave  Bondin6 

The work bonding .1524 m x .1524 m (6" x 6") t i t an ium  pane l s  
i n d i c a t e d  that accep tab le  bond s t r eng ths   can   p robab ly  be  obtained 
if a t  a l l  on ly   us ing   long   bonding   cyc les  a t  tempera tures   wel l  
above 589 K. As time c o n s t r a i n t s  i n  t h e  NASA cont rac t   p revented  
f u r t h e r   i n v e s t i g a t i o n   u s i n g  the  p r e s s ,  w ide  area .254 rn x .254 rn 
( l o "  x 10") bonded t i t a n i u m   p a n e l s  were then p r e p a r e d  i n  a 
au toc lave .  

Two .254 m x .254 m (lo" x 10") t i t a n i u m  bonded pane l s  were 
prepared   us ing  a small au toc lave  a t  Rockwell   Internat ional ,   Space 
Div i s ion ,  Downey, C a l i f o r n i a .  The t i t a n i u m   p a n e l s  were etched 
and  primed as ind ica t ed   i n   Append ix  A and  Appendix B, P a r t  11. 
Both  panels  were bonded us ing  the  fol lowing  bonding  condi t ions:  
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(a)  Heat from R.T. t o  461 K (370°F) a t  .033 K/second 
(5'F/min.) u n d e r   f u l l  vacuum. 

(320°F) t o  480 K (405OF). 

vacuum, 1.38 MPa (200 p s i ) . ,  

(b) Apply 1.38 MPa (200 p s i )  over  54 K s  (15 mins.)  from 461 K 

(c )   Heat   to  589 K (600°F) a t  .033 K/second  (5"F/min.) f u l l  

( d )  Bond 3.6 K s  (1 hour) a t  589 K f u l l  vacuum a r l d . 1 . 3 8  MPa 
(200 p s i ) .  

( e )  Cool t a  339 K (150°F)  under f u l l  vacuum and 1.38 MPa 
(200 p s i ) .  

One pane l  was bonded us ing   p rep reg  based on   adhes ive   so lu t ion  
Composition D ( S e c t i o n  4.2) c o n t a i n i n g  65 w t .  $ aluminum  powder 
f i l l e r   p r e p a r e d   u s i n g  t h e  procedure   in   Appendix  D which  produced 
p rep reg  .279 mm (11 mils) t h i c k  w i t h  a 9.3% v o l a t i l e   c o n t e n t .  A 
l a p  shear sample  cut   out   of  t h e  c e n t e r  of the  p a n e l  had a 7.66 MPa 
(1109 p s i )  R.T. bond s t r e n g t h   e x h i b i t i n g   c o h e s i v e   f a i l u r e   a n d  a 
bond l i n e   a d h e s i v e   r e s i n  Tg of 517 K (468°F). 

The R.T. bond s t rEng th   and   r e s in  Tg from t h e  c e n t e r  of t h i s  
.254 m x .254 m (lo" x 10") pane l   a r e   l ower   t han   t hose   ob ta ined  
from  the .1524 m x .1524 m (6" x 6")  pankls   probably  because of 
t h e   g r e a t e r   d i s t a n c e   r e q u i r e d  f a r  t h e   v o l a t i l e s   t o   d i f f u s e   f r o m  
t h e  c e n t e r  of t h e  pane l .  

A second .254 m x .254 m (lo" x 10") au toc lave  bonded pane l  
was bonded w i t h  t h i n n e r  (.203 m, 8 mils) l o w e r   v o l a t i l e  (5.5%) 
sdhesive  prepreg  based  on t h e  same a d h e s i v e   s o l u t i o n  as i n  t h e  
f i r s t  pane l .  

Although t h e  same bonding   condi t ions  were used as the  f i r s t  
pane l ,   t he   adhes ive  bond was of   such poor q u a l i t y   t h a t   t h e   b o n d s  
delaminated  on  cut t ing a l a p  shear  sample fram t h e  c e n t e r  of t h e  

bonded area.  Fa i lu re   occu r red  between the   p r imed  sur face  and t h e  
a d h e s i v e   p r e p r e g   i n d i c a t i n g   i n s u f f i c i e n t   a d h e s i v e   r e s i n   f l o w .  
4.7.3 Conclusions 

It i s  u n l i k e l y  t h a t  w i d e  area bonds   us ing   t i t an ium 
adherends a n d  adhes ives  based on NR-150 s o l u t i o n s   c o n t a i n i n g  NMP 
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can be produced w i t h  accep tab le  bond s t r e n g t h s .  The prepreg  
v o l a t i l e   l e v e l s   r e q u i r e d   t o   g l v e  good r e s in   f l ow  and ,  therefDre, 
good bond ing   r e su l t  i n  high  void,  weak bonds. The dis tance  f rom 
t h e   c e n t e r   o f  the pane l   t o   t he   edge  i s  t o o   l o n g   f o r   t h e   v o l a t i l e s  
t o   d i f f u s e   o u t   i n  a reasonable  t ime a t  the  temperature  used f o r  
bonding. 

Two bonded pane l s  .254 m x .254 m (lo" x 10") wide  were 
prepared i n  t he  au toc lave   u s ing  6/4 ti tanium  adherends  and  adhe- 
s ive  prepreg  based  on NR-150 adhesive  sDlution  Composition D 
con ta in ing  65 w t .  % aluminum powder f i l l e r  f o r   d e l i v e r y  t o  NASA. 



5- ADHESIVE SOLUTIONS BASED ON DIGLYME 
From t h e  work r e p o r t e d   i n   S e c t i o n  4, i t  can be concluded that 

i t  i s  e x t r e m e l y   d i f f i c u l t   t o   o b t a i n   a c c e p t a b l e  R.T. and 589 K 
(600'F) l a p  shear bonds: u s ing  t i t a n i u m  adherends  and NR-150 
adhes ive   so lu t ians   based   on  NMP s o l v e n t .  A s  the   p resence  of even 
E m a l l  (<0.25$) amounts  of NMP i n  NR-150 resins  s i g n i f i c a n t l y  
reduces the  polymer Tg, the d i f f i c u l t y   i n  removing t h e  last 
t r a c e s  of NMP may be t h e  cause of the  problem. The bes t  combina- 
t i o n   o f  lap shear s t r eng ths   ob ta ined  wi th  NR-150 a d h e s i v e   s o l u t i o n s  
based  on NMP a r e  11.72 MPa (1700 p s i )  a t  R.T. and 9.65 MPa (1400 
p s i )  a t  589 K (600OF). T h e s e   s t r e n g t h   l e v e l s  are  well  below  the 
20.69 MPa (3000 p s i )  a t  R.T. and 13.79 MPa (2000 p s i )   l e v e l s  
d e s i r e d  by NASA. Higher l e v e l s  have been obtained a t  R.T. bu t  
w i t h  much lower   l eve l s  a t  589 K a n d  h ighe r   l eve l s   have  been 
obta ined  a t  589 K, bu t   on ly   u s ing   an   imprac t i ca l   pos t   cu re  with 
t h e  bond l i n e  u n d e r  p re s su re .  

One  way of   avoiding  the  problems  associated w i t h  NMP i s  t o  
r e p l a c e  i t  w i t h  a n o t h e r   s o l v e n t .  One solvent  suggested  by NASA 
pe r sonne l  as a good c a n d i d a t e   t o   r e p l a c e  NMP i s  diglyme. A qu ick  
exper iment   ind ica ted  t ha t  the monomers used i n  NR-150 adhes ive  
s o l u t i o n s  were  soluble i n  diglyme.  Adhesive  prepreg was, there- 
fo re ,   p repa red   f rom  so lu t ions  based on  diglyme and  e v a l u a t e d   i n  
lap   shear   samples .  A r e p o r t  of t h i s  work fo l lows .  
5.1 PRELIMINARY EVALUATION 

A d h e s i v e   s o l u t i o n s   u s i n g   t h r e e   d i f f e r e n t  NR-150 compositions 
were prepared u s i n g  diglyme as t h e  s o l v e n t  as i n d i c a t e d  i n  Table 
XVI. 
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TABI.3 XVI 
CANDIDATE ADHESIVE  COMPOSITIONS 

BASED ON DIGLYME SOLVENT 

S o l u t i o n  
Solut ion  Composi t ion Tg of 

Des igna t ion  48 W t .  $ i n  Diglyme  Molding 
E 1:l 6FTA:diamine 605 K (630°F) 

F 1:l 6FTA:diamine 617 K ( 6 5 2 " ~ )  

G 1:l 6FTA:diamine 633 K (680OF) 

60/40 PPD/ODA 

7 5/2 5 PPD/ODA 

95/5 PPD/MPD 

I n   t h e   i n i t i a l   e x p e r i m e n t s ,   t i t a n i u m   l a p   s h e a r   c o u p o n s  were 
bonded us ing   prepreg  based on   Solu t ion  E ,  Table XVI, con ta in ing  
65 w t .  ;;6 aluminum  powder. For t h i s  e v a l u a t i o n ,  the t i t a n i u m  
su r face  was etched  using the procedure  in  Appendix A and  primed 
w i t h i n  1.8 Ks (1/2 hour) a f t e r  e t c h i n g   u s i n g  a procedure similar 
t o  t h a t  i n  Appendix E,  S teps  2-5. The adhesive  prepreg was 
prepared u s i n g  the  procedure i n  Appendix F. The lower   bo i l i ng  
point  of  diglyme (435 K ,  324OF) as compared t o  NMP (477 K, 400°F) 
r e q u i r e s  some process  changes.  

For example, t h i s  d i f f e r e n c e   r e q u i r e s   t h e   w e  of lower 
tempera tures   dur ing   the  i n i t i a l  s t a g e s  of "B" s t a g i n g   t o   p r e v e n t  
foaming  of the res in   caused   by  the  nore   rap id   evolu t ion   of  t he  
s o l v e n t .  

The r e s u l t s   o f   t e s t s   o n   t h e   i n i t i a l   l a p  shear bonds made 
us ing   d ig lyme  so lu t ion  are g i v e n   i n  Table XVII. Although the 
adhesive prepreg  has not  been  optimized as i n d i c a t e d  by the 
t h i c k e r   t h a n   d e s i r e d  bond l i n e s ,  i t  i s  apparent  that a s i g n i f i c a n t  
improvement i n   t h e  bond s t r e n g t h s  a t  both  R.T. and 589 K has been 
achieved   over   the   bee t   ob ta ined   us ing  NMP s o l u t i o n s .  

Although R.T. l a p  s h e a r  strerlgths above  20.69 MPa (3000 p s i )  
have  readi ly   been  achieved  using NMP solu t ions   and  589 K (600°F) 
l a p  shear s t rengths  of  over  10.34 MPa (1500 p s i )  have  been 
obta ined   prev ious ly ,  t h i s  i s  the  f i r s t  i n s t a n c e   d u r i n g  the work 
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TABU X V I I  . 
LAP  SHEAR  STFUNGTHS  OF TITANIUM 

BONDED WITH NR-150 ADHESIVE BASED ON DIGLYME SOLUTION 

Bond Line Lap S h e a r   S t r e n g t h s  
Thickness  a R.T. e 589 K 

Post  Cure MPa MPi F a i l u r e  
Sample  Conditions Mod e 

102 None .292 24.14 Not Cohesive 

103 None .292 22.02 12.09 Cohesive 

104  140.4 Ks 305 16.89 12.29 Cohesive 

(11 5) (3509) Tested 

(11.5)  (3204)  (1753) 

39 Hour i n  A i r  (12 .o) (2540)  (1855) 
Free   S t and ing  
427K+662K 

(309OF) 7 (732 OF) 

(1) Bonding  Condi t ions:  R.T. 589K(600°F) a t  .033 K/sec. ( 'F/min.) under 
f u l l  vacuum 1.38 MPa (200 p s i )   t h e n  1.8 Ks (1/2 hour?  bonding f u l l  
vacuum, 1.36 MPa (200 p s i )  a t  589 K (600'F) and 3.6 Ks (1 h o u r j   p o s t  
c u r e ,   f u l l  vacuum, ze ro  p r e s s u r e  a t  589 K (600'F) 

S t y l e  E glass I- 21 f i n i s h  
(2) Prepreg:  .33 mm Ll3 mils) t h i c k ;  8-976 v o l a t i l e s ;   s c r i m   c l o t h :  112-38 



on t h i s  c o n t r a c t  that such  high bond s t rengths   have   been  
obta ined   s imul taneous ly  a t  both  temperatures ,  e.g. , 22.02 MPa 
(3204 p s i )  a t  R.T. and 12.03 MPa (1753 p s i )  a t  589 K. It i s  a l l  
t h e  more s i g n i f t c a n t  t h a t  these high  values   have  been  obtained a t  
589 K without  a pos t   cure .  

Pos t   cu r ing  up t o  662 K (732OF) samples bonded us ing   prepreg  
based on  diglyme  solut ions  causes  a s l i g h t   i n c r e a s e   i n  589 K lap 
s h e a r   s t r e n g t h  and a d e c r e a s e   i n  t h e  R.T. lap s h e a r   s t r e n g t h  
(Sample 104, Table XVII). Although t h i s  e f f e c t   o f   p o s t   c u r i n g  i s  
similar t o  t h a t  found  with  samples  bonded w i t h  prepreg  from 'NMP 
s o l u t i o n s ,  t h e  4 1/2$ swel l ing   o f  t h e  bond l i n e  i s  s i g n i f i c a n t l y  
lower with   d ig lyme  so lu t ions .  

The r e s u l t s   i n d i c a t e  tha t ,  as p rev ious ly  s ta ted,  t h e  major 
f a c t o r   p r e v e n t i n g  t h e  a t t a inmen t  of high 589 K l a p  s h e a r   s t r e n g t h s  
us ing   adhes ives  based on NMP s o l u t i o n s  has been t h e  d i f f i c u l t y  i n  
removing  the las t  t r a c e s   o f  NMP from the  bond l i n e .  By r e p l a c i n g  
NMP w i t h  diglyme h a v i n g  a lower   bo i l i ng   t empera tu re ,   be ing  a less  
p o l a r  and  a more l inear   molecule ,   the   d i f fus ion   th rough  and  
v o l a t i l i z a t i o n   o f  t h e  so lven t   ou t   o f   t he   adhes ive   r e s in  i s  more 
readi ly   accompl ished .  
5.2 EFFECT OF ADHESIVE COMPOSITION 

The next   experiments   using  t i tanium  adherends  were made t o  
c o n f i r m   t h e   i n i t i a l   r e s u l t s  and  t=, inves t iga t e   bond ing   u s ing   t he  
o t h e r  two compositions l i s t ed  i n  Table X V I .  The r e s u l t s  of  these 
experiments  are g iven  i n  Table X V I I I ,  which i s  d i v i d e d  i n t o   t h r e e  
s e c t i o n s .   I n  t h e  t o p   s e c t i o n   o f  the  table , l a p   s h e a r   s t r e n g t h s  of 
bonds made us ing   p rep reg   hav ing   va r ious   vo la t i l e   con ten t s   u s ing  
Composition E, Table XVI, a r e   g i v e n ,  and l a p  shear s t r e n g t h s   o f  
bonds  from  prepreg based on  solut ion  Composi t ions F and  G, Table 
XVI, are g i v e n   i n   t h e   f o l l o w i n g   s e c t i o n s .  None of   the  lap shear 
samples  have  been  post   cured.  In  most cases, t h e  l a p  s h e a r  
s t r e n g t h s   r e p o r t e d  are a n  average  of two samples, w i t h  bo th   va lues  
ind ica ted   undernea th  the average.  
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TABLE XVIII. 
LAP SHEAR STRENGTHS OF TITANIUM  BONDED WITH 

EXPERIMENTAL  NR-150 ADHESIVES EASED O N  DIGLYME 

Adhesive  Resin a t  
Adhesive  Composition  Prepreg Bond Line 

Mole Powder mm Vo la t i l e s  
Aluminum Thick  Thick 

Sample Diamines Ratio $ (Mils) $ Flow (MY%) 
105 PPD/ODA* 60/40  65.  .38 8.1 Sl igh t  

(15) (10 1/21 
.267 

106 I 1  I 1  I1  .254 10.0 Good 
( 10) 

(15) 

.127 
( 5) 

107 I t  I1 I 1  .38 11.8 Excessive 

Lap Shear  Strength 
@, R.T. a589 K 600” 

MPa ( p s i )  MPa p s i )  
F) 

(RanRe i n   p s i )  (Range i n  psi) Fa i lu re  Mode 
24.96  (3620) 4.10 ( 45) 50% adhesive a t  R.T. 

(479-7117  adhesive a t  589 K 

20.26  (2939) 6.54  949) Adhesive a t  R.T. 
(2773-3104) (267-1 6 31) Adhesive t o  cohesive a t  589 K 

20.08  (2912) 11.55  (167 ) Adhesive a t  R.T. 
(2799-3025)  (1373-19767 More or less   cohes ive  a t  589 K 

108 

109 PPD/ODA 75/25  65. 

11 I 1  11 .38  9.2 
(15) 

) 7.69  (1116) 80% cohesive a t  R.T. 
(1105-1127) 50% cohesive a t  589 K 

Good ( 3 1/2) (2457-$605)) (1327-hO71) ) 20% cohesive a t  589 K 
10.5  Sl ight  .OS9 17.45  2531  11.72  1700  Adhesive a t  R.T. 

110 

111 PPD/MPD* 95/5 60. .29 11.9 Good .140 8.01 (1 170) 50 cohesive a t  R.T. 

I 1  I1 I1 .38  12.5 Excessive 
(15) ( ifo2 

) 14.12 (2048) Adhesive a t  R.T. 
(2016-2080) 80% cohesive a t  589 K 

302  cohesive a t  589 K (11 1/21 ( 5 1/21 
112 I 1   I 1  11 .38 12.2 

(15) 
Excessive .114 10.14 (1471)  6.58 ( 995)  Adhesive a t  R.T. 

( 4 1/2) (1372-1569)  (865-1042) 80% adhesive a t  589 K 
Bonding conditions  using a press :  2 K/min.;  R.T. t o  589 K 600°F under f u l l  vacuum and  1.38 MPa 200 p s i ) ;  

1 hour a t  589 K, full vaLuum, 1.38 MPa (200 ps i ) ;   t hen  1 hour a i  589 K, 
f u l l  vacuum only. 

*PPD: paraphenylenediamine 

MPD: metaphenylenediamine 
ODA: oxydianiline 



A summary of the r e s u l t s   p r e s e n t e d   i n  t h i s  t a b l e  i s  as 
fo l lows  : 

( a )  The i n i t i a l  l a p  shear s t r e n g t h $   r e p o r t e d   i n  Table ~ 1 1  
are confirmed  by the data i n  t h i s  tab le .   Us ing   the   adhes ive  
composi t ion  containing a 60/40 mole r a t i o  of PPD/ODA (adhesive 
Composition E, Table X V I ) ,  l a p  shear s t rengths  of c l o s e  t o  20.69 
MPa (3000 p s i )  a t  R.T. and almost 11.72 MPa (1700 p s i )  a t  589 K 
are obtained (Sample 107, Table 18). 

(b)   Using  an  adhesive  composi t ion  containing a 75/25 mole 
r a t i o  of PPD/ODA (adhesive  Composition F, Table XVI),  which gives  
a higher we l l - cu red   r e s in  Tg as compared t o  Composition E ( see  
Figure l), 589 K l a p  shear s t r eng ths  of 13.79 MPa (2000 p s i )  are 
obtained  (Samples 109 and 110, Table  XVIII). 

adhesive  Composition F (17.24 MPa, 2500 p s i )  are below that obta ined  
w i t h  adhesive  Composition E and ,   t he re fo re ,  below the  20.69 MPa 
(3000 p s i )   l e v e l  des i red  by NASA (Samples 109 and 110, Table XVIII). 

G (Table X V I ) ,  the   diglyme  counterpar t  of t he  commercial NR-150B2G 
adhes ive   so lu t ion ,   does   no t   p roduce  as high bond s t r e n g t h   l e v e l s  as 
the o ther   composi t ions  a t  e i t h e r  R.T. or 589 K (Samples 111 and  112, 
Table X V I I I )  . 

( c )  The R.T. l a p  shear s t r e n g t h   l e v e l s  of bonds  produced w i t h  

(d)  Bonding w i t h  prepreg  f rom  adhesive  solut ion  Composi t ion 

B e t t e r   c o n t r o l  of the bond l i n e  thickness   and  use  of  a n  a i r  
p o s t  cure should  produce  improved  lap shear s t r eng th  l e v e l s  a t  both  
R.T. and 589 K. 
5 . 3  EFFECT OF POST CURING 

A s  t h e  bond s t rengths  of t i t an ium  l ap   shea r   s amples  bonded 
w i t h  adhes ive   p repreg  made from NR-150 adhes ive   so lu t ions  based on 
diglyme  solvent  were so c l o s e   t o  the  g o a l   l e v e l s  a t  both  temperatures ,  
a s imple   i so thermal   pos t   cure  was i n v e s t i g a t e d  as a way t o  upgrade 
the bond s t r e n g t h s   t o  the goa l  l eve ls .  Etched and  primed  t i tanium 
coupons  were  bonded  using  two  different  adhesive  compositions  then 
pos t   cured  f r ee  s t a n d i n g   o v e r n i g h t   i n  589 K (600'F) a i r .  
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The r e s u l t s   o f  t h i s  e v a l u a t i o n   u s i n g   a d h e s i v e   p r e p r e g  based 
on  solut ion  Composi t ions E and F, Table XVI, i s  g i v e n   i n   T a b l e  
X I X  and  summarized as fo l lows :  

(a) The R.T. and 589 K l a p  shear bond s t rength  g o a l   l e v e l s  
desired by NASA are met on   pos t   cu r ing  a t  589 K l a p   s h e a r  
samples bonded us ing   adhes ive   so lu t ion   Composi t ion  F (Samples 
117 a n d  118, Table X I X ) .  R.T. bond s t rengths   o f   22 .06  MPa (3250 
p s i )  t o   24 .13  MPa (3500  ps i )  and  589 K bond s t r e n g t h s  of 14.13 
MPa (2050 p s i )  t o  15.51 MPa (2250 p s i )  have been obtained  which 
a r e  above the NASA g o a l   l e v e l s   o f  20.69 MPa (3000  psi)   and 13.79 
14Pa (2000 p s i ) .  

( b )  Pos t   cu r ing  l a p  shear  samples  bonded  using  adhesive 
CompositiDn E d o e s   n o t   r e s u l t   i n  bond s t r e n g t h s  a t  the goa l  
leve ls   (Samples  114 and 115, Table XIX). I n   f a c t ,   p o s t   c u r i n g  
reduces  the R.T. bond s t rengths   f rom a value  above  the NASA g o a l  
l e v e l   t o  a value  below  the  goal  level  (compare Sample 113 wi th  
Samples 114 and 115, Table X I X ) .  

(c)   Although a post  cure  improves the  589 K l a p   s h e a r  
s t rength   o f   bonds  made using  Composition E, t he  NASA g o a l   l e v e l  of 
13.79 MPa (2000 p s i )  ie n o t   a t t a i n e d .  

( d )  The h ighes t  l a p  shear va lues  are obtained when l a p  shear 
f a i l u r e   o c c u r s   c o h e s i v e l y  w i t h i n  t he  bond l i n e   a d h e s i v e   l a y e r .  
The g r e a t e r   t h e   c o n t r i b u t i o n   o f   f a i l u r e   b e t w e e n   t h e   s u b s t r a t e  and  
the   adhes ive  bond l i n e  the  lower  the bond s t rength .  

From t h e   a b o v e   r e s u l t s ,  i t  i s  concluded t h a t  t h e   p r e f e r r e d  
adhes ive   so lu t ion   composi t ion   for   bonding  6/4 t i t a n i u m  a l l o y  i s  
Composition F, Table X V I ,  a 1: .75: .25 mole r a t i o   o f  6FTA:PPD:ODA, 
48 w t .  % c u r e d   r e s i n   s o l i d s  i n  diglynle ,   containing 65 w t .  $ 
aluminum  powder  (Reynolds  Grade 1-131 a tomized)   f i l l e r   (based   on  
t o t a l   c u r e d   s o l i d s ) .  This s o l u t i o n  i s  used   to   bo th   p r ime  the  
adherend  surface and  to   p repa re   adhes ive   p rep reg .  The l a p  shea r  
samples a r e  bonded us ing   au toc lave   cDndi t ions  a t  589 K and pos t  
cured f o r  57.6 KE (16 hours)  a t  589 K. The s p e c i f i c   p r o c e s s e s  
used   t o   p repa re  l a p  shear   samples   us ing   t i t an ium  adherends  are 
given i n  Appendices A, E, F, and G a t tached t o  t h i s  r e p o r t .  
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TABLE XIX 
EFFECT  OF  POST  CURING ON LAP SHEAR  STRENGTHS OF TITANIUM  BONDED 

WITH  DIGLYME BASED ADHESIVES 

Adhesive 
Adhesive  Prepreg Bond Line in  Air  Lap  Shear  Strength 

Resin at Post  Cure 

Com osition Thick -* mm Volatiles 
Thick Temp. @ R.T. @ 589 K (600OF)' 

mm Time K MPa  (psi)  MPa  (psi) 
Sample' Ratio (Mils) % Flow  Mils  Hours (OF) (Range in psi) (Range  in psi) Failure  Mode 

113 60/40  .38 9.3 Good .17-.20 None 21.59(3131)  5.44( 789) 50% adhesive 
(Comp. E) (15) (6.5-8.0) (3023-3238) ( 785- 793)  at R.T. and 589 K 

114 I, .41  9.6 Excessive .14-.19 16 589 18.53(2687) 8.54(1238) 75%  adhesive 
(16) (5.5-7.5) (600) (2504-2859) ( 966-1510) at R.T. and 589 K 

115 II .23  9.9 Slight to .lo-.13 16 589 17.28(2502) 11.05(1602) 80% adhesive  at R.T. 
( 9) Good (4.0-5.0) (600) (2098-2906) (1558-1646) 60% cohesive  at 589 K 

~~ ~ ~~ 

116 75/25  .38  12.6 Excessive .08-.10 None 17.78(2578) 10.11(1460) 100%  adhesive  at R.T. 
(Comp. F) (15) (3.0-4.0) (2530-2626) (1203-1729) 75%  adhesive  at 589 K 

~~~~ ~~~~ ~ ~~ ~~ 

117 ,I .38 
(15) 

12.7 Excessive .ll  16 589 24.18 (3507) 15.55 (2255) 100%  cohesive 

.20 
( 8 )  

10.6 Good .11-.13 16 589 22.39(3248) 14.23(2064) 90%  cohesive 

(4.5) (600) (3303-3712) (2208-2301) at R.T. and 589 K 

118 n 

(4.5-5.0) (600) (3225-3272) (2001-2128) at R.T. and 589 K 

Adhesive Composition: 1:l 6FTA*:diamine;  PPD/ODA ratio  as indicated; 48% cured resin in diglyme; 

Bonding Conditions: 2K/minute under full vacuum, 1.38 MPa (200 psi); Bond one hour at 589 K (6OOOF) 
65% aluminum powder based on total cured solids. 

full vacuum, 1.38 MPa (200 psi); Hold one hour at 589 K (200 psi) full vacuum only; 
Cool  under full vacuum only. 
*6FTA: 2,2 Bis(3',4'-Dicarboxyphenyl)hexafluoropropane 
PPD: Paraphenylenediamine 
ODA: Oxydianiline 



6.  COMPARISON' OF NMP AND DIGLYME SOLUTIONS 
The replacement   of   the  NMP (N-methylpyrrolidone)  solvent 

w i t h  d i g l y m e   ( d i m e t h y l   e t h e r   o f   d i e t h y l e n e   g l y c o l )   i n  NR-150 
adhesive s o l u t i o n s   r e s u l t s   i n  a dramatic  improvement i n  the  
p r o c e s s i b i l i t y   o f   t h e   a d h e s i v e  as wel l  as improvement i n  the l a p  
shear s t rengths   us ing   t i t an ium  adherends .   Compar ison  of the  l a p  
shear s t rengths   ob ta ined   on   bonding   t i t an ium with adhesive so lu-  
t i o n s   w h i c h   d i f f e r   o n l y   i n  the s o l v e n t   u s i n g  similar bonding 
c o n d i t i o n s  i s  made i n  Table XX. S imula ted   au toc lave   condi t ions  
were  used  with  both adhesive systems,  bonding a t  589 K (600'F) 
and 1.38 MPa (200 p s i )  w i t h  a vacuum bag i n  a p r e s s .  The bonded 
samples were then   pos t   cured  57.6 Ks (16 hours)  a t  589 K (600'F). 

The l a p  shear s t rengths   of   the   samples   bonded  using NMP 
s o l u t i m s  (see Samples 68-69, Table X I )  are lower  than  those 
bonded  using  diglyme  solutions  and are lower   than   the  NASA g o a l  
l e v e l s  - 20.69 MPa (3000 p s i )  a t  R.T. and 13.79 MPa (2000 p s i )  
a t  589 K ( 6 0 0 ' ~ ) .  Higher l a p  shear s t r e n g t h s   t h a n   t h o s e   i n d i c a t e d  
i n  Table XX have been   ob ta ined   u s ing   o the r  NMP based adhes ive  
compositions.  However, w i t h  the o ther   composi t ions ,   condi t ions  
which gave good R.T. l a p  shear s t r e n g t h s   r e s u l t   i n   p o o r  589 K 
s t r eng ths ,  and  conditions  which  gave good 589 K s t r e n g t h s   r e s u l t  
i n   p o o r e r  R.T. s t rengths .   Only  the  l a p  shear samples  prepared 
from adhesive  prepreg  basedl   on  diglyme  solut ions  exceed  the NASA 
g o a l   l e v e l  bond s t rengths  a t  both  R.T. and 589 K (600'F). 

Optical   examinat ion  of  the  su r faces   o f  the  f a i l e d  l a p   s h e a r  
samples   a l so  shows d i f f e r e n c e s   i n  the bonds made us ing   adhes ives  
based  on t h e  two s o l v e n t s .  The sur faces   f rom  samples   t es ted  a t  
R.T. and 589 K (600'F) a r e  shown i n   F i g u r e s  14 and  15, respec-  
t ively.   These  samples  were bonded w i t h  adhesive  compositions 
con ta in ing  a 60/40 PPD/ODA mixture   us ing   s imula ted   au toc lave  
conditiDns,   bonding a t  589 K (600'F) a t  200 psi wi thou t   an  a i r  
pos t   cu re .  
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TABLE XX. 
EFFECT OF SOLVENT USED I N  ADHESIVE SOLUTION 

ON BOND STRENGTHS OF TITANIUM BONDED WITH 
AN EXPERIMENTAL "150 ADHESIVE 

Solvent  Lap Shear   S t rength  
For  Adhesive NASA 

S o l u t i o n  NMP Diglyme  Goal 
A t  Room 19.23 MPa 24.13 MPa 20.69 MPa 

Temperature (2790 p s i )  (3500 p s i )  (3000 p s i )  

A t  589 K 6.07 MPa 15.13 MPa 13.79 MPa 
(600'F) ( 880 p s i )  (2200 p s i )  (2000 p s i )  

Adhesive  Composition: 
1 : 1 6FTA:diamine 
7 /25 PPD/ODA 
43 w t .  $ resin i n  s o l u t i o n  
65% aluminum  powder 
Samples Pos t  Cured,  16 Hours i n  A i r  a t  589 K (600'F) 

The two  photographs  of  the fa i led a d h e s i v e   s u r f a c e s  shown 
i n   F i g u r e  14 d i f f e r   i n   E e v e r a l  ways. The sur face   on   the  l e f t  from 
a l a p  shear  sample made u s i n g  a n  NMP s o l u t i o n  shows a r e l a t i v e l y  
smooth  surface  because the f a i l u r e  a t  R.T. was mainly adhesive 
(between  the  adhesive and the t i t a n i u m   s u r f a c e )  . The mating 
adherend i s  not  shown.  However, i n   t h e  few places  where the 
a d h e s i v e   l a y e r   n e x t   t o  the metal s u r f a c e  has been  removed,  holes 
o r  voids   (dark  areas) can  be  seen. 

p i c t u r e   o n  the right i n   F i g u r e  14 showe the su r face   o f  the adhe- 
sive a f t e r  t e s t ing  a l a p  shear sample prepared u s i n g  diglyme based 
s o l u t i o n s .   I n  th is  case ,  t he  f a i l u r e  i s  cohes ive   (w i th in   t he   r e s in  
n e x t   t o   t h e  glass s c r i m   c a r r i e r   s u r f a c e ) .  The mating su r face   (no t  
shown) i s  covered w i t h  adhes ive   r eE in   on ly .   In  t h i s  p i c t u r e ,  
h o l e s   a r e   v i s i b l e   ( d a r k  areas) i n  on ly  a few places   between  the 
c ross -over   po in ts   o f   the  glass f a b r i c   s c r i m .  

I n   c o n t r a s t  t o  the   su r f ace   o f   t he   adhes ive  based on NMP, the 
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FIGURE 14 
PHOTOMICROGRAPHS OF THE FAILED ADHESIVE 
BOND LINE OF TITANIUM LAP SHEAR  SAMPLES 

(20X MAGNIFICATION) 
SAMPLES  TESTED  AT R,  T, 

BONDED WITH  EXPERIMENTAL NR-150 ADHESIVES 

91-3 
NMI? 

7.6% 
- 

SAMPLE f 
SOLVENT 
USED 
PREPREG 
VOLATILES 

29.10 MPa R.T. LAP 
(4221 p s i )  SHEAR STRENGTH 
ADHESIVE FAILURE MODE 

ADHESIVE COMPOSITION: 1:l 6FTA:DIAMINE, 60/40 PPD/ODA, 
48 WT. % IN SOLVENT CONTAINING 

64 65% ALUMINUM POWDER. 

53-L 
DIGLYME 

9.2% 

22.22 MPa 
(3222 psi) 
COHESIVE 



FIGURE 15 
PHOTOMICROGRAPHS OF THE FAILED ADHESIVE 
BOND L INE OF TITANIUM LAP SHEAR  SAMPLES 

BONDED WITH EXPERIMENTAL NR-150 ADHESIVES 
(2OX MAGNIFICATION) 

SAMPLES TESTED AT 589 K (600°F) 

92-2 
NMP 

, 7.6% 

1.21 MPa 
(125 psi) 
COHESIVE 

SAMPLE # 
SOLVENT 
USED 
PREPREG 
VOLATILES 

589 K LAP 
SHEAR STRENGTH 
FAILURe MODE 

ADHESIVE COMPOSITION: 1:l 6FTA:DIAMINE, 60/40 PPD/ODA, 
48 wt. % IN SOLVENT CONTAINING 
65% ALUMINUM POWDER. 

53-2 
DIGLYME 

9.2% 

12.32 MPa 
(1787 psi) 
COHESIVE 
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Comparison of t h e   f a i l e d   s u r f a c e s  of l ap   shea r   s amples  
t e s t e d  a t  589 K (600OF) a l s o  shows s i g n i f i c a n t   d i f f e r e n c e s  
between  adhesive  bonds made u s i n g   s o l u t i o n s  based on the two 
so lven t s .   Cohes ive   f a i lu re   occu r s  with b o t h   a d h e s i v e s .   I n  the 
case  of  NMP systems,   the t es t  temperature   of  589 K i s  above  the 
Tg ( g l a s s   t r a n s i t i o n   t e m p e r a t u r e )   o f  the a d h e s i v e ,   r e s u l t i n g  i n  a 
low s h e a r   s t r e n g t h   r e s i n  having a s o f t ,   t a f f y - l i k e   c o n s i s t e n c y  a t  
t h e   t e s t   t e m p e r a t u r e .  The p i c tu re   on   t he  l e f t  of   Figure 15, 
t h e r e f o r e ,  shows mounds o f   s o l i d i f i e d   r e s i n   c o v e r i n g  the g l a s s  
s c r i m   c a r r i e r  w i t h  many h o l e s   o r   v o i d s  (dark a r e a s )  a t  the   c ros s -  
p o i n t s   o f   t h e   g l a s s   f a b r i c .  

The p i c tu re   on  the r i g h t  i n  F igure  15 showing the fa i lure  
s u r f a c e  of a n  adhesive bond made with diglyme s o l u t i o n s  i s  very 
similar t o  that on  the r ight of   Figure 14. As the Tg o f   t h e   r e s i n  
i s  well   above t h e  t e s t   t e m p e r a t u r e  (589 K ) ,  t he  bond s t r e n g t h  i s  
high (12.32 MPa, 1287 p s i ) ,  and  only a f ew  ho le s   o r   vo ids  ( d a r k  
areas) are   observed  i n  t he   adhes ive  bond l i n e .  

From t h e s e   p i c t u r e s ,  i t  can   be   in fer red  that  t h e r e  i s  a 
h ighe r   vo id   con ten t   i n   adhes ive  bond l i n e s   p r e p a r e d  from the MMP 
s o l u t i o n s   t h a n  the  diglyme  solut ion,   a l though  the  adhesive  prepreg 
based on diglyme has a higher v o l a t i l e   l e v e l .  The v o i d s   o r   h o l e s  
p r e s e n t   i n   t h e  bond l ines   p repared   f rom NMP systems i n  F igu res  14 
and 15 are be l ieved   no t   to   have   been   genera ted   dur ing  the t e s t i n g  
of t h e  l a p  shear   sample,  b u t  a r e  formed  during the bonding  process .  
If a fa i led  sample similar t o  tha t  i n   F i g u r e  14 bonded us ing  NMP 
s o l u t i o n s  is l i g h t l y  sanded 60 remove the o u t e r   a d h e s i v e   l a y e r ,  
o t h e r   v o i d s   o r   h o l e s   a r e   o b s e r v e d  i n  t h e  i n t e r s t i c e s  of the fabric. 
Moreover, a f r e e   s t a n d i n g  a i r  p o s t   c u r e  a t  temperatures  above 589 K 
causes  a s i g n i f i c a n t   s w e l l i n g   o f   t h e  bond l i n e  of a l a p  s h e a r  
sample  prepared u s i n g  NMP solu t ions ,   whereas  no measurable bond 
l i n e   s w e l l i n g   o c c u r s  wi th  lap   shear   bonds  made u s i n g  diglyme solu-  
t i ons .   These   f ac t s   sugges t  t h a t  adhesive.bonde  prepared  using 
adhesives  based  on NMP solut ions  have  higher   void  levels   and 
h ighe r   concen t r a t ion  of v o l a t i l e s  t han  do bond l ines   p repa red  
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using  adhesives   based on diglyme. It can   on ly   be   in fer red  that  
t h e  so lven t  i s  more readi ly   evolved  and  the   adhes ive  bond l i n e  
more e a s i l y   c o n s o l i d a t e d  w i t h  diglyme based adhes ives   than  with 
NMP adhes ives .  
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7. BONDING COMPOSITE ADHERENDS 
The i n i t i a l  experiments  bonding  composite  adherends  using 

NR-150 adhes ive   so lu t ions   were   ca r r i ed   ou t   u s ing   expe r imen ta l  
HTS/NR-lSOB2 unid i rec t iona l   1 .65-2 .29  mm (65-90 mils) t h i c k  
panels .   These  panels ,   suppl ied  by  the  Space  Divis ion,   Rockwell  
I n t e r n a t i o n a l ,  Downey, C a l i f o r n i a ,   w e r e   t h i n n e r   a n d   u t i l i z e d  a 
less  s t a b l e   g r a p h i t e  f i b e ?  t h a n  t h a t  spec i f i ed   by  NASA. I n   o r d e r  
t o   exped i t e   t he   p rog ram,   t hese   pane l s   were   u sed   fo r  t he  f i rs t  
experiments . 

The panels   were   cu t   in to  25.4 rnm x 101.6 mm (1" x 4") l a p  
shear  coupons and  bonded using  the  procedures   used  for   bonding 
t i t an ium.  The faying  surfaces   of   the   composi te   coupons  were 
l i g h t l y  sanded f i r s t  i n   t h e   d i r e c t i o n  of t he  f i b e r s   a n d   t h e n   i n  
t h e   c r o s s   d i r e c t i o n ,   c o a t e d  w i t h  t h e  aluminum f i l l e d   a d h e s i v e  
s o l u t i o n ,  and  then  "B" s taged   us ing  the  procedures   in   Appendix B, 
P a r t  I, for NMP solutions  and  Appendix E fo r   d ig lyme   so lu t ions .  
Adhesive  prepreg was p r e p a r e d   a c c o r d i n g   t o  the  procedures  i n  
Appendix D and F f o r  NMP and  d ig lyme  so lu t ions ,   respec t ive ly .  

Comparison  of the  r e s u l t s  of bonding  composite  adherends 
w i t h  adhes ive   p repreg  based on NMP and  diglyme s o l u t i o n s  i s  g iven  
i n  Table X X I .  Three  bondings  were  carr ied  out :  two us ing  NMP 
s o l u t i o n s ,  one  of  which was a i r  post   cured,   and  one  using a 
diglyme  solut ion.   Both  solut ions  contained the same r e s i n  
composition. 

It i s  apparent  t h a t  t he  d ig lyme  so lu t ion   produces   h igher   l ap  
shear s t r e n g t h   l e v e l s  a t  both  R.T. and 589 K than  does the NMP 
s o l u t i o n .   I n   f a c t ,   t h e   b o n d s  made us ing   t he   d ig lyme   so lu t ion  have 
s t r e n g t h   l e v e l s   c l o s e   t o   t h e   g o a l s   d e s i r e d  by NASA - 20.69 MPa 
(3000 p s i )  a t  R.T. and 13.79 MPa (2000 p s i )  a t  589 K. Samples 
pos t   cured   us ing  a slow ra te  of   temperature  r ise had 589 K bond 
s t r e n g t h s  of only  7.83 MPa (1136 p s i )  s i g n i f i c a n t l y  below t h a t  f o r  
samples t h a t  were  not  post   cured. 
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Bond 
Bonding Conditions Post Cure Conditions Line  Lap  Shear  Strength 

Adhesive Temp. Pressure Temp. Thick R.T. 589K(600°F) 
Solution  Time K m a  Time K mm MPa  MPa 
Solvent  Hours  (OF)  (psi)  Hours  Atmosphere  (OF)  (Mils) (psi) (psi) Remarks 

IMP 1/2 589 1.38 1 vacuum .127  16.00 - Composite  failure 
(600) (200) 

589 
(600) (5 .0 )  (2320) 

NMP 1/2 589 1.38 1 Vacuum .178  15.55  7.83 Cohesive  failure 
(600)  (200) (1136) 159 increase  in bond 

Followed By line thickness  on  air 
Air 431+662 post  cure 

(316+732) 

Diglyme 1 
(600) (200) 
589 1.38 1 Vacuum 589 .089  20.46  13.45 Composite'failure  at 

(600) (3.5) (2970)  (1950) R.T. partial adhesive, 
cohesive, and composite 
failure  at 589 K 

Panels autoclave molded by Rockwell International,  Space Division, DOwney, California 

Adhesive Prepreg: .32 mm (12 1/2 mils) thick, 9.2% volatiles 

'Adhesive composition: 1:l 6FTA*diamine, 60/40 PPD*/ODA*, 48 wt. % in indicated solvent 
containing 65 wt. % aluminum powder (based on  total cured solids) 



It appea r s   f rom  th i s  i n i t i a l  eva lua t ion   t ha t   bond ing  
Composi tes   with  adhesives   based  on  diglyme  solut ions  gives   the 
same d r a m a t i c   r e s u l t  a s  bonding  t i tanium.  Bonding  composites 
with  prepreg  based  on NMP s o l u t i o n s  was, the re fo re ,   no t   exp lo red  
f u r t h e r .  
7.1 EFFECT OF POST CURE 

Composite l a p   s h e a r  samples based  on  diglyme  solutions of 
two d i f f e r e n t  NR-150 compositions  have  been pos t  cured and  aged 
up t o  125 h o u r s   f r e e   s t a n d i n g  i n  a i r .  During  the  course of t h i s  
evaluation,  composite  panels  were  received  from  Rockwell  
I n t e r n a t i o n a l ,  Space  Division,  which met t h e  NASA s p e c i f i c a t i o n s ,  
e . g . ,   u n i d i r e c t i o n a l  Modmor" II/NR-l50B2 lamina tes  3.175 mm 

(1/8") th i ck .   The re fo re ,   bo th   t he   t h inne r  HTS/NR-l50B2 p a n e l s  
as well  as the  "Modmor" I1 panels  were  bonded a n d  eva lua ted .  

lr 

Two di f fe ren t   adhes ive   so lu t ion   composi t ions   (Composi t ipns  
E and  F, Table WI) were  used f o r  t h i s  s tudy.   Table  X X I I ,  which 
summar izes   the   resu l t s ,  i s  d i v i d e d   i n t o   t h r e e   s e c t i o n s :   t h e   t o p  
two s e c t i o n s   g i v i n g   t h e  r e su l t s  of  bondings a n d  exposing HTS 
graph i t e   f i be r   compos i t e s   u s ing   t he  two d i f f e r e n t   f i l l e d   a d h e s i v e  
composi t ions,   and  the  bot tom  sect ion  giving the resu l t s   o f   bonding  
and  exposing Modmor'' I1 graph i t e   f i be r   compos i t e s  bonded us ing  
prepreg   f rom  f i l l ed   adhes ive   Composi t ion  F. 

11  

The c o n c l u s i o n s   f r o m   t h i s   s t u d y   a r e  as fo l lows :  
(a) Exposing  lap  shear  samples based on HTS l a m i n a t e s   t o  

589 K a i r  f o r  450 Ks (125 hours)   decreased  the 589 K bond 
s t r e n g t h s  by about  15-30%  but  had l i t t l e  o r  no e f f e c t   o n   t h e  R.T. 
bond s t r e n g t h s .  

(b)  Exposing l a p  shear  samples  based  on Modmor" I1 
l a m i n a t e s   t o  589 K a i r  f o r  450 K s  (125   hours )   increased   the   l ap  
s h e a r   s t r e n g t h  a t  b o t h   t e s t   t e m p e r a t u r e s .  

If 

( c )  A s  mos t   o f   t he   f a i lu re s   on   t e s t ing  t h e  l ap   shea r   bonds  
occurred  within  the  composi te   adherends and  no t   w i th in   t he   adhes ive  
bond l ine ,   t he   obse rved   changes   i n   s t r eng th   obse rved  are r e a l l y  
changes i n  t he  composi te   shear   s t rength .  The a d h e s i v e   s t r e n g t h  i s ,  
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TABLE XXII. 

O N  LAP SHEAR STRENGTH  OF GRAPHITE FIBEWNR-lSOB2 LAMINATES 
EFFECT OF EXPOSURE TO 589 K ( G O O O F )  AIR 

BONDED WITH EXPERIMEIVTAL  NR-150  ADHESIVES 

Fiber  Adhesive  PrepreR A i r  Post Cure Bond Line Lap Shear  StrenKth 
Type 

i n  PPD/ODA 

HTS 60/40  .406 9.3 None .279-.381  Slight  to 15.51 12.25 

8.37 

Thick K s  Temp. Thickness @ R.T. @58gK(60OwF) 

Composite Ratio ( mm 1 Mils 5 (Hrs.)  ( O F )  (Mils) Flow 
Vola t l les  Time K mm Resin MPa  MPa 

( p s i )  ( p s i )  Fa i lure  Mode 

(Cornp. G )  (16) 
Within  composite a t  R.T. 

(11-15) Good 2249) (1777) Within  composite 

,406 9.3 450 589 .279-.330 Sl ight   to   14.02 
(1h00-2700)  (1514-2040) and  cohesive a t  589 K 

HTS 11 

(16) (125)  (600) (11-13) Good 
Within  composite a t  R.T. 

(1095-1329)  cohesive a t  589 K 
(1212)  Within  composite and 

HTS 75/25 .3 12.6 No ne .102-.1  Excessive  17.98 
(Camp. F) (18 (4.0-6.657 

85 i n  composite a t  R.T. 
502 in composite a t  589 K 

HTS II 450 589 .114-.140 Excessive 17.94 11.04 Within  composite a t  R.T. 
(600) (4-5-5.5) (2602) (1600) cohesive a t  589 K 

(2532-2682)  (1520-1678) 
Modmor I1 75/25 

(Cornp. F) (1g 
.3 10.8 72. 5 9 9-. 127 Good t n compos t e   a t  R .  . 

(20) (6EO) i?5-5.0) ??;E) :$%thin  co:posite ELF 
589 K 

(2309-2501) (1915-1988) 
Modmor I1 I' .381 11.0 450 589 .076-.127 S l i g h t   t o  20.22 Within  composite 

(15) (125)  (600)  (3.0-5.0) Good (2933) 
(2747-3175) 

Modmor I1 I' .406  11.0 450  589 .102-.140 S l i g h t   t o  
(16) (125) (600) (4.0-5.5) Good 

15.53 
(22521 

Within  composite 

11991-2 26) 
Bonding conditions:  .033 K/s (5OF/min.) under f u l l  vacuum and 1.38 MPa (200 p s i  Q . " 

Hold 3.6 Ks [one  hour] a t  589 K [600°F] f u l l  vacuum only 
Bond 3.6 K s  one hour a t  589 K 600°F f u l l  vacuum and 1.3 MPa (200 p s i )  

Cool  under f u l l  vacuum 
Adhesive  composition: 1:l 6FTA:diamine; PPD/ODA r a t i o   i n d i c a t e d   i n  Column 3 

Composite Thickness: K'S/NR-l5OB2, 1.42-1.93 mm (56-76 mils) 
48 w t .  $ r e s i n  i n  diglyme;  65 w t .  % aluminum  powder 

Modmor II/NR-l5OB2; 3.00-3.33 mm (118-131 mils) 



therefore ,   above  t h e  r epor t ed   va lues .  
7.2 PREFERRED ADHESIVE COMPOSITION 

Based on the conclus ions  of t h e   s t u d y   i n   S e c t i o n  7.1, t h e  
fol lowing  adhesive  composi t ion was chosen  to   prepare  composi te  
lap   shear   samples   for   envi ronmenta l   exposure :   Solu t ion  Composi- 
t i o n  F, Table XVI, c o n s i s t i n g  of a 1 : .75 : .25   mole   ra t io  of 6 F T A :  
PPD:ODA, 48 w t .  $ c u r e d   r e s i n   s o l i d s   i n   d i g l y m e ,   c o n t a i n i n g  65 
w t .  % of aluminum powder f i l l e r  (Reynolds G r a d e  1-131 atomized) 
based o n   t o t a l   c u r e d   s o l i d s .  T h i s  a d h e s i v e   s o l u t i o n  was used  t o  
prime  composite  adherends  using the  procedure i n  Appendix E and  
to   p repare   adhes ive   p repreg   us ing   the   p rocedure  i n  Appendix F. 
The samples were  prepared  using a vacuum bag i n  a p r e s s   u s i n g  the 
procedure  in   Appendix G which inc ludes  a 57.6 Ks (16 hour)   pos t  
cure  a t  589 K f r e e  s t a n d i n g  i n  a i r .  
7.3. ENVIRONMENTAL EXPOSURE OF  COMPOSITE  LAP SHEAR SAMPUS 

Lap shear samples based o n   u n i d i r e c t i a n a l  "Modmor" I I / N R -  
l5OB2 - 3.175 mm (1/8")  thick  adherends  bonded  using the adhesive 
and  procedures  given i n  S e c t i o n  7.2 were  exposed t o  t h e  fo l lowing  
e n v i r a m e n t s :  

(a)  Up t o  1800 Ks (500 h o u r s )   i n  589 K a i r .  
(b) 3024 Ks (35 days) a t  322'K (12O0F) 95% R.H. 
( c )  2937.6 K s  (34 days)  immersion a t  R.T. i n  JP-4 j e t  f u e l .  
( d )  2937.6 Ks (34 days)  immersion a t  R.T. i n   m e t h y l e t h y l -  

ketone (MEK) . 
Four samples each  then  were  tes ted for l a p   s h e a r  strength a t  

R.T. and  589 K a long  with cont ro ls .   Four   samples   were   a l so   t es ted  
a t  561 K (550'F) a f t e r  500 hour   exposure   to  589 K. The weight 
loss  o r  g a i n  and  t h e   c h a n g e   i n   t o t a l   t h i c k n e s s   i n  t he  bonded a r e a  
was a l s o  measured for each  exposed  sample. 

The r e s u l t s   o f   t h e s e   e x p o s u r e   t e s t s   a r e   g i v e n   i n   T a b l e s  X X I I I ,  
XXIV,  XXV, and X X V I ,  f o r   t he   fou r   env i ronmen t s .  The tables r e p o r t  
t h e   i n d i v i d u a l  l a p  s h e a r  s t rengths ,  t he   ave rage   ( a r i t hme t i c )  
s t r e n g t h ,  s t a n d a r d  d e v i a t i o n ,  the $ change i n  s t r e n g t h   o v e r   c o n t r o l ,  
the  average $ weight  change, and  the   average  % change i n   t h i c k n e s s ,  
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if any .   In   a lmos t  a l l  Cases, except  where i n d i c a t e d ,  the  samples 
f a i l e d   w i t h i n  t h e  compos i t e   adhe rend ,   r e su l t i ng   i n   t he   adhes ive  
bond be ing   s t ronge r   t han   t he   r epor t ed   va lue .  

A s  the  l a p  shear   samples  were bonded f o u r  a t  a time, s e v e r a l  
sets of  four  were  bonded  and  the samples t o  be  exposed  chosen a t  
random  from t h e   t o t a l .  
7.3.1 Exposure t o  589 K (600OF) A i r  

The r e s u l t s   o f   e x p o s i n g   l a p   s h e a r   s a m p l e s   t o  589 K ( 6 0 0 ~ ~ )  
a i r  f o r  450, 900, and  1800 Ks (125, 250,  and 500 hours)  are 
summarized i n  Table X X I I I .  The oven   used   for   th i s   exposure  had a 
volume  of  about 2 1/2 l i t e r s  w i t h  a p o s i t i v e  a i r  f low  through  the 
oven   su f f i c i en t   t o   change   t he  a i r  eve ry  10 minutes.  Two s e t s  of 
control   samples   were  used;   one s e t  for t he  125 and 250 hour 
exposures  (Lines 1 a n d  4, Table I ) ,  and  one s e t   f o r  the 500 hour 
exposure  (Lines 7 and 11, Table I ) .  Only three samples  were 
available f o r  t e s t i n g  a t  R.T. as t h e   c o n t r o l   f o r  t h e  1800 Ks (500 

hour)  exposure  (Line 7) . 
I n  most c a s e s ,   t h e r e  was n u c h   s c a t t e r  i n  t h e   s t r e n g t h s  

measured as indica ted   by   the  large s t anda rd   dev ia t ions   ob ta ined .  
A s  a consequence ,   any   d i f fe rences   in   the   average  l a p  shea r  
s t r e n g t h s  shown may not   necessar i ly   be   rea l .   Moreover ,  as a l l  l a p  
shear fa i lures   occur red   wi th in   the   composi te   adherends ,  the e f f e c t  
of high temperature  exposure on the   adhes ive  bond l i n e  has not  been 
measured.  With the  a b o v e   q u a l i f i c a t i o n s ,  i t  may be  concluded t h a t  
t h e r e  i s  l i t t l e   e f f e c t  on R.T. l a p  shear s t rength  on  exposure  of  
up t o  450 K s  (250 .hours) i n  589 K a i r  (compare  Line 1 wi th  L i n e s  
2 and  3, Table XXIII), b u t  exposure   for   1800 Ks (500 hours) may 
d e g r a d e   s l i g h t l y   t h e  R.T. l a p  shear s t rengths   (compare  Lines  7 and 
8, Table X X I I I ) .  Exposure t o  589 K a i r  appea r s   t o   r educe   t he  589 
K l a p  shear s t r eng ths   by  11% a f t e r  450 K s  (250 hours)  and  by 17% 
a f t e r  1800 Ks (500 hours)  (compare  Lines 4 wi th  6 and L i n e s  11 
w i t h  12, Table X X I I I ) .  The l a p  shear samples   los t   on ly   about  1% 
i n   w e i g h t   a f t e r  1800 K s  (500 hours)   exposure   to  589 K a i r .  
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TABLE XXIII. 
589 K (600°F) A I R  EXPOSURE 

OF COMPOSITE SAMPLES 
BONDED WITH NR-150 ADHESIVE 

Lap Shear   S t rength*  Sample 
T e s t  MPa ( p s i )  

Line K s  (Hours) K('Fj 1 2 3 4 Average  Deviat ion 

- 
Decrease  Weight Loss 

Exposure Temp Sample  Sample  Sample  Sample S tanda rd   i n   S t r eng th   Average  
d - 

0.26 

5 450 (125) 589(600) 14.55 10.70  18.35  15.99  14.90  5.27 N. 1 
(2110) (1552) (2661)  (2319)  (2361)  (265) 

0.30 

12 1800 (500) 589  (600)  14.27  14.04  17.24  10.07  13.91  2.74  17.0?  0.98 
(2070)  (2036) (2501) (1461)  (2017)  (427) 

* A l l  s amples   f a i l ed   w i th in   t he   compos i t e   adhe rend .  
Composite  used: 3.175 mm (1/8") t h i c k  "Modmor" II/NR-l50B2 u n i d i r e c t i o n a l   l a m i n a t e s  
Adhesive  prepreg  used:  0.38 mm (15 mils) t h i c k   c o n t a i n i n g  11.5% v o l a t i l e s ,  285% c u r e d   r e s i n   s o l i d s  

Samples  exposed a t  l e a s t  15 m i n u t e s   b e f o r e   t e s t i n g  a t  589 K. 
50% aluminum  powder, 11% g l a s s   s c r i m   c l o t h .  Based  on  Composition F, Table XVI. 



7.3.2  Exposure t o  High Humidi t ies  
Composite l a p  shear  samples  have  been  exposed  to 322 K 

(120°F) 9576 R.H. f o r  3024 Ks (35 days)   wi th   the   e f fec t   on   the  R.T. 
and 589 K (600°F) l a p  s h e a r   s t r e n g t h   i n d i c a t e d  i n  Table XXIV. I n  
order t o   t e s t   t h e   e f f e c t  of   the  high  humidi ty   on  the 589 K l a p  
s h e a r   s t r e n g t h   w i t h o u t  a n  excess ive  loss of   absorbed  water ,   the  
sample was t e s t e d   a f t e r  7 minutes   exposure   to  589 K, the  t ime 
r e q u i r e d   f o r  a l a p  shear   sample   to   reach   the   t es t   oven   tempera ture .  
The l a p  shear  sample  absorbed  about 2 weight $ water  a f te r  35 days 
exposure  which  caused a 2476 d e c r e a s e   i n   t h e  R.T. l a p  s h e a r   s t r e n g t h  
and a 40% decrease  i n  t he  589 K l a p  shear   s t rength .   Al though 
fai lure   of   the   exposed  samples   occurred w i t h i n  the  composite 
adherends when t e s t e d  a t  R.T., t h ree   s amples   t e s t ed  a t  589 K 
f a i l e d   p a r t i a l l y  w i t h i n  the   adhes ive  bond l i n e .  The absorbed 
wa te r ,   t he re fo re ,   causes  some p la s t i c i za t ion   o f   t he   compos i t e  as 
w e l l  as the   adhes ive  bond l ine ,   t he reby   r educ ing  somewhat t he  
s t r eng th   l eve l s .   Ana lys i s   o f   t he  bond l i n e  by the  TMA technique 
even a t  h i g h   h e a t i n g   r a t e s   f a i l e d   t o  show a decrease  i n  r e s i n  Tg 
brought   about  by the  presence  of  absorbed  water.  

The l a p   s h e a r   s t r e n g t h   l e v e l  of 10.53 MPa (1458 p s i )  a t  589 K 
(600°F) a f t e r   e x p o s u r e  t o  the   h igh   humidi ty   condi t ions  shows t h a t  
t h i s  adhesive i s  o n l y   s l i g h t l y   a f f e c t e d  by t h e s e   c o n d i t i o n s .  
7.3.3 Exposure t o  JP-4 J e t   F u e l  

f u e l ,   t h e  l a p  shear   samples   gained  over  5 w t .  %. However, t h e r e  
was e s s e n t i a l l y  no e f f e c t  on  the R.T. l a p  s h e a r   s t r e n g t h  as 
i n d i c a t e d  i n  Tcrble XXV. The excess ive  amount  of j e t   f u e l   a b s o r b e d  
by t h e  l a p  shear   samples   p rec luded   tes t ing  a t  589 K because  of  the 
p o t e n t i a l   f i r e   h a z a r d .  TMA ana lys i s   o f  a n  exposed l a p  s h e a r  bond 
i n d i c a t e s   t h e   a d h e s i v e   r e s i n  Tg of 590 K (601°F) may have  been 
lowered   on ly   s l i gh t ly  by the  environment.  A l l  samples   tes ted,  
however, f a i l e d  w i t h i n  the  composite  adherend, so aga in ,   t he  
e f f e c t  of any of  JP-4 j e t   f u e l  on  the  adhesive bond l i n e  i s  not 
appa ren t .  

A f t e r  a 2937.6 Ks (34 day)  immersion a t  R.T. i n  JP-4 j e t  
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TABLE XXIV. 

H I G H  HUMIDITY EXPOSURE OF 
COMPOSITE  LAP  SHEAR SAMPLES 
BONDED WITH NR-150 ADHESIVE 

Exposure Test 
Conditions Temp. 

R.T. A i r  R.T. 
Control  

3024 Ks (35 R.T. 
days) a t  

95$ R.H. 
22 K (120'F) 

Lap Shear  Strength Sample  Sample 
MPa (psi)   Decrease Weight  Thickness 

Sample  Sample  Sample  Sample Standard in   S t r eng th   Inc rease   Inc rease  
1""L 2 Average  Deviation $ Ave. $ Ave. $ 

24.0 2.09 NIL 

R.T. A i r  589(6oo)  16.21  16.79  16.80 17.72 16.88 
Control  (2551)  (2435)  (2437)  (2570)  (2448) 

0.63 
( 91) 

8.15"  9.09" 11.55 11.72* 10.33 (;$;? 
days) 3024 Ks a t  (35 589(600) (1182)  (1319)  (1675)  (170 ) (145 ) 
22 K (120'F) 

40.0 2.00 NIL 

*Samples f a i l ed   cohes ive ly   w i th in   adhes ive  bond l i n e .  
A l l  o ther   samples   fa i led  within  the  composi te   adherend.  
Samples t e s t e d  a t  589 K (600'F) were c o n d i t i o n e d   f o r  .42 Ks (7 mins.)  before t e s t  was s t a r t e d .  



- .  ." !. . . .  

Exposure   Tes t  
C o n d i t i o n s  Temp. 

R.T. A i r  R.T. 
C o n t r o l  

29 7.6 KS 
(3? days)  In 
24 j e t   f u e l  
a t  R.T. 

R.T. 

TABU XXV. 
JP-4 JE!T FUEL  EXPOSURE OF 

COMPOSITE  LAP  SHEAR  SAMPLES 
BONDED WITH NR-150 ADHESIVE 

Lap Shear   Strength  Sample  Sample 
MPa ( p s i )  

Sample  Sample  Sample a m p l e  

- 
Decrease  Weight   Thickness  

1 
S t a n d a r d   i n   S t r e n g t h   I n c r e a s e   I n c r e a s e  

" 2 -4 Average   Dev ia t ion  Ave. 5 Ave. $ 



7.3.4 Exposure to   Me thy le thy lke tone  
A f t e r  a 2937.6 K s  (34  day)  immersion of l a p   s h e a r   s a m p l e s   i n  

methylethylketone (MEK) a t  R.T., the samples  gained  almost 10 w t .  
$ and  there  was a n o t i c e a b l e   i n c r e a s e   i n   t h i c k n e s s   ( s w e l l i n g )  of 
about  4.1% i n  t h e   o v e r l a p   a r e a .  However, t h e   s i g n i f i c a n t   a b s o r p -  
t i o n  of MEK d i d  no t   s ign i f i can t ly   deg rade  the  R.T. l a p   s h e a r  
s t r e n g t h s  as i n d i c a t e d  i n  Table XXVI. I n  two out   o f   the   four  
e x p o s e d   s a m p l e s   t e s t e d ,   f a i l u r e   p a r t i a l l y   o c c u r r e d   w i t h i n   t h e  
adhes ive  bond l i n e .  TMA a n a l y s i s  of   the bond l i n e  of a n  exposed 
sample  indicated a r e d u c t i o n   i n   t h e   r e s i n  Tg as t h e  sample blew 
apart  a t  520 K (476°F).  
7.4 WIDE AREA BONDING 

An i n v e s t i g a t i o n  of  wide area  bonding  using  the  diglyme 
based NR-150 adhesive  system was c a r r i e d   o u t .   I n i t i a l l y ,  wide 
a r e a  bonds  were  prepared with composite  adherends i n  a p r e s s  u s i n g  
s imula t ed   au toc lave   cond i t ions .   F ina l ly ,   l a rge r  area bonded  panels 
were  prepared  using a n  au toc lave .  
7.4.1 Press  Bonding 

Previous   to   p repar ing   the   wide   a rea   bonds   us ing   an   au toc lave ,  
s c o u t i n g  work was c a r r i e d   o u t   o n   s m a l l e r   ( 2 3 2 4  m x  .1524 m, 6" x 
6") wide  area  composi te   panels   using  s imulated  autoclave  condi t ions 
i n  a p r e s s .  The var ious  bonding  condi t ions  used and t h e   r e s u l t s  
of l a p  shear   tes ts   carr ied  out   on  samples   cut   f rom  the  wide  area 
bonds a r e   g i v e n  i n  Table X X V I I .  The f o l l o w i n g   f o u r   c o n d i t i o n s  
were  used to   p repare   the   wide  area bonds:   the   condi t ions  used  to  
prepare  l a p  shear   samples  - one  hour a t  f u l l  vacuum 200 p s i  
followed  by  one  hour  under f u l l  vacuum only  and t h e n  a pos t   cu re  
a t  589 K (Sample 155); bonding u s i n g  a longer   t ime a t  589 K (600" 
F) under vacuum only  followed  by a p o s t   c u r e   t o  616 K ( 6 5 0 " ~ ) ;  
bonding   for   four   hours  a t  589 K w i t h  no post  cure  (Sample 51); 
and   bonding   for   th ree   hours  a t  ,589 K followed  by a p o s t   c u r e   t o  
644 K ( 70O0F) . 
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TABLE XXVI. 

METHYLETHYLKETONE  (MEK)  EXPOSURE 
OF COMPOSITE U P  SHEAR SAMPUS 

BONDED WITH NR-150 ADHESIVE 

Exposure Test  
Conditions Temp. 

R.T. A i r  R.T. 
Control  

29 7.6 Ks 
(32 days) i n  

R.T. 

MEK a t  R.T. 

Lap Shear  Strength Sample  Sample 
MPa ( p s i )  Decrease Weight Thickness 

Sample  Sample  Sample  Sample Standard in   S t r eng th   Inc rease   Inc rease  
123.4 Average Deviat ion Ave. $ Ave. $ 
16.71 18.36 18.46 19.57 18.28 1.17 
(2424)  (2663)  (2678)  (2838)  (2651) (170) 

R.T. A i r  58g(600) 15.30 16.40 16.69 15.74 16.03 0.63 
Control (2219)  (2379)  (2420)  (2283)  (2325)  (91) 

2937.6 K s  589(600) 
(34 days) i n  N O T  T E S T E D  

MEK a t  R.T. 

*These samples   fa i led   par t ly   cohes ive ly   wi th in   the   adhes ive  bond l i n e .  

A l l  other  samples f a i l ed  within  composite  adherend. 



TABLE X X V I I .  

WIDE A E A  (.124 m x  .124 m , 6" x 6")  BONDING OF COMPOSITES 
USING DIGLYME BASED NR-150 ADHESIVE USING A PRESS 

Bonding  Condi t ions 
Under F u l l  Vacuum A i r  Post   Cure Lap Shear   S t renKth  

Sample TMA A n a l y s i s  
Temp. P r e s s u r e  Temp. P o s i t i o n   T e s t   O n s e t  

Sample Time K MPa Time K i n  6" x 6" Temp. Temp . 
# Hours (OF) (ps i )   Hours  (OF) Bond K MPa ( p s i )   F a i l u r e  Mode 

F 1 589 1.38 16 589 o u t s i d e  R.T. 24 .00   wi th in   composi te  
(600)   (200)   (600)   inside 589 1 1 . 5 7   c o h e s i v e   i n  bond l i n e  

1 589 zero   middle  R.T. 8 . 2 9   c o h e s i v e   i n  bond l i n e  
( 6 0 0 )   i n s i d e  Not Tested  571(568)   575(576)  

o u t s i d e  R.T. 16 .82(2439)   wi th in   composi te  

(600)  (200) (65%) i n s i d e  589 1 7   w i t h i n   c o m p o s i t e  
o u t s i d e  R.T. 16 wi th in   compos i t e  G 1 589 1-38 16 

4 589 z e r o  8 6 0 3  m i d d l e  R.T. B c o h e s i v e   i n  bond l i n e  - 585(594) 
(600) 

16 
(:;?) i n s i d e  589 c o h e s i v e   i n  bond l i n e  

(650) 
o u t s i d e  Not Tes t ed  

H 4 589 1-38 None  None o u t s i d e  R.T. 13 .50   wi th in   composi te  
(600)  (200) i n s i d e  R.T. 19.59 wi th in   compos i t e  503 441 520 478 

middle R.T. 14.70  within  composite  52314821 54015111 
i n s i d e  Not Tes t ed  
o u t s i d e  R.T. 24 .81(3598)   wi th in   composi te  

I 3 589 1-38 16 

8 

16 

(600)  (200) 
R.T. 1 4 . 5 4 ( 2 1 0 9 )   c o h e s i v e   i n  bond l i n e  

Not Tes t ed  
m i d d l e  R.T. 2 .83   co te s ive  f;n bgnd l i n e  583(59O)  595(612) 

(550) i n s i d e  R.T. 9.05 
589 o u t s i d e  R.T. 9.00 I t  I t  I t  

( 700 
S i m u l a t e d   a u t o c l a v e   c o n d i t i o n s   u s i n g  a p r e s s :  2 K/min. r a t e   o f   t e m p e r a t u r e   r i s e   u n d e r   f u l l  vacuum  and 1.38 Mpa 

Adhes ive   p rep reg  .2O3 mm (8 m i l s )   t h i c k   c o n t a i n i n g  10% v o l a t i l e s ,  24%  cu red   r e s in ,  45% aluminum  powder,  21% scrim 
( 2 0 0   p s i )  

Adhes ive   so lu t ion   compos i t ion  - 1:l 6FTA*:diamine;  75/25 PPD*:ODA; 48 wt. % r e s i n   s o l i d s   i n   d i g l y m e  - c o n t a i n i n g  
65% aluminum  powder 

Composites:  "Modmor" II/NR-l5OB2 u n i d i r e c t i o n a l   l a m i n a t e s ,   3 . 1 7 5  mm (1 /8")   th ick  

*6FTA: 2 ,2   b i s (3 '   , 4 ' -d i ca rboxypheny l )   hexa f luo ropropane ;  PPD: paraphenylenediamine;  ODA: o x y d i a n i l i n e  



Five l a p  shear samples were  then  cut   out  of t h e  m i d d l e  of 
t h e  w i d e  a r e a  bonded p a n e l s  w i t h  the  middle  sample  always  tested 
a t  R.T. and t h e   o t h e r s   t e s t e d   e i t h e r  a t  R.T. o r  589 K. A summary 
o f   t h e   r e s u l t s  shown i n  Table X X V I I  i s  as fo l lows:  

j .  (1) Pos t   cu r ing  a t  temperatures   f rom 589 K (600OF) t o  644 K 
(700°F) r e s u l t s   i n  low  bond s t r e n g t h s   f o r  t h e  middle   l ap   shear  
sample w i t h  f a i l u r e   o c c u r r i n g   c o h e s i v e l y  w i t h i n  the adhes ive  
(compare  middle samples from wide area bonds F, G, and I, Table 
X X V I I )  . 

(2) Only when pos t   cu re  is not  used is t h e  bond s t r e n g t h  of 
the  middle  sample a t  the   l eve l s   app roach ing  that d e s i r e d  and is the  
adhes ive  bond stronger  than  the  composite  (middle  sample  from  wide 
a r e a  bond H, Table X X V I I ) .  Dur ing   pos t   cure ,   the   t rapped   vo la t i les  
swe l l   t he  bond l ine   p roduc ing  a porous weak bond. 

(3 )  The g l a s s   t r a n s i t i o n   t e m p e r a t u r e   o f   t h e   a d h e s i v e  bond 
nea r   t he   cen te r   o f   t he   w ide   a r ea  bond i s  below  the  desired minimum 
589 K i n  a l l  cases   except   the  sample  post   cured  to  644 K (TOOOF). 
However, p o s t   c u r i n g   t o  t h i s  temperature   severely  degrades  the R.T. 
bond s t r e n g t h  (Sample I, Table X X V I I )  . 

From t h i s  work prepar ing   wide   a rea  bonds  i n  a p r e s s ,  i t  was 
concluded that:  (1) A longer   bonding  t ime  under   pressure was 
requi red   to   p roduce  good bonds i n  t he   cen te r   o f  a bonded  panel. 
(2) Post   cur ing   should  no t  be  used  unless  the  removal  of a su f -  
f i c i e n t  amount of v o l a t i l e s  was accomplished 'during  the  bonding 
s t e p .  (3) Bonding a t  higher   temperatures ,   for   example,  616 K 
(650O~) ,  may g ive   i nc reased  R.T. bond s t r e n g t h s   i n   t h e   c e n t e r   o f  
a wide area bond and r e s u l t   i n   a c c e p t a b l e  589 K s t r eng ths   w i thou t  
r e q u i r i n g  a post  cure.   These  conclusions  were  considered  on 
d e t e r m i n i n g   t h e   c o n d i t i o n s   t o  be  used for   bonding  the  wider   panels  
(.254 m x .254 m ,  10" x 10") i n   t h e   a u t o c l a v e .  
7.4.2 Autoclave  Bonding 

F3ur  wide  area (.254 m x .254 m, 10" x lo" )  bonded  panels 
were  prepared  using a n  au toc lave  a t  Rockwell   Internat ional ,   Space 
Division.  Three  of  the bonded panels   were  prepared  using 
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I1 Modmor'l II/NR-l5OB2 u n i d i r e c t i o n a l  3.175 mm (1/8") t h i c k  
adherends  and t h e  adhes ive  system used for p r e p a r i n g   l a p  shear 
samples for t he  env i ronmen ta l   exposure   t e s t e .  The four th   wide  
area bonded p a n e l  was made u s i n g  6-4 t i t a n i u m  1.016 mm (40 mils) 
th ick   adherends .  The  composite  adherends were surface t r e a t e d  and 
primed as i n d i c a t e d   i n   A p p e n d i x  E and the t i t a n i u m   p a n e l s  were 
etched w i t h  ' t P a s a j e l l "  107 and  primed as i n d i c a t e d   i n  Appendix A. 
The a d h e s i v e   p r e p r e g   f o r  the  wide  area bonds was p repa red   u s ing  
t h e  procedure   descr ibed   in   Appendix  G.  

The t i t a n i u m  bonded panel  and  one  composite  bonded  panel 
were bonded i n   a n   a u t o c l a v e   u s i n g  the  fo l lowing   procedure :  heat  
from R.T. t o  589 K (600°F) a t  2.8 K s  (5OF)Lmin. under f u l l  vacuum 
and 200 p s i ;   h o l d  a t  589 K f o r  21.6 Ks ( s i x  h o u r s )   u n d e r   f u l l  
vacuum and 200 p s i ;   c o o l   t o  339 K (150°F)  under f u l l  vacuum and 
200 p s i .  The two o the r   compos i t e   pane l s  were bonded  under 
similar c o n d i t i o n s  a t  616 K ( 6 5 0 ~ ~ )  and held a t  that  tempera ture  
f o r  21.6 Ks ( s i x   h o u r s )   b e f o r e   c o o l i n g .  

U l t r a s o r ~ i c  C-scans of t h e  bonded pane l s  a t  10 MHz i n d i c a t e d  
t h a t   t h e   t i t a n i u m  and c m p o s i t e   p a n e l s  bonded a t  589 K (600OF) 
had low v o i d   l e v e l s   i n  t h e  c e n t e r   o f  t h e  pane l s  w i t h  some poor ly  
borlded a reas   nea r   t he   edge .  The two composite  panels  bonded a t  
616 K (650°F) showed almost  no poorly  bonded  areas by the  C-scan 
technique .  The t i t a n i u m   p a n e l  and the  composite  panel  bonded a t  
589 K and  one compasite  panel  bonded a t  616 K were   cu t   i n to   s even  
25.4 mm (1" wide) 12.7 mm (1/2") o v e r l a p   l a p  shedr samples  from 
the  middle   area  of   each  panel .  The m i d d l e  l a p  shear  sample was 
from  the m i d d l e  of   the   panel .  

The bond l i n e 5   o f  t h e  l a p  shear  samples  cut  from t h e  
t i t a n i u m  w i d e  a r e a  bonded pane l  were only about  .254 m m s  (10 mils) 
t h i c k  b u t  contained  numerous  voids. A s  t h e  l a p  shear samples c u t  
from t he  m i d d l e  of t he   pane l   cou ld   be   r ead i ly   pu l l ed   apa r t   by  h a n d ,  

no t e s t s  were made bn these   samples .  It i s  apparent   f rom these  
f i n d i n g s  t h a t  t he   u l t r a son ic   equ ipmen t   u sed   t o  make t h e  C-scans 
was n o t   s u f f i c i e n t l y   s e n s i t i v e  t o  p i c k  up t h e - v o i d s   i n  t h e  bond 
l i n e s .  
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This   resul t   us ing  adhesive  based  on  diglyme i s  similar t o  
tha t  found  on w i d e  a rea   bonding   t i t an ium  us ing  NMP s o l u t i o n s  i n  
S e c t i o n  4.8. It i s  concluded t h a t  t he  p r e p a r a t i o n  of acceptab le  
wide   a rea   bonds   us ing   t i t an ium  adherends  will r e q u i r e  a n  adhesive 
system  containing a lower   solvent   content   and/or  a more v o l a t i l e  
so lvent ,   and   process ing   condi t ions   us ing   longer  times and h igher  
temperatu  'es. 

Lap shear samples were also cut   ou t  of the  .254 m x .254 rn 
wide  area  bonds made w i t h  composi te   adherends.   Visual   inspect ion 
of the  bond l ines   p rkpa red  a t  e i t h e r  t empera tu re   i nd ica t ed   t ha t  
t h i n  (.254 mm, 10 m i l )  low void  bonds  were i n  t h e   c e n t e r  of both 
bonded panels .   Photographs  of   the  edge of t h e  bond l i n e   o f   t h e  
l a p  shear sample cu t   f rom t h e  cen te r   o f  the wide  area  sandwich 
p a n e l  bonded f o r  21.6 Ks (6  hours) a t  616 K (650OF) are shown i n  
Figure 16. These   photographs   c lear ly  show threads from  the glass 
sc r im  c lo th   bu t   ve ry  few voids .  

The r e s u l t s   o f  lap shear s t r e n g t h  t e a t s  on  the  samples  bonded 
using  composite  adherends are given i n  Table X X V I I I .  The bonds 
were  tes ted a t  both  R.T. a n d  589 K, but   the   l ap   shear   sample   cu t  
from t h e  centers   of   both  wide area panels   were  tes ted a t  R.T. 

I r i  g e n e r a l ,   t h e   r e s u l t s  i n  Table X X V I I I  i n d i c a t e  a b e t t e r  
bond was formed in t he   cen te r   o f   t he  w i d e  area bonds when t h e  
higher bonding  temperature of 616 K ( 6 5 0 ' ~ )  was used. The l a p  
shear samples   tes ted a t  mom temperature  and bonded a t  616 K a l l  
fa i led   wi th in   the   composi te   adherends ,  while some of  the  samples 
bonded a t  589 K f a i l e d   w i t h i n  the  adhesive.  O f  t he  samples tes ted 
a t  589 K (a l though  no t   f rom  the   cen ter  area of t h e  w i d e  area 
bonds),  the ones  bonded a t  616 K had bond s t rengths   approaching  
t h e  NASA g o a l   l e v e l   o f  13.79 MPa (2000 p s i ) .  

Examination  of the bond area of t h e  tes ted  l a p  shear sample 
from the  c e n t e r  of panel  bonded a t  616 K not only ind ica tes  some 
f a i lu re  i n  t h e  composi te ,   bu t   a l so  shows voids  randomly d i s t r i b u t e d  
throughout  the  adhesive  bond. 

8 3  



FIGURE 16 
PHOTOGRAPHS OF EDGE O F  BOND LINE 

OF LAP  SHEAR  SAMPLE  CUT 
FROM THE CENTER OF A .254 m x .254 m 

(lo" x lo") WIDE AmA BOND 
(Composite  adherends  bonded wi th  

adhes ive   so lu t ion   compos i t ion  F Table 16) 

Bond Line i n   O v e r l a p  Area ( 6 ~ )  

Bond Line Near Overlap Area (25X) 

Bond Line i n  Another Area (25X) 
Near t h e  Overlap 
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TABLE  XXVIII 
LAP SHEAR  STRENGTH  OF  SAMPLES  CUT 

FROM  WIDE  AREA  BONDS 

I 

.254  m  x  .254  m  (10"  x  10")  Wide  Area  Bonds 
Autoclave  Bonded  Using  Composite  Adherence 

and  Experimental  NR-150  Adhesive  Solution  Containing  Diglyme 

Position  of  Test  Bond  Line 
Autoclave  Bonding  Lap  Shear  Sample  Temperature  Lap  Shear  Strength  Tg 

Temperature  in  Wide  Area  Bond K (OF)  MPa  (psi)  Failure  Mode K (OF) 

589 K (600°F)  Outside  R.T.  11.10  (1610)  Within  Adhesive 
(50.8 mm 
from  edge) 

Next  to  Center  R.T.  13.10  (1901)  Within  Composite 

Next  to  Outside  589  (600)  1.68(  244)  Within  Adhesive 
Outside  589  (600)  7.18  (1042)  Within  Adhesive 
(50.8 mm 
from  edge) 

Center  R.T.  4.34(  630)  Within  Adhesive  581  (586) 

616 K (650'F) Outside  R.T.  9.93(1440)  Within  Composite 
(50.8 mm 
from  edge) 

Next  to  Center R.T. 10.66  (1546) Within  Composite 

Next  to  Outside 589  (600) 12.17  (1765) Within  Adhesive 
Next  to  Outside 589  (600) 13.75  (1994) Within  AdhesLve 

Center  R.T.  13.19  (1913)  Within  Composite  558  (545) 

(76.2 mm 
from  edge) 



It i s  concluded   f rom  th i s   work   on   the   wide  area bonding 
u s i n g  NR-150 a d h e s i v e   s o l u t i o n s  tha t :  

(1) B e t t e r  b u n d s  are obtained  on  bonding  composi tes   than 
on  bonding   t i t an ium.  

(2 )  Bet ter   bonds  are   formed  on  bonding a t  616 K ( 6 5 0 " ~ )  t han  
when bonding a t  589 K (600°F).  

(3) Wide area bonding  using  systems  containing  diglyme  does 
not   pmduce   vo id   f ree  bond l i n e s   o n   b o n d i n g   f o r  21.6 K s  (6 hours)  , 
616 K ( 6 5 0 ' ~ )  , a t  1.38 MPa (200 p s i )  i n   a n   a u t o c l a v e .  

(4) Adhes ive   sys t ems   con ta in ing   vo la t i l e s   hav ing  a h ighe r  
vapor   p ressure  a n d  a lower   vo i l i ng   po in t   t han   d ig lyme   (b .p .  435 K ,  
324°F) s h o u l d  p roduce   be t t e r   qua l i t y   bonds .  

(5) The se l ec t ed   expe r imen ta l  NR-150 a d h e s i v e  s o l u t i o n ,  which 

produces   acceptab le  l a p  shear  bonds  (Composition F, Table XVI 
c o n t a i n i n g  aluminum  powder),  does  not  produce w i d e  area bonds 
which  meet  the NASA g o a l   l e v e l s .  

Fur ther   e f for t   should   be   d i rec ted   toward  the s c o u t i n g  of 
s o l v e n t s   s u i t a b l e   f o r  NR-150 adhesive  compositions  which  have 
h i g h e r   v o l a t i l i t y   t h a n  d ig lyrne   and ,   therefore ,   d i f fuse  more 
r ead i ly   ou t   o f  a wide a r e a  bond l i n e .  
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8. TITANIUM HONEYCOMB FACE SHEET 
SANDWICH PANELS 

One of  t h e   f i n a l  tasks i n  t h e   c o n t r a c t  was t o   p r e p a r e  
sandwich  panels 63.5 mm x 63.5 mm (2  1/2" x 2 1/2") from "Modmor" 
II/NR-l5OB2 6 p ly   c ross   p ly   l amina tes   and  a 25.4 mm (1") high 
t i t an ium honeycomb  bonded w i t h  t h e   p r e f e r r e d  NR-150 adhes ive .  
These  were  evaluated i n  a f l a t w i s e   t e n s i l e  t e s t  a t  R.T. and  589 K 
i n i t i a l l y  and  a f t e r  1800 K s  (500  hours)   exposure  to  589 K.  

The f l a t w i s e   t e n s i l e   s p e c i m e n s  were  prepared  using ,965 mm 
(38 m i l )  cross ply   l amina tes   p repared  by  Rockwell   Internat ional ,  
Space  Divis ion,  Downey, C a l i f o r n i a ,  and  25.4 mm (1") th ick   square  
c e l l  (6.35 mm x 6.35 mm (1/4" x 1 /4") )   per fora ted  t i t a n i u m  honey- 
comb suppl ied  by NASA. The composite  face  sheets  were  primed 
us ing   the   p rocedure  i n  Appendix E w i t h  Solution  F,   Table XVI, 
con ta in ing  657; aluminurn  powder.  Both  edges  of the  t i tanium  honey-  
comb were P a s a j e l l "  107 etched  using t h e  procedure i n  Appendix A 

o m i t t i n g   t h e   s a n d b l a s t "   s t e p .  The edges  of  the  etched honeycomb 
were  then  dipped  into  the warmed aluminum f i l l e d   a d h e s i v e   s o l u t i o n  
a n d  B" s taged   accord ing  t o  Appendix E ,  Step 4. 

I 1  

I 1  

I I  

A s  suggested by NASA, adhes ive   p repreg   used   for   p repar ing  l a p  
shea r   s a~np les  was then   used   to  bond the  primed  composite  face 
shee ts   to   the   p r imed  t i t an ium honeycomb co re .  

Au toc lave   cond i t ions   i n  a p r e s s  similar t o   t h o s e  i n  t h e  
procedure  in   Appendix G were  used t o  bond t h e  pane ls .  For t h e s e  
honeycomb samples, a maximum p r e s s u r e  of .34 MPa (50 p s i )  was used 
dur ing   the   bonding   opera t ion .  

A d a p t o r s   f o r   t e s t i n g  were  bonded  on  the honeycomb sandwich 
f a c e   s h e e t s  w i t h  a n  i n d u s t r i a l  two-part room temperature  Curing 
e p o x y   a d h e s i v e   f o r   t e s t i n g  a t  R.T. For t e s t i n g  a t  589 K, aluminum- 
f i l l e d  hq-150 adhes ive   so lu t ion   Composi t ion   F ,   Table  XVI, was used 
t o  bond the   adap to r s .  T h i s  adhesive was used t o  prime the  SS 
adap to r s  and  the   f ace   shee t   su r f aces .   Adhes ive   p rep reg  based on 
t h i s  same a d h e s i v e   s o l u t i o n  was used t o  bond t h e  adaptors   on   bo th  
s ides   o f  the  honeycomb sandwich  s imultaneously  using a press (no 
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vacuum bag)  bonding f o r  two hours a t  589 K, .34 MPa (50 p s i )  . 
The r e s u l t s   o f   t e s t s  shown i n   T a b l e  X X I X  on   t hese  honeycomb 

sandwich  panels   were  disappoint ing.  Two of   the   samples   fa i led  
c o h e s i v e l y   w i t h i n  the  composi te   face  sheet   and two f a i l ed  a t  t h e  
honeycomb ce l l   edge /adhes ive   p rep reg   i n t e r f ace .  A l l  samples had 

p o o r   f l a t w i s e   t e n s i l e   s t r e n g t h s .  
Visual  examination  of  the  samples t h a t  f a i l e d  a t  the  

honeycor.ib c e l l  edge showed two  problems: I n  one sample, t h e  
p r imer   coa t ing  had flowed away from the  c e l l  edge. I n   t h e   o t h e r  
s a m p l e ,   t h e   f i l l e t  t h a t  was formed was porous  and f u l l  of bubbles .  
From these   obse rva t ions ,  i t  i s  obvious t h a t  the   p r imer   coa t ing   on  
t h e  honeycomb c e l l  edge must be  cured t o  a much l o w e r   v o l a t i l e  
l e v e l   t o   g i v e  a non-porous f i l l e t  and to   p reven t   t he   p r imer   f rom 
f lowing away f rom  the   ce l l   edge .  

A s  two  of  the flatwise tens i le   spec imens  f a i l e d  cohes ive ly  
w i t h i n  the  g raph i t e   f i be r /po ly imide   f ace   shee t s ,  i t  has t o  be 
assumed that  the   face   shee t   pane ls   were   no t  of h i g h   q u a l i t y .  
Although v i s u a l  i n spec t ion   o f  the  edge  of t h e  pane l   us ing  a 
microscope  does  not show  many voids ,   popr   fus ion   be tween the 
prepreg   layers   could   account  f o r  t h i s  f a i l u r e .   M e c h a n i c a l   t e s t s  
on   the   c ross   p ly   pane ls   should  show lQwer   than   des i red   p roper ty  
l e v e l s .  
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TABLE  XXIX 
FLATWISE  TENSILE  STRENGTH  OF  COMPOSITE  FACE  SHEET/TITANIUM 

HONEYCOMB  SANDWICH  PANELS 

Test  Flatwise 
Temperature  Tensile  Strength 

Sample  History K (OF)  MPa  (psi)  Failure  Mode 

As Prepared R.T. .74 Adhesive  between  face  sheet  and 
(108) honeycomb  cell  edge 

After  1800 KS (500  hours)  R.T.  .93  Cohesive  within  composite  face 
exposure  to  589 K (600°F)  air  (135)  sheet 

As  Prepared 589  .19  Cohesive  within  composite  face 
(600) ( 27)  sheet 

After  1800 KS (500  hours)  589  .35  Adhesive  between  face  sheet  and 
exposure  to  589 K (600OF) air (600) ( 51)  honeycomb  cell  edge 



9. CRACK PROPAGATION TESTS 
To de termine   the   toughness   o f   the   p refer red  NR-150 

adhesive  composition  (Composition F, Table XVI), the   s tandard  
wedge c rack   p ropaga t ion   t e s t (14 )  was car r ied   ou t   us ing   composi te  
adherends  bonded w i t h  aluminum f i l l e d   a d h e s i v e .  Modmor" I I / N R -  
l5OB2 u n i d i r e c t i o n a l   l a m i n a t e s  3.175 mfl (1/8") thick  and  25.4 mm 

(1") wide by 152.4 ran (6") long were surface  primed  over 139.7 
mrns (5 1/2") of t h e i r   l e n g t h .  The coupons  were t h e n  bonded us ing  
the  procedure  in   Appendix G w i t h  adhesive  prepreg as p r e p a r e d   i n  
Appendix F. The specimens  were,   therefore,   bonded  over  only 
139.7 rams of t h e i r  l eng th .  A SS wedge 25.4 mm x 25.4 mm x 3.175 
mm (1" x 1" x 1/8") which i s  pointed  on  one  edge i s  i n s e r t e d   i n t o  
the  unbonded space  between  the  laminates   and  the  length  of   the 
r e s u l t i n g   c r a c k  i n  the  adhesive  measured a f t e r  exposure t o  589 K 
(600'F) f o r  v a r i o u s   t i r n e s ( l 5 ) .  

I I  

The r e s u l t  of t h i s  t e s t  i s  g i v e n   i n   F i g u r e  17. It is 
observed that  a l though  the  i n i t i a l  c r a c k   l e n g t h  i s  long  (over  
50.8 mm) because of t h e  h igh  s t r e s s   l e v e l s   b r o u g h t   a b o u t  by t h e  
s t i f f  composite  adherends,  no i n c r e a s e   i n   c r a c k   l e n g t h   o c c u r r e d  
up t o  259 Ks (72   hour s ) ,   t he   du ra t ion  of t h e   t e s t .  T h i s  r e s u l t  
i s  a t t r i b u t e d   t o   t h e   t o u g h n e s s   o f  t h e  adhes ive   r e s in   hav ing  a 
high degree of t h e r m a p l a s t i c i t y .  
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FIGURE 17 

EVALUATION OF ADHESIVE CRACK  PROPAGATION 
AT 589K (600°F) USING 

THE WEDGE CRACK  PROPAGATION TEST 
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10. PROPERTIES OF COMPOSITE PANELS 
The composi te   lap  shear   and wide  a r e a  bonded  samples  have 

been  prepared  f rom  s ix  .279 m x .787 m (11" x 31")  3.175 mm 

(1/8") t h i ck   pane l s   supp l i ed  by  Rockwell I n t e r n a t i o n a l ,  Space 
Division.  These  panels  were molded  from Modmor" II/NR-l50B2 
u n i d i r e c t i o n a l   p r e p r e g   u s i n g   a n   a u t o c l a v e  a t  a maximum tempera- 
t u r e  of 589 K ( 6 0 0 " ~ ) .  The panels   were  then  post   cured by 
Rockwell up t o  672 K (750°F). The panels   were  each  received i n  
two p i e c e s :  a .279 m x .229 m (11" x 9") s e c t i o n  and a .279 m x 
.533 (11" x 21") s e c t i o n .  Lap shear  coupons (25.4 mm x 101.6 mm, 
1" x 4"), p a n e l s   f o r  wide a rea   bonding  ( .l52 m x .l52 m, 6" x 6"), 
and  rcechanical t e s t  specimens  were  cut  out  of  the  panels i n  a 
random p a t t e r n .  The specimens  included  f lex bars (12.7 mm x 
101.6 mn, 1/2" x 4"), s h o r t  beam shear   samples  (6.35 mm x 33.87 
mm; 1/4" x 3/4"), and  samples f o r  TMA and TGA de termina t ion .  
Before  being  used, a l l  of  the  samples were d r i e d   i n  a i r  a t  473 K 
(392°F) f o r  a t  l eas t  16 hours .  Random lap  shear   coupons  checked 
from  each  panel had w e i g h t   l o s s e s   i n   t h e   r a n g e  of  0.65% t o  1.00% 
on  drying.  

11 

The p rope r t i e s   o f   t he   t e s t   spec imens   ob ta ined   f rom  these  
p a n e l s   a r e   g i v e n   i n  Table XXX. The p a n e l   d e n s i t i e s  are obtained 
by  weighing  the  large  panel   sect ion  and  measuring i t s  dimensions 
as rece ived .  The r e s i n  Tg and  onset  temperature  were  obtained 
by TMA and  t h e   v o l a t i l e   c o n t e n t  a n d  r e s in   con ten t   were  measured 
by TGA i n   n i t r o g e n .  The mechanical  properties  were  measured a t  
both  R.T.  and 589 K (600°F) w i t h  the  average  of  3 t o  11 samples, 
chosen   f rom  d i f f e ren t   a r eas   o f   t he   pane l s ,   r epor t ed .  

In   gene ra l ,   t he   mechan ica l   p rope r t i e s   o f   t he   pane l s   were  
d i sappo in t ing ly  low.* F l e x   s t r e n g t h s  of 13.79 MPa (200 K ps i )   and  
*These p rope r t i e s   were  associated with poor quality l amina tes  
prepared by a then-inexperienced  vendor .   In  the fo l lowing  
Sec t ion  11, r e s u l t s  w i t h  b e t t e r   q u a l i t y ,  l a te r  l amina te s  are 
discussed .  
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TABLE XXX. 
PROPERTIES OF UNIDIRECTIONAL "MODMOR" II/NR-l5OB2 COMPOSITE  PANELS 

USED FOR THE  PREPARATION  OF LAP SHEAR SAMPLES 

1 - - 2 9 4 2 - 6 - 7 8 .P - 10 - 11 - 
TMA Anzlys'is 

Panel 
Panel # Dimensions 

Onset TGA Analysis  Thickness  Test  Flex  Flex  Short Beam 
Temp.  Tg Volatl les  Resin Range Temp. Strength Modulue Shear  Strength 

I;eI.knatkal ?4&kt (Inches) g/cc ( O F )  ( O F )  $ $ (ME) (OF) (K PSI) (M p s i )  (K PSI) 
oc we u on  Meters  Density K K Remaining  Content K MPa  GPa M?a 



beam shear s t r e n g t h s   o f  689.95 MPa (10 K p s i )  a t  R.T. were 
expected.  T h i s  i s  t o  be   cont ras ted  w i t h  t he  528.9 MPa (76 K p s i )  
t o  899.8 MPa (130.5 K p s i )  f l e x   s t r e n g t h s   a n d   2 6 . 2  MPa (3.8 K p s i )  
t o  31.1 MPa (4.51 K p s i )  s h o r t  'beam shear s t r e n g t h s   o b t a i n e d  a t  
R.T. I n  some pane l s ,  there  was a l a r g e   v a r i a t i o n   i n   r e s i n   c o n t e n t  
ac ross   t he   pane l   ( s ee   Pane l  5 8 ~ ,  Column 6 ,  Table XXX) . The f a i l u r e  
of   the l a p  shear samples w i t h i n  the  composi te   adherends a t  R.T. a t  
s t r e n g t h  levels  lower   than   des i red  i s  probably the r e s u l t  of the  
poor  mechanica l   p roper t ies  of t he  panels .  

The e x c e s s i v e   a b s o r p t i o n   o f   j e t   f u e l  and  MEK by the l a p  shear 
samples,  as d i s c u s s e d   i n   S e c t i o n s  7.3.3 and 7.3.4, i s  b e l i e v e d   t o  
r e su l t  p a r t l y   f r o m  t h e  poor   qua l i t y   o f  t h e  composite  adherends 
which have lower  than des i red  mechanica l   p roper t ies .   Representa-  
t ive   micrographs  of t h e  c r o s s   s e c t i o n   o f  two areas of a Modmor" 
I I /NR-l5OB2 u n i d i r e c t i o n a l   p a n e l  used  for t h e   l a p  shear adherends 
are shown i n   F i g u r e  18. The many c r a c k s   i n  the t h i c k n e s s   d i r e c t i o n  
of t h e   p a n e l   a r e   t o  be observed i n  the  upper  micrograph  which was 
taken   f rom  an  area of the p a n e l   f o r   w h i c h   a n a l y s i s   u s i n g  t h e  
u l t r a s o n i c  C s can   t echn ique   i nd ica t ed  the presence of  voids.   These 
voids  may be p a r t l y   r e s p o n s i b l e  for t he  h igh  l eve l s  absorbed  by 
the l a p  shear samples when immersed i n   j e t   f u e l  and  MEK. 

11 

Although the composi te   panels  used  f o r  the bond s t u d i e s  were 
poorer  i n  q u a l i t y   t h a n  that des i r ed ,  the time c o n s t r a i n t s  imposed 
by the   cont rac t   p revented  t h e  p rocuremen t   o f   be t t e r   qua l i t y   pane l s .  
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F I G U R E  18 

PHOTOMICROGRAPHS  OF 

COMPOSITE 3.175 rnm (1/8") T H I C K   P A N E L S   U S E D  
C R O S S - S E C T I O N S  FROM "MODMOR" II/NR-l50B2 

A S  ADHERENDS  FOR  BONDING  STUDIES 
- ~ . ~ -  . 

. -  ( l o o x  MAGNIFICATION) 

P I C T U R E  MADE  FROM AREA  SHOWING  POOR  C-SCAN 
U S I N G  15 MHZ 'TRANSDUCER 

P I C T U R E  MADE  FROM AREA  SHOWING GOOD C-SCAN 9 5  
U S I N G  15 MHZ TRANSDUCER 

" 



11. BONDING  HIGH QUALITY LAMINATES 
I n   g e n e r a l ,  la9 :shear  samples  prepared  using  composite 

adhe rends   f a i l ed  by shear ing   wi th in   the   composi te .  The observed 
s t r e n g t h   r e p o r t e d ,   t h e r e f o r e ,  was a measure of t h e   s h e a r   s t r e n g t h  
of   the  composi te   and  not   the   adhesive  s t rength.  T h i s  f a i l u r e  
w i t h i n  the  adherend was p r o b a b l y   p a r t i a l l y  the r e s u l t  of t he  
poor   qual i ty   of   the   composi te   adherends.  

Although  the l a p  shear   samples   prepared u s i n g  composite 
adherends  and aluminum f i l l e d   a d h e s i v e   s o l u t i o n   C o m p o s i t i o n  F 
(Table X V I )  have 589 K s h e a r  strengths above  the NASA goal l e v e l  
of 13.79 MPa (2000 p s i ) ,   t h e  R.T. l a p  shear s t rengths   have  been 
below  the  20.69 MPa (3000 p s i )  NASA g o a l   l e v e l  w i t h  t h e   f a i l u r e   i n  
every   case   occur r ing  w i t h i n  the  composite  adherend. I n  o r d e r   t o  
determine i f  t h i s  adhes ive   sys t em  wou ld ,   i n   f ac t ,   g ive  R.T. bond 
St rengths   above   the  NASA goal ,   h igh   qua l i ty   l amina tes   2 .03  mm 
(80 mils) thick  were  prepared  in-house and  bonded. 

752OF) under 1.38 MPa (200 p s i ) ,  c u t   i n t o   2 5 . 4  mm x 101.6 mm 
(1" x 4") lap  shear   coupons a n d  mechanical  teat   specimens.  The 
r e s u l t s  of t e s t s  on  the  specimens  are   given  in   Table  X X X I .  

Small  laminates  were  prepared a t  high  temperatures  (673 K, 

TABU XXXI. 
PROPERTIES OF HTS/NR-l5OB2 LAMINATES 

PREPARED AT HIGH TEMPERATURES AND PRESSURES 

Flex   F lex   Shor t  Beam 
Tes t  S t r e n g t h  Modulus Shear   Strength 
Temp. MPa GPa MPa 
K (OF) (psi)  (M p s i )  ( p s i )  

R.T. 1586.5  128.1 
(230.1) (18.58) 

70.3 
(10.2) 

589 K 1041.8 130 9 44.1 
(600'~) (151.1) (18.97) ( 6.4) 

The proper t ies   o f   the   l amina tes   p repared   In-house   ind ica ted  
i n  the   t ab le   above   a re   wel l   above   these   for   the   composi te   pane ls  
i n d i c a t e d  i n  Table XXX. 
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Lap shear samples  were  prepared  using these lamina tes  as 
adherends  with  the  adhesive and  . p r o c e s s e s   i n d i c a t e d   i n   S e c t i o n  
7 .2 .  The l a p  shear s t rengths   o f   these   samples  are i n d i c a t e d   i n  
Table X X X I I .  

TABLE X X X I I .  
BOND STRENGTHS  OF  LAP  SHEAR SAMPLES 

FROM H I G H  QUALITY HTS/NR-l50B2 LAMINATES 

T e s t  Lap Shear   S t rength   Fa i lure  
Temp 
R.T. 

It can be  concludec 

- - 
MP ( p s i )  Mode 

23  9 42 (3397) w i t h i n  

15.67 (2273) w i t h i n  
composite 

adhes ive  

t h a t ,  when h i g h  q u a l i t y   g r a p h i t e  : f iber /  
NR-15OB2 composites  are  bonded w i t h  t h e   p r e f e r r e d  NR-150 adhes ive  
system  'using  diglyrne as t h e   s o l v e n t ,   l a p  shear bond s t r e n g t h s  
exceeding  the NASA goa l   l eve l s   (20 .69  MPa a t  R.T. and  13.79 MPa 
a t  589 K )  a r e   r e a d i l y   o b t a i n e d .  



12. CONCLUSIONS AND RECOMMENDATIONS 
Summarized  below are  the   conclus ions   reached   dur ing   th i s  

program to   deve lop  a more eas i ly   p rocessed   a romat ic   po ly imide  
res in   adhes ive   based   on  NR-150 technology. B a s e d  on  these  con-  
clusions,   recommendations are g iven   fo r   fu r the r   deve lopmen ta l  
work. 
12 .1  CONCLUSIONS 

1. An NR-150 precursor   adhes ive   so lu t ion   compDsi t ion  was 
developed  which  gives a s i g n i f i c a n t  improvement i n  p r o c e s s i b i l i t y  
o v e r   o t h e r  a l l  aromatic  polyimide  adhesives.  

2 .  The new NR-150 adhes ive   so lu t ion   compos i t ion   cons i s t s   o f  
a 1:3/4:1/4 mole r a t i o   o f  2 ,2  b is   (3 ' ,4 ' -d icarboxyphenyl )   hexaf luoro-  
propane :paraphenylenediar[1ine:oxydiani l ine;  48 w t .  % c u r e d   r e s i n  
s o l i d s  i n  diglyme,   containing 65% aluminum  powder  based on t o t a l  
cu red   so l id s .  

3. The a t t a i n a b l e   l a p   s h e a r  bond s t r e n g t h s   u s i n g   t h e  
aluminurn powder f i i l e d  NR-150 a d h e s i v e   s o l u t i o n   i n d i c a t e d   i n   c o n -  
c l u s i o n  ( 2 )  above a r e  as follows: 

Graphi te   F iber /  
NR-l5OB2 Resin NASA 

Tes t  6/4 Titanium  Matrix Goa 1 
Temp . Subs t r a t e s   Subs t r a t e s   Leve l s  

R.T. 24.13 MPa 23.44 MPa 20.69 MPa 
(3500 P s i )  (3400 p s i )  (3000 p s i )  

589 K 15.13 MPa 15.51 MPa 13.79 MPa 
(600 OF) (2200 p s i )  (2250 p s i )  (2000 p s i )  

4.  The use  of  diglyme as the   so lven t  i n  p lace   o f   the  
u s u a l l y  employed  N-methylpyrrolidone  results i n  a marked 
s i m p l i f i c a t i o n  of the  bonding  process   required  to   produce  high 
q u a l i t y  low void l a p  shear  bonds.  

5. Lap shea r   s amples   p repa red   a s ing   g raph i t e   f i be r /  
polyimide  matrix  adherends a n d  a l u n i n u m  f i l l e d   a d h e s i v e   h a v e  
e x c e l l e n t   r e s i s t a n c e   t o   t h e   f o l l o w i n g   e n v i r o n m e n t s :  1800 Ks 
(500 hrs .) i n  589 K ( 6 0 0 ' ~ )  a i r ;  3024 Ks (35 days)  i n  322 K (120'F) 
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95$ R.H. ;  2937.6 K s  (34 days)  immersed i n  j e t  f u e l  o r  
methyle thylke tone  a t  R.T. 

5 .  The aluninurn f i l l e d  adhes ive   sys tem  has  shown 
exce1ler : t   res i s tance   to   c rack   propagat ioh   under  s t r e s s   a t  589 K 
(600°F).  

7 .  Although  the new  NR-150 adhesive  produces w i d e  area 
bonds  using  composite  adherends  having bond s t r e n g t h s  t h a t  
app roach   accep tab le   l eve l s ,  u n d e r  the  bonding  condi t ions  used the  
bond l i n e s  a r e  not  void f r e e .  

8. The new adhesive  system  should have u t i l i t y   f o r   b o n d i n g  
both  metals and  composites i n   a p p l i c a t i o n s   r e q u i r i n g   l o n g  term 
exposure   t o  a t  l e a s t  589 K ( 6 0 0 " ~ ) .  

12.2 RECOMMENDATIONS 
1. The new NR-150 adhes ive   so lu t ion   shou ld  be opt imized.  

The fo l lowing  itenis were nDt i n v e s t i g a t e d  i n  t h e   p r e s e n t   c o n t r a c t  
and  should  be  evaluated: 

( a )  Concentration  of  aluminum powder f i l l e r  - Although a 65 
w t .  76 l oad ing  of aluminun was used, no e f f o r t  was made to 
deterrtiine t h e  optimum load ing .  

( b )  Adhesive  prepreg  toughness - The adhesive  prepreg  used 
f o r  t h e  env i ronmen ta l   s tud ie s  was somewhat b r i t t l e .   E v a l u a t i o n   o f  
methods  of  improving i t s  toughness  should be explored .  

( c )  Pr imer   coa t ing   th ickness   and   cure  - A pr imer   coa t ing  
.0254-.0508 rrm (1-2 mils) t h i c k  was used f o r  t he  environmental  
s t u d i e s .  The c o a t i n g  was "B" s taged  300 s e c s .  (5  m i n . )  a t  418 K 
(293°C). The use  of a t h i n n e r  more h igh ly   cu red   p r imer   coa t ing  
should be exp lo red .   App l i ca t ion   o f  t he  pr imer   coa t ing   by   spraying  
should be eva lua ted  t D  produce a nore   un i form  coa t ing .  

2 .  The  bDnding  and pos t   cu re   p rocedure   fo r   p repa r ing   l ap  
s h e a r  samples w i t h  t h e  diglyrlle adhesive  system i s  no t   necessa r i ly  
opt imized.  The fo. l lowing  process  s t eps  should   be   inves t iga ted :  

(a)  The bond time a t  589 K u s i n g  1.38 MPa (200 p s i ) .  
(b )  The necess i ty   o f  a p o s t   c u r e  s t e p  under f u l l  vacuum, no 

pressure ,   immedia te ly  a f t e r  t h e  bonding   s tep .  
99 



(c)  The e f f ec t  of a f r ee  s t and ing   pos t   cu re  a t  temperatures  
above 589 K (600'F). 

3. The dramatic  improvement i n   p r o c e s a i b i l i t y   b r o u g h t   a b o u t  
by   the   rep lacement  of NMP solvent   with  diglyrne i n  the NR-150 so lu -  
t i o n  suggests that there  may b e   o t h e r   s o l v e n t s   h a v i n g   g r e a t e r  
v o l a t i l i t y   t h a n   d i g l y m e  that  may r e s u l t   i n   f u r t h e r  improvements i n  
p r o c e s s i b i l i t y .  Fo r  example,  by  using a h i g h e r   v o l a t i l i t y   s o l v e n t ,  
the bonding temperature may be r e d u c e d  from 589 K (600OF) t o  505 K 
(450°F) , a t e m p e r a t u r e   a t t a i n a b l e   i n  many p roduc t ion   au toc laves .  
The use of a more v o l a t i l e   s o l v e n t  may r e s u l t   i n   a n   a d h e s i v e  more- 
s u i t a b l e  for wide area bonding.   Solvents  such as dioxane, t h e  
monomethyl e t h e r   o f   e t h y l e n e   g l y c o l ,   d i m e t h y l   e t h e r   o f   e t h y l e n e  
glycol   (glyme) , and  e thylene   g lycol  are poss ib l e   cand ida te s .  

4. The f u r t h e r   i n v e s t i g a t i o n   o f  the b m d i n g  of t i t a n i u m  
as well as  metals   such as aluminum, s t a i n l e s s ,   a n d  monel  should 
be c a r r i e d   o u t .  The va r ious   t ypes   o f   su r f ace   t r ea tmen t s   o f  the  
metals should  be  scouted. 

The e f fec t   o f   var ious   envi ronments   on  l a p  shear   samples  
bonded using  these  adherends  should be made. A s  the  polyimides 
based  on NR-150 s o l u t i o n s  have e x c e l l e n t  thermal o x i d a t i v e  
s t a b i l i t y  a t  high  temperatures ,   the   exposure  of  bonded  samples t o  
temperatures  of 589 K (600OF) t o  616 K ( 6 5 0 " ~ )  f o r  severa l   thousand 
hours  should be c a r r i e d   o u t .  

5. Improved  techniques f o r  applying  the  diglyme  based 
a d h e s i v e   t o   t h e   c e l l   e d g e  of a honeycomb i n   o r d e r  t o  improve the  
f l a t w i s e   t e n s i l e   s t r e n g t h  of a honeycomb sandwich  panel  should 
be sought.  

6.  A s  polyimides  based on NR-150 so lu t ions   have  a high  
degree   o f   thermoplas t ic i ty  a n d ,  t h e r e f o r e  , toughness and  
r e s i l i ence ,   adhes ive   bonds   p repa red  u s i n g  these  new adhesive 
systems  should  be  evaluated i n  a c y c l i c a l   s t r e s s  t e s t  a t  var ious  
tempera tures ,   to   de te rmine   the i r   per formance   vs   o ther   adhes ive  
s y s t e m s   a n d   t h e i r   s u i t a b i l i t y  for use i n   a p p l i c a t i o n s   s u c h  as 
j e t   e n g i n e s .  
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7. Aluminum powder was t h e  only adhes ive  f i l l e r  eva lua ted  
i n  t h e  program. Other  f i l l e r s  such  as glass f r i t ,  mica, alumina, 
and o t h e r  metals a n d   n e t a l  oxide powders  should be i n v e s t i g a t e d .  
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APPENDIX A.  
PREPARATION  OF  SURFACE OF TITANIUM (6/4) COUPONS 

FOR  ADHESIVE BONDING WITH  NR-150B2G SYSTEMS 
(1) Sandblas t"  6/4 t i t an ium  coupons   us ing   Nor ton   abras ive  f l  

11 Dynablast"  80/100 mesh a l u m i n a   i n  a p r e s s u r e   b l a s t i n g   a p p a r a t u s  
t o   g i v e  5 O - l O O p  i nch   su r f ace   roughness .  
(2 )  The coupons were then  suspended i n   a n   u l t r a s o n i c  Freon@ TF 
b a t h  f o r  10 minutes .  

Us ing   Ph i l l i p s   U l t r a son ic   Gene ra to r  
Dial s e t t i n g  1 C O  switch high 

(3) Dry coupons a t  l e a s t  5 n i n u t e s   i n  hood. 
(4) D i p  coupons i n   P a s a j e l l l l  197 wi th  up  and down s t r o k e s  II 

cove r ing   abou t  1" of  coupon f o r   a b o u t  1 minute. 
(5) Hang coupons i n  hood c o v e r e d   w i t h   P a s a j e l l "   t o   e t c h  for 10 11 

minutes .  
(6) Redip  coupons i n t o   P a s a j e l l l l   f o r  1 minute as i n  (4) above. 
(7) Hang coupons i n  hood covered wi th  P a s a j e l l l l   t o  e t c h  for 
ano the r  10 minutes.  
(8) Wash coupons  with  hot  t a p  water   and remove P a s a j e l l "  w i t h  

a c i d  b r u s h   t h e n   t h o r o u g h l y   r i n s e   w i t h   f l o w i n g   t a p  water. 
(9) Treat  coupons  suspended i n   a n   u l t r a s o n i c   t a p  water bath for 5 

11 

11 

I f  

minutes.  
(10) Allow  coupons t o   d r y   i n  hood f o r  5 minutes.  
(11) Treat  coupons  suspended i n  a n  u l t r a s o n i c   d i s t i l l e d  water b a t h  
f o r  10 minutes.  
(12) A i r  dry coupons a t  R.T. f o r  10 minutes .  
(13) Heat coupon i n  oven a t  70°C f o r  10 minutes .  
(14) Coat  coupons w i t h  p r i m e r   s o l u t i o n   w i t h i n  30 minutes  a f t e r  
removal  from  oven. 
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APPENDIX B. 
PRIMING OF ETCHED TITANIUM 

SURFACES FOR IMPROVED  ADHESION 
UNFILLED  i\DHESIVE SOLIJTIONS CONTAINING NMP 

For Lap Shear  Sarnpl.es 
P a r t  I 

(1) Warm a d h e s i v e   p r i m i n g   s o l u t i o n   t o  -70°C and mix thoroughly.  
(2 )  U s i n g   a c i d   b r u s h   a p p l y   s o l u t i o n   t o   e t c h e d   t i t a n i u m  a t  3r 
s l i g h t l y   a b o v e  room tempera tu re   cove r ing   su r f ace   t o  be bonded. 
(3) Using   Gardner   c3a t ing   kn i fe ,   se t  a t  3 1/2 mils above  metal 
sur face ,  remove e x c e s s   s o l u t i o n .  A un i forn :   coa t ing   resu l t s  i f  

k n i f e  i s  s l i g h t l y  warn1 t o   t o u c h .  
(4) "B" s t a g e  p r i m e d  coupons f o r  5 minutes a t  145°C  (293°F). 

For Wide Area  Bonds 
P a r t  I1 

(1) Warm a d h e s i v e   p r i m i n g   s o l u t i o n   t o  -70°C and  mix thoroughly.  
( 2 )  Warrc! previous ly   e tched   t i t an ium surface t o  be bonded t o  60- 
65"c (140448°F). 
( 3 )  Apply  adhesive primer s o l u t i o n  to s u r f a c e  w i t h  a c i d  b r u s h .  
(4) Before  panel  has cooled ,   reaove   excess   coa t ing  by s l i d i n g  a 
1/2 i nch   d i ame te r   Te f lon@  rod   ac ross   su r f ace .  
(5)  'rB1t s tage   p r i rced   pane ls   for  10 minutes a t  145°C  (293°F). 



APPENDIX C . 
MOLDING OF ADHESIVE PREPREG BASED ON 

NMP SOLUTIONS FOR TMA ANALYSIS 
(1) Stack 3 t o  6 p lya  of 25.4 mm x 25.4 mm squa res  of adhes ive  
p r e p r e g   i n   p r e s s ,   p r e h e a t e d   t o  700 K ( 8 0 0 ~ ~ ) .  
(2)  P rehea t  a t  700 K ,  t ouch   p re s su re  f o r  120 s ( 2  minu tes ) .  
(3)   Consol ida te  a t  13.79 MPa (2000 p s i )   f o r  60 s (1 minute)  a t  
700 K. 
(4) D e v o l a t i l i z e  f o r  600 s (10 minutes)   touch   pressure  a t  700 K. 
(5) Mold f o r  300 s (5  minutes)  a t  13.79 MPa (2000 p s i )  a t  700 K.  
( 6 )  Vent f o r  300 s. (5  minutes)  a t  touch   p re s su re  .and 700 K. 
(7) Cool rapidly  u .nder  1.38 MPa (200 p s i ) ,  
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APPENDIX D .  
PREPARATION OF ADHESIVE  PREPREG 
USING NR-150 ADHESIVE SOLUTIONS 

BASED ON NMP 
CONTAINING  ALUMINUM  POWDERS 

- Glass Cloth  Scrim CDated Two Successive Times 

F i r s t  Coatingb 
(1) Warri! a d h e s i v e   s o l u t i o n   t o  353 K (176'~) t o  r e d u c e   v i s c o s i t y  
of aluminum f i l l e d  s o l u t i o n .  
( 2 )  Soak glass s c r i m   c l o t h  (112 S t y l e  E glass -3.5 mils t h i c k )   i n  
a d h e s i v e   s o l u t i o n  a t  t e m p e r a t u r e ,   t u r n i n g   c l o t h   o v e r   t o   e n s u r e  
complete w e t t i n g  of c l o t h .  
(3) While s o l u t i o n   a n   c l o t h  i s  s t i l l  warm, pass coa ted   c lo th  
between  opposed  Gardner  coating  knives s e t  a t  a n  a i r  gap of 15 mils. 
(4) Clamp prepreg edges i n  frame t o   p r e v e n t   w r i n k l e s   i n   c l o t h  a n d  
p l a c e   i n  preheated a i r  oven. Heat 12 Ks (20 mins.) a t  418 K (293°F) 
t h e n  0.6 Ks (10 mins.) a t  433 K (320OF). 
(5) A 6-7 m i l  t h i c k   p r e p r e g  resu l t s  having a v o l a t i l e s   c o n t e n t  of 
6.3-6.5%. 

Second  Coating' 
(6)  Soak prepreg  from f i r s t  c o a t i n g  i n  a d h e s i v e   s o l u t i o n  a t  353 K 
(176'F) f o r  1.8 Ks (30  mins.) a f t e r  0.9 Ks (15 mins.) .  
( 7 )  While s o l u t i o n   o n   p r e p r e g  i s  s t i l l  w a r m ,  pass   prepreg  between 
opposed  Gardner  coating  knives s e t  a t  a n  a i r  gap 3f 35 mils. 
( 8 )  Place  prepreg i n  frame  and  place i n   p r e h e a t e d   o v e n  a t  418 K 
(293OF) f o r  1.8 Ks (30 mins.) .  
(9) The r e s u l t i n g   p r e p r e g  i s  12-16 mils t h i c k  and has a v o l a t i l e s  
con ten t  of 7.5 t o  9.0% measured  by the weight loss  a f t e r  1.8 Ks (30 
mins.) at  644 K (700'F). 
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APPENDIX E. 
PROCEDURE FOR PRIMING COMPOSITE ADHERENDS 

BASED ON DIGLYME 
USING NR-150 ADHESIVE SOLUTIONS 

(1) The f a y i n g   s u r f a c e s  of the  composite l a p  shear coupons a r e  
l i g h t l y   s a n d e d ,  f i r s t  i n  t h e  long ( f i b e r )   d i r e c t i o n   a n d  then  i n  
t he  c r o s s   d i r e c t i o n   u s i n g  80D grade  sandpaper.  
(2) 65 w t .  $J aluminum  powder  (Reynolds G r a d e  1-131 atomized) i s  
added t o   t h e   e x p e r i m e n t a l  NR-150 a d h e s i v e   s o l u t i o n  t h e n  warmed 
t o  343-353 I( (158-176OF) and s t i r r e d  well  to   ensure   comple te  
mixing  of   the  ingredients .  (To each 100 grams  of   solut ion,  a d d  

89.14 grama of aluminum powder.) 
(3) Using a n  a c i d  b r u s h  ( o r  e q u i v a l e n t ) ,   a p p l y  the  warmed s o l u t i o n  
to   t he   p rev ious ly   s anded   su r f aces   u s ing  a minimum amount of solu-  
t i o n .  
(4) "B" s tage   the   coa ted  l a p  shear   samples  i n  a n  a i r  c i r c u l a t e d  
oven f i r s t  f o r  5 minutes a t  358 K (185"~), t h e n  5 minutes a t  373 K 
(212'F), t hen  5 minutes at 393 K (248OF), and f i n a l l y   f o r  5 
minutes a t  418 K (293OF). 
(5) A primer c o a t i n g   t h i c k n e s s  of .O25-.O5l mm (1-2 mils) i s  
obtained  from t h e  above  procedure. 

PROCEDUKE FOR P R I M I N G  TITANIUM 
ADHERENDS PREVIOUSLY ETCHED 

FollDw Items 2-5 above. 
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APPENDIX F. 
PREPAMTION OF ADHESIVE PREPREG 
USING NR-150 ADHESIVE SOLUTIONS 

BASED 011 DIGLYME 
(1) To the   exper imenta l  NR-150 a d h e s i v e   s o l u t i o n  a d d  65 w t .  g 
(based  on t o t a l   c u r e d   s o l i d s ' )  aluminum  powder,  Reynolds  Grade 
1-131 atomized 31" e q u i v a l e n t .  (To each 100 grams of s o l u t i o n  
a d d  89.14 grams of  powder.) Warm s o l u t i o n   t o  343-353 K (158- 
176"~) fo r   ea se   o f   mix ing .  
(2 )  SDak a p iece  of 112-38 S t y l e  E g l a s s  w i t h  a 1 - 6 2 1   f i n i s h  ( o r  
e q u i v a l e n t )   i n   t h e  w a r m  s o l u t i o n ,   t h e n  pass the  impregnated 
cloth  between  opposed  Gardner  coating  knives (or equ iva len t )  
having a .330 rnms (13 mil) a i r  g a p .  
(3) Heat   the   impregnated   c lo th   in  a forced  a i r  c i r c u l a t e d  Oven 
for 40 minutes a t  358 K (185"F) ,   then 20 m i n u t e s  a t  373 K (212"F),  
and  then  20  minutes a t  393 K (248°F).  Prepreg  .152-.178 m m s  
(6-7 mils) th i ck   con ta in ing   abou t  107; v o l a t i l e s  i s  produced. 
(4) Resoak  the B" s taged   prepreg  i n  the  warm adhes ive   so lu t ion ,  
t hen  pass the   re impregnated  c loth  between  opposed  coat ing  knives  
having a .686 mn (27 m i l )  a i r  gap. 
(5) Heat  the  reimpregnated  cloth i n  a forced  a i r  c i r cu la t ed   oven  
for 40 minutes a t  358 K (185OF), and  then  20 minutes a t  373 K 

I f  

(212 OF) . 

The r e s u l t i n g   p r e p r e g  i s  .279-.292 mrn (15.0-15 1/2 mils) t h i c k  
and  contains  11-11 1/2$ v o l a t i l e s .  The v o l a t i l e s   c o n t e n t  i s  obtained 
by  measuring t h e  weight loss a f t e r   e x p o s i n g  a sample of   the  prepreg 
t o  644 K (700°F) f o r  900 seconds (30 mins . ) .  



APPENDIX G. 
PROCEDURE FOR 

BONDING COMPOSITE LAP SHEAR SAMPLES 

BASED ON DIGLYME 
(Simulated  Autoclave  Using a P r e s s )  

USING A N  EXPERIMENTAL NR-150 ADHESIVE 

(1) Assemble the  pr imed l a p  shear coupons  and  adhesive  prepreg 
i n  a s u i t a b l e  h o l d e r  for producing a . E 7  mm (1/2 inch)  ove r l ap .  
( 2 )  P l a c e   i n  vacuum bag i n   p r e s s  a t  room temperature   and  use the 
fo l lowing   bonding   cyc le  : 

( a )  Heat a t  ,033 K/sec. (5"F/min.)  under f u l l  vacuum and 
1.38 MPa (200 p s i ) .  

( b )  Hold f o r  3.6 K s  (1 hour)  a t  589 K (600OF) u n d e r   f u l l  
vacuum and 1.38 MPa (200 p s i ) .  

( c )  Hold f o r  a second 3.6 K s  (hour)  a t  589 (600'F)  under 
f u l l  vacuum only .  

( d )  Cclol p r e s s   r a p i d l y   u s i n g  water th rough   p l a t ens   u s ing  
f u l l  vacuum on ly .  
(3) Post  cure  bonded  samples 15.6 K s  (16 hour s )   (ove rn igh t )  f r ee  
s t a n d i n g  i n  a i r  a t  589 K (600OF). 
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APPENDIX H. 
PREPAMTION OF ADIESIVE PREPREG 

FOR WIDE AREA BONDING 
BASED ON DIGLYrvlE SOLUTIONS 

(1) To t h e   e x p e r i m e n t a l   a d h e s i v e   s o l u t i o n  a d d  65 w t .  $ (based on 
t o t a l   c u r e d  s o l i d s )  aluminum  powder,  Reynolds Grade 1-131 
atomized 32" e q u i v a l e n t .  (To each  100 grams of s o l u t i o n ,  a d d  89.14 
grams of powder.) Warm s o l u t i o n  to 343-353 K (158-176OF) f o r  ease 
of mixing. 
( 2 )  Soak t h e  glass sc r im ca r r i e r  c l o t h   ( 1 1 2   S t y l e  E glass, 1-621 
f i n i s h ,  or e q u i v a l e n t )   i n  t he  warm (322-333 K ,  130-150°F) s o l u t i o n .  
(3)  Pass  the  impregnated  cloth  between  opposed  Gardner  coating 
knives  ( o r  e q u i v a l e n t )   h a v i n g  a .457 Iilm (18 m i l )  a i r  gap. 
(4)  Heat i m p r e g n a t e d   c l o t h   i n  a i r  c i r cu la t ed   oven  f o r  40 minutes 
a t  85°C and  then 15 minutes  a t  100°C. 

The above  procedure  produces a d h e s i v e  prepreg  about   .229-  
.241 ~ m s  (9-9 1/2 mils) t h i c k   h a v i n g  a 10.3-10.5$ v o l a t i l e s  
con ten t .  The v o l a t i l e s   c o n t e n t  i s  obta ined  by measuring  the weight 
l o s e  on  exp3sing a sarrlple o f   t h e   p r e p r e g   t o  644 K (TOOOF, 371°C) 
f o r  30 rxinutes. 
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