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111.1 I .  

The use  of t r a d e  names i n   t h i s   p u b l i c a t i o n   d o e s   n o t   c o n s t i t u t e   e n d o r s e m e n t ,   e i t h e r  
expres sed   o r   imp l i ed ,  by the   Nat iona l   Aeronaut ics   and   Space   Adminis t ra t ion .  
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INTRODUCTION 

Recen t   s tud ie s   have  shown t h a t   t i t a n i u m   c a n  be ve ry   r ead i ly   fo rmed  a t  e l e v a t e d  
t e m p e r a t u r e s   b y   u s i n g   s u p e r p l a s t i c   f o r m i n g   a n d   s u c c e s s f u l l y   j o i n e d   b y   e i t h e r   c o d i f f u -  
s i o n   b o n d i n g   j u s t  prior t o  or subsequent  to  s u p e r p l a s t i c   f o r m i n g  or by a pos t forming  
process such  as weld ing  or weld-brazing (refs. 1 th rough   4 ) .  The s t u d y   i n  refer- 
ence 1 reports the   deve lopment  of t h e   s u p e r p l a s t i c   f o r m i n g   a n d   d i f f u s i o n   b o n d i n g  
(SPF/DB) process t o  f ab r i ca t e   expanded   s andwich   s t ruc tu res   and   a l so   shows  that  com- 
b i n i n g   t h e  t w o  processes could  be b e n e f i c i a l   s i n c e   t h e   t e m p e r a t u r e s   f o r   s u p e r p l a s t i c  
fo rming   and   d i f fus ion   bond ing   t i t an ium w e r e  t h e  same. The s t u d y   i n   r e f e r e n c e  2 
d e m o n s t r a t e d . t h e   i n t r i c a t e   d e t a i l   t h a t   c a n  be i n c o r p o r a t e d   i n   t h e   d e s i g n  of s t r u c -  
t u r a l   p a n e l s  by  spot-welding or r o l l - w e l d i n g   t h e   p a n e l  parts t o g e t h e r  prior t o  super -  
plastic forming. One advantage of t h e   p r o c e s s e s   d e v e l o p e d   i n   r e f e r e n c e s  1 and 2 i s  
t h a t   s e v e r a l   s h e e t s   o f   t i t a n i u m   c a n  be read i ly   j o ined   and   fo rmed   i n   one   ope ra t ion .  
In  r e f e r e n c e  3, superp las t ic   forming   and   weld-braz ing  were successfu l ly   combined  t o  
f a b r i c a t e  1 8  t i t a n i u m   s k i n - s t i f f e n e d   s t r u c t u r a l   p a n e l s   h a v i n g   s i x   d i f f e r e n t   s t i f f e n e r  
c o n f i g u r a t i o n s .  The compress ive   s t r eng th   o f   t hese   pane l s  w a s  e v a l u a t e d  a t  room 
tempera ture   and   the  data showed t h a t   t h e   p a n e l s   h a v i n g   a d v a n c e d   s h a p e d   s t i f f e n e r s  
developed  from 20 t o  58 p e r c e n t   h i g h e r  local b u c k l i n g   s t r e n g t h s   t h a n   p a n e l s   w i t h  
c o n v e n t i o n a l l y   s h a p e d   s t i f f e n e r s .   F a b r i c a t i o n   o f   t h e   a d v a n c e d   s h a p e d   s t i f f e n e r s  w a s  
made p o s s i b l e  by t h e   i n c r e a s e d   f o r m a b i l i t y   a f f o r d e d   b y   t h e   s u p e r p l a s t i c i t y   c h a r a c t e r -  
ist ics o f   t h e   t i t a n i u m   a l l o y  Ti-6A1-4V. 

The o b j e c t i v e  of t h e   r e s e a r c h   r e p o r t e d   h e r e i n  w a s  t o  e v a l u a t e   t h e  316OC (600OF) 
pe r fo rmance   o f   t he   compress ion   pane l   des igns   r epor t ed   i n   r e f e rence  3. The t e s t  tem- 
p e r a t u r e   o f  316OC (600OF) w a s  selected as b e i n g   r e p r e s e n t a t i v e  of the   upper   use  tem- 
p e r a t u r e   f o r  Ti-6A1-4V a l l o y  o n   f u t u r e   s u p e r s o n i c   c r u i s e  a i r c ra f t .  S t i f f e n e r s   h a v -  
i n g   c o n f i g u r a t i o n s   o f  a conven t iona l   ha t ,   beaded  w e b ,  modified  beaded web, r ibbed  
web, o r  stepped web were i n v e s t i g a t e d .  The da ta   f rom  the   pane l  tests i n c l u d i n g   l o a d -  
s h o r t e n i n g   c u r v e s ,  local b u c k l i n g   s t r e n g t h s ,   a n d   f a i l u r e   l o a d s  are compared  with  data 
f r o m   t h e   p a n e l s   t e s t e d  a t  room t empera tu re   and   r epor t ed   i n   r e f e rence  3 .  

SPECIMEN  FABRICATION 

The s p e c i m e n s   i n   t h i s   s t u d y  were c o m p r e s s i o n   p a n e l s   c o n s i s t i n g   o f  a s u p e r p l a s t i -  
c a l l y  formed (SPF) Ti-6A1-4V s t i f f e n e r   j o i n e d  by weld-brazing (WB) t o  a Ti-6A1-4V 
a l l o y   s k i n .   F a b r i c a t i o n   d e t a i l s  are r e p o r t e d   i n   r e f e r e n c e  3 and are summarized 
b r i e f l y   h e r e i n .   F a b r i c a t i o n  of t h e   s t i f f e n e r s  w a s  i n i t i a t e d  by   p l ac ing  a s h e e t   o f  
1.27-mm (0.050-in.   th ick  t i tanium  between  the  cover  plate  and   the  female mold as 
i n d i c a t e d   i n   f i g u r e   1 .  me female mold had a r a i sed   bead   a round   t he  perimeter t h a t  
t h e   t i t a n i u m   s h e e t   c o n t a c t e d  t o  make a sea l  f o r   p r e s s u r i z i n g   w i t h   a r g o n   g a s  or pump- 
i n g  a vacuum.  The a s sembled   t oo l ing  w a s  placet1 between ceramic p l a t e n s  mounted i n  a 
press. I n t e r n a l   h e a t e r   e l e m e n t s   i n   t h e   p l a t e n s  w e r e  used t o  p r o v i d e   t h e   r e q u i r e d  
h e a t   s o u r c e .   E x t e r n a l   p r e s s u r e  w a s  a p p l i e d  by t h e  press to  main ta in  a sea l  between 
t h e  cover plate, t i t an ium  shee t ,   and   f ema le  mold as w e l l  as t o  react t h e   f o r m i n g  
p r e s s u r e   p r o v i d e d  by the   a rgon   gas .  The p l a t e n s  were h e a t e d   u n t i l   t h e  mold and 
t i t an ium  r eached  927OC (1700OF) a t  which t i m e  a vacuum w a s  p u l l e d   o n   t h e  female mold. 
Argon gas p r e s s u r e   u p  t o  862  kPa ( 1 2 5  ps i )  w a s  i n c r e m e n t a l l y  applied th rough   t he  
cover plate to  f o r m   t h e   t i t a n i u m   s t i f f e n e r s .  The t o t a l  time a t  927OC (1700OF) d u r i n g  
s t i f f e n e r   f o r m i n g  w a s  70 min. 



The female mold and several of t h e  male d i e   i n s e r t s  for t h e   s t i f f e n e r   c o n f i g u r a -  
t i o n s   e v a l u a t e d   i n   t h i s   s t u d y  are shown i n  figures 2 and 3. One d i e   i n s e r t  w a s  used 
t o  form a c o n v e n t i o n a l   h a t   s t i f f e n e r .  The remaining d ie  i n s e r t s  were used t o  form 
a d v a n c e d   s h a p e d   s t i f f e n e r s   h a v i n g   e i t h e r  a beaded w e b ,  a modified beaded web ,  a r i h -  
bed web, or a stepped web. The a d v a n c e d   s h a p e d   s t i f f e n e r s  are e i t h e r   d i f f i c u l t  t o  
form or cannot   be   formed  by   convent iona l   t i t an ium  fabr ica t ion   methods .  The shapes  of 
t h e   a d v a n c e d   s t i f f e n e r s  were selected on t h e  basis of improv ing   buck l ing   s t r eng th   and  
t o   a c c e n t u a t e   t h e   c h a r a c t e r i s t i c   a d v a n t a g e s   o f   s u p e r p l a s t i c   f o r m i n g  of t i t a n i u m .  A 
t y p i c a l  SPF s t i f f e n e r  is  shown i n   f i g u r e  4 a f t e r  being  removed from the mold,.  
cleaned,  and  tr immed. 

Each s t i f f e n e r  w a s  j o i n e d  t o  a 1.27-mm (0 .050- in . )   t h i ck   t i t an ium  sk in   u s ing   t he  
weld-brazing process. The components  and  the 0.406-mm (0.01 6- in . )   th ick  3003  a lumi-  
num b r a z e   a l l o y  are shown i n   f i g u r e  5. Fol lowing   chemica l   c leaning ,  two rows o f   fou r  
spot-welds were used t o   a t t a c h   e a c h   f l a n g e  of t h e   s t i f f e n e r   t o   t h e   s k i n .   B r a z e   a l l o y  
strips were p l a c e d   a d j a c e n t   t o   t h e   j o i n t s  t o  be brazed  and  the  assembly w a s  then 
p l aced   i n   t he   b raz ing   fu rnace .   F ix tu r ing   p rov ided   by   t he   spo t -we lds  was s u f f i c i e n t  
t o  ma in ta in   a l inemen t   and ,   t he re fo re ,  no t o o l i n g  w a s  r equ i r ed .   Braz ing  was accom- 
p l i s h e d   i n  a vacuum f u r n a c e  a t  a tempera ture   o f  677OC ( 1  25O0F)  over a time p e r i o d  
of  5 min. Upon m e l t i n g ,   t h e   b r a z e   a l l o y  w a s  drawn i n t o   t h e   f a y i n g   s u r f a c e   b e t w e e n  
t h e   s t i f f e n e r   a n d   s k i n  by c a p i l l a r y   a c t i o n   a n d   p r o d u c e d  a h e r m e t i c a l l y   s e a l e d ,  
h i g h   s t r e n g t h   j o i n t .   U s i n g   t h e   s u p e r p l a s t i c   f o r m i n g / w e l d - b r a z i n g  (SPF/WB) p r o c e s s ,  
14  compression  panels  were f a b r i c a t e d   f o r   t e s t i n g   a t  316OC (600OF). 

The SPF/WB p a n e l s  were t r immed  on  the  edges  and  ends,   and  the  ends  of   the   panels  
were p o t t e d   u s i n g   a n   e l e v a t e d   t e m p e r a t u r e   e p o x y   p o t t i n g  compound (Epoxyl i te   #813-9)  
t h a t  was cast  a round  t i t an ium c l ips  spot-welded t o   t h e   p a n e l   e n d s .  The c l i p s  were 
used   t o   p reven t   s epa ra t ion   o f   t he   epoxy   f rom  the   pane l s   du r ing   cu re   o f   t he   epoxy   o r  
t e s t i n g  a t  316OC (600OF)  due t o  d i f f e r e n c e s   i n   t h e r m a l   e x p a n s i o n   b e t w e e n   t h e   t i t a n i u m  
and  the  epoxy. The p o t t i n g  material w a s  used to  f a c i l i t a t e   g r i n d i n g   t h e   e n d s   o f   t h e  
p a n e l s  f l a t ,  paral le l  t o  each   o the r ,   and   pe rpend icu la r  t o  t h e   s k i n .  The p o t t i n g  also 
s e r v e d   t o   p r e v e n t   p r e m a t u r e   f a i l u r e   o f   t h e   e n d s   o f   t h e   p a n e l s   d u r i n g   c o m p r e s s i o n  
t e s t i n g .  A t y p i c a l   f i n i s h e d  tes t  p a n e l  shown i n   f i g u r e  6 w a s  254 nun ( I O  i n . )   l o n g  
and 121 mm (4 .75  in . )   wide.  

TEST PROCEDURE 

The SPF/WB s k i n - s t i f f e n e d   s t r u c t u r a l   p a n e l s  were loaded   in   end   compress ion  a t  
t e s t  tempera ture  by u s i n g  a 1.3-MN-capacity (300-k ip )   hydrau l i c   t e s t ing   mach ine .  The 
unloaded  edges  of   the   specimens were s u p p o r t e d   w i t h   k n i f e   e d g e   f i x t u r e s   p o s i t i o n e d  
6.35 mm (0 .25   in . )  from the   edge  as shown i n   f i g u r e  7. Rela t ive   mot ion   be tween  the  
upper  and lower heads of t h e   t e s t i n g   m a c h i n e  w a s  m e a s u r e d   w i t h   l i n e a r   v a r i a b l e   d i f -  
f e r e n t i a l   t r a n s f o r m e r s  ( L V D T ) .  F o i l   s t r a i n   g a g e s  were a t t a c h e d  t o  t h e   s t i f f e n e r   a n d  
s k i n  as shown i n   f i g u r e  7 and were u s e d   t o   m e a s u r e   l o a d - s t r a i n   r e s p o n s e   i n   t h e   p a n e l .  
The p a n e l s  were hea ted   by   quar tz   l amps   wi th   go ld-p la ted   re f lec tors   which   have   been  
removed f o r   t h e   p h o t o g r a p h s   i n   f i g u r e  7. Both t h e   s k i n   a n d   s t i f f e n e r   s i d e s   o f   t h e  
p a n e l s  were h e a t e d   t o   t h e  tes t  tempera ture   o f  316OC (600OF). A temperature   survey  on 
a r e p r e s e n t a t i v e   p a n e l  was used t o   d e t e r m i n e   u n i f o r m i t y   o f   h e a t i n g .  The s u r v e y   i n d i -  
c a t e d  a temperature   range  of  +28OC to  -28OC (+5O0F to  -50OF) o v e r   t h e   e n t i r e   p a n e l  
and a tempera ture   range  of +5OC to  -5OC (+lO°F to  -1OOF) i n   t h e   s t r a i n - g a g e  area. 
Panels  were h e a t e d  a t  a rate of O.S0C/s (50°F/min)  and  held a t  t e m p e r a t u r e   f o r  20 min 
prior t o   l o a d i n g .  The s t r a i n   g a g e s  were b a l a n c e d ,   t h e   h e a d s   o f   t h e  test  machine were 

. b r o u g h t   i n t o   c o n t a c t   w i t h   t h e   p a n e l s ,   a n d   t h e  tests were conducted a t  a load  rate of 
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890 N/s (1   200   l b /min )   un t i l  maximum load  w a s  achieved.  Data w e r e  r eco rded   eve ry  2 s 
prior to  local i n s t a b i l i t y   a n d   e v e r y   s e c o n d   f r o m   t h e r e   t o  maximum load.  

RESULTS 

Specimen  Fabr ica t ion  

S t i f f e n e r s   w i t h   e i t h e r  a conven t iona l   shape  or advanced  shapes  formed  super- 
p l a s t i c a l l y  t o  t h e   d e s i r e d   c o n f i g u r a t i o n s   r e q , u i r e d   n o   a d d i t i o n a l   s i z i n g   o r   s h a p i n g  
f o l l o w i n g  removal f rom  the  mold. T y p i c a l   t h i n n i n g  of t h e   t i t a n i u m   s h e e t   r e s u l t i n g  
from SPF a s t i f f e n e r  is shown i n   f i g u r e  8. The t h i n n i n g   o f   t h e   t i t a n i u m  on t h e  crown 
o f   t h e   s t i f f e n e r  is  minimal  and i s  an  advantage of t h e  female mold/male die i n s e r t  
forming  concept .  The weld-brazing process b y   w h i c h   t h e   s t i f f e n e r s  were a t t a c h e d  t o  
t h e   s k i n s   u t i l i z e d   s p o t - w e l d s  t o  ma in ta in   a l inemen t   and   no   add i t iona l   t oo l ing  w a s  
r e q u i r e d   f o r   ' b r a z i n g .  A photomicrograph  of a t y p i c a l   w e l d - b r a z e   j o i n t  cross s e c t i o n  
i s  shown i n   f i g u r e  9.  The 3003  aluminum braze   a l loy   mel ted   and   f lowed  th rough  the  
f ay ing   su r f ace   gap   and   comple t e ly   su r rounded   t he   spo t -we ld   nugge t .  A l s o  shown i n   t h e  
f i g u r e  is t h e   g r a i n   g r o w t h   i n   t h e   t i t a n i u m   a s s o c i a t e d   w i t h  SPF a s t i f f e n e r  as com- 
pared   wi th   the  small g r a i n s   o f   t h e   a s - r e c e i v e d   t i t a n i u m   r e p r e s e n t e d  by t h e   s k i n  
m a t e r i a l .  

Specimen Tests 

Load shor ten ing . -   Typica l   pane l   load-shor ten ing   da ta   ob ta ined   f rom  the  L V D T ' s  
f o r   e a c h   o f   t h e   s t i f f e n e r   c o n f i g u r a t i o n s   t e s t e d  a t  316OC (600OF) are shown i n   f i g -  
u r e  I O .  For ease of compar i son ,   t he   l oad - shor t en ing   cu rves   f rom  r e fe rence  3 f o r  
similar p a n e l s   t e s t e d  a t  room tempera ture  are a lso shown i n   f i g u r e  10. The load-  
s h o r t e n i n g   c u r v e s   f o r  a l l  p a n e l s  tested a t  316OC (600OF)  show t h a t   t h e   i n i t i a l   s t i f f -  
n e s s  (see f i g .   1 0   f o r   s t i f f n e s s   v a l u e s )  w a s  10 t o  17   pe rcen t  l o w e r  t h a n   t h e   i n i t i a l  
s t i f f n e s s   o f   t h e   p a n e l s   h a v i n g   t h e  same s t i f f e n e r   c o n f i g u r a t i o n s   a n d   t e s t e d  a t  room 
t e m p e r a t u r e .   T h i s   r e d u c t i o n   i n   i n i t i a l   s t i f f n e s s  w a s  expected  and is expla ined  by 
material p r o p e r t y   d a t a   f r o m   r e f e r e n c e  5, which show a n   1 8 - p e r c e n t   r e d u c t i o n   i n   t h e  
modulus  of e l a s t i c i t y  of Ti-6A1-4V from room tempera ture  t o  316OC (600OF).  Deviation 
from l i n e a r i t y  of l o a d - s h o r t e n i n g   c u r v e s   i n d i c a t e s   t h e   i n i t i a t i o n  of buckl ing   of   the  
pane 1. 

L o a d i n g   o f   t h e   p a n e l s   c o n t i n u e d   u n t i l   i n s t a n t a n e o u s   c r i p p l i n g   o f   t h e   s k i n   a n d  
s t i f f e n e r   o c c u r r e d .   T h i s   l o a d  w a s  d e f i n e d  as t h e  maximum l o a d   c a r r i e d  by t h e   p a n e l  
and is r e p r e s e n t e d  by t e r m i n a t i o n   o f   t h e   l o a d - s h o r t e n i n g   c u r v e s   i n   f i g u r e  1 0  and is 
t a b u l a t e d   i n  table I. None o f   t h e   p a n e l s   t e s t e d   e x h i b i t e d  a s e p a r a t i o n   f a i l u r e  
o f   t h e   w e l d - b r a z e   j o i n t  (see f i g .   1 1 ) .  The a d d i t i o n a l  load t h e   p a n e l s   c a r r i e d   f r o m  
buckl ing  t o  t h e  maximum load  ranged  f rom 8 to  41 p e r c e n t .  By compar ison ,   the  room 
t e m p e r a t u r e   p a n e l s   o f   r e f e r e n c e  3 c a r r i e d  a maximum load   ranging   f rom  15  t o  74 per-  
c e n t   h i g h e r   t h a n   b u c k l i n g .  (See table  11.) The d i f f e r e n c e   i n  maximum load  a t  room 
tempera tu re   and   e l eva ted   t empera tu re  i s  t o  be e x p e c t e d   s i n c e   t h e  data i n   r e f e r e n c e  5 
show a 3 5 - p e r c e n t   d i f f e r e n c e   i n   c o m p r e s s i o n   y i e l d   s t r e n g t h   f o r  Ti-6A1-4V a l l o y  a t  
room temperature   and 316OC (600OF). 

Buckling  load.-  The a v e r a g e   b u c k l i n g   l o a d   f o r   e a c h   p a n e l   c o n f i g u r a t i o n  is shown 
i n   f i g u r e  12. The b u c k l i n g  load is d e f i n e d  as t h e  load w h e r e   t h e   l o a d - s t r a i n  
r e s p o n s e   c u r v e s   r e v e r s e d  as i n d i c a t e d  by t h e   s t r a i n   g a g e s   o n   t h e   p a n e l s   a n d  is tabu- 
l a t e d   i n  table I for  e a c h   p a n e l   t e s t e d  a t  31 6OC (600OF). The pane l s   w i th   t he   con-  
v e n t i o n a l   h a t   s t i f f e n e r   d e v e l o p e d   a n   a v e r a g e   b u c k l i n g   l o a d  a t  316OC (600OF)  of 
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121 k N  (27  170 l b f ) .  The panels   wi th   beaded  web and  modif ied beaded web s t i f feners  
developed average b u c k l i n g  loads a t  316OC (600OF) of 114 kN (25  734 l b f )  and  114 kN 
(25  696 l b f ) ,  r e s p e c t i v e l y .  The h i g h e s t  average b u c k l i n g  loads achieved  a t  316OC 
(600OF) were w i t h   t h e   p a n e l s   h a v i n g  ribbed w e b  and   s t epped  w e b  s t i f f e n e r s ,  151 kN 
(33  974 l b f )  and  154 kN (34  610 l b f ) ,  r e s p e c t i v e l y .   T h i s  is a 25- and  27-percent 
i n c r e a s e   i n   b u c k l i n g   l o a d  a t  31 6OC ( 6 0 0 ° F ) ,   r e s p e c t i v e l y ,  over t h e   p a n e l s   w i t h   t h e  
c o n v e n t i o n a l   h a t   s h a p e d   s t i f f e n e r .  The h i g h e r   b u c k l i n g  loads of t h e s e   p a n e l s  over 
the p a n e l s   w i t h   t h e   c o n v e n t i o n a l   h a t   s t i f f e n e r  were o b t a i n e d  a t  n o   i n c r e a s e   i n   p a n e l  
weight   and   thus  were d u e   s t r i c t l y  t o  t h e   s t r u c t u r a l   s h a p e s   t h a t   c a n  be f a b r i c a t e d  by 
t h e  SPF process. 

The a v e r a g e   b u c k l i n g   l o a d s   f o r   t h e   p a n e l s   t e s t e d  a t  316OC (600OF) are compared 
w i t h   t h e   a v e r a g e   b u c k l i n g   l o a d s   f r o m   p a n e l s   t e s t e d  a t  room t e m p e r a t u r e   i n   f i g u r e   1 2 .  
A c o m p a r i s o n   o f   t h e   d a t a   r e v e a l e d   t h a t   t h e   a v e r a g e   b u c k l i n g  load a t  316OC (600OF) for 
t h e   p a n e l s   w i t h   t h e   c o n v e n t i o n a l   h a t   s t i f f e n e r  i s  11 p e r c e n t  less than   t he   ave rage  
buck l ing   l oad  a t  room temperature .  However, t h e   p a n e l s   h a v i n g   s t i f f e n e r s   w i t h   t h e  
beaded w e b ,  modified  beaded web, ribbed web ,  or s t e p p e d  w e b  c o n f i g u r a t i o n   e x h i b i t e d  
average   buckl ing   loads  a t  316OC (600OF) t h a t  are 30,  40,  26,  and  28  percent less than 
t h e   r e s p e c t i v e   b u c k l i n g   l o a d s  a t  room tempera ture .  

These   buck l ing   l oad   d i f f e rences   can  be e x p l a i n e d   b y   t h e   t e n s i l e   s t r e s s - s t r a i n  
d a t a   t a b u l a t e d   i n  table I11 a n d   r e p r e s e n t e d   g r a p h i c a l l y   i n   f i g u r e  1 3. The d a t a  are  
f rom  t i t an ium  shee t  material u s e d   t o   f a b r i c a t e   t h e   s t i f f e n e r s   a n d   s k i n s   o f   t h e   p a n e l s  
i n   t h e   c u r r e n t   s t u d y .   P r i o r  t o  t e s t i n g ,   t h e   t e n s i l e   s p e c i m e n s  were thermal ly   exposed  
t o   s i m u l a t e   t h e   t e m p e r a t u r e s   a n d  times a s s o c i a t e d   w i t h   a n  SPF/WB c y c l e .  The data 
show t h a t   y i e l d   s t r e n g t h  a t  316OC (600OF) i s  35 p e r c e n t  less than   t he   va lue   measu red  
a t  room tempera tu re   and   modu lus   o f   e l a s t i c i ty  a t  316OC (600OF) is  10   pe rcen t  less 
than   the   va lue   measured  a t  room tempera tu re .   Th i s   ag rees  w e l l  w i t h   t i t a n i u m  material 
p r o p e r t y   d a t a  Erom reference   5 ,   which  show a 3 2 - p e r c e n t   r e d u c t i o n   i n  compression 
y i e l d   s t r e n g t h   b e t w e e n  room temperature   and 316OC (600OF)  and  an  18-percent   reduct ion 
i n  modulus  of e l a s t i c i t y   b e t w e e n  room temperature   and 316OC (600OF).  For  each  panel 
t e s t e d ,   t h e   a v e r a g e   s t r a i n  a t  the   buck l ing   l oad  w a s  computed  from  the  load-shortening 
d a t a   a n d   t a b u l a t e d   i n   t a b l e s  I and 11. The s t r e s s - s t r a i n   c u r v e s   i n   f i g u r e   1 3   i n  con- 
j u n c t i o n   w i t h   t h e   a v e r a g e   s t r a i n  a t  the   buck l ing  load f o r   t h e   p a n e l s   w i t h   t h e   c o n v e n -  
t i o n a l   h a t   s t i f f e n e r  tested a t  room temperature   and 316OC (600OF)  show t h a t   t h e s e  
p a n e l s   b u c k l e d   i n   t h e  e las t ic  r eg ion   o f   t he   s t r e s s - s t r a in   cu rves   and   an   approx ima te  
1 0 - p e r c e n t   r e d u c t i o n   i n   m a t e r i a l   p r o p e r t i e s   w o u l d   b e   e x p e c t e d .  The p a n e l s   w i t h   t h e  
a d v a n c e d   s h a p e d   s t i f f e n e r s   d e v e l o p e d   a v e r a g e   s t r a i n s   a t   b u c k l i n g   t h a t  were h i g h e r  
t h a n   t h e   p r o p o r t i o n a l  limit of the s t r e s s - s t r a i n   c u r v e s   a n d  material proper ty   reduc-  
t i ons   o f   app rox ima te ly  35 p e r c e n t  would be expec ted .  

CONCLUDING REMARKS 

Two t i t an ium  p rocess ing   p rocedures ,   supe rp la s t i c   fo rming   and   we ld -b raz ing ,  were 
s u c c e s s f u l l y   c o m b i n e d   t o   f a b r i c a t e   c o m p r e s s i o n   p a n e l s   w i t h   a d v a n c e d   s h a p e d   s t i f f e n e r s  
t h a t   e x h i b i t e d   h i g h e r   b u c k l i n g  loads a t  316OC (600OF)   t han   pane l s   w i th   conven t iona l  
h a t   s h a p e d   s t i f f e n e r s .  The p a n e l s   h a v i n g   s t i f f e n e r s   w i t h   t h e   r i b b e d  web o r   s t e p p e d  
web c o n f i g u r a t i o n s   e x h i b i t e d   b u c k l i n g   l o a d s   t h a t  were 25 and 27 p e r c e n t   h i g h e r ,  
r e s p e c t i v e l y ,   t h a n   p a n e l s   w i t h   c o n v e n t i o n a l   h a t   s h a p e d   s t i f f e n e r s .  After buckl ing ,  
a l l  pane l s   con t inued  t o  c a r r y   a d d i t i o n a l  load up t o  t h e  maximum load   where   i n s t an ta -  
n e o u s   c r i p p l i n g  of t h e   s k i n   a n d   s t i f f e n e r   o c c u r r e d .  None o f   t h e   p a n e l s   e x h i b i t e d  a 
s e p a r a t i o n   f a i l u r e  of the   we ld -b raze   j o in t .  
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The b u c k l i n g   l o a d s  a t  316OC (600OF) for panels h a v i n g   s t i f f e n e r s  of the conven- 
t i o n a l  hat, beaded web,  modified  beaded web,  r i b b e d  web, or s t e p p e d  w e b  configura- 
t i o n s  were 11,  30, 40, 26, and  28 percent lower, r e s p e c t i v e l y ,   t h a n   t h e   b u c k l i n g  
l o a d s  for the same p a n e l  configurations t e s t e d  a t  room temperature. The r e d u c t i o n s  
c a n  be p r e d i c t e d   b a s e d  on t h e  reduct ion i n  material properties for t i t a n i u m  a t  316OC 
(600OF)  compared  with  values a t  room temperature. 

Langley  Research  Center  
N a t i o n a l  Aeronautics and Space  Adminis t ra t ion 
Hampton, VA 23665 
January  31,   1983 
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TABLE I.- SUPERPLASTICALLY  FORMED/WELD-BRAZED  COMPRESSION  PANEL DATA 

[316OC (60O0F) tests1 

I - . . . r 1 
Buckling  Average 

S t i f f e n e r  I l o a d   s t r a i n  a t  
c o n f i g u r a t i o n  k 

Convent iona l  
120 
126 

117 
h a t  

Beaded 
web 

113 
J-L 1 1 1  

1 20 

Modified 
116 beaded n 119 
109 web 

~ 

Ribbed 
web c7 

143 
151 
160 

Stepped 
web 

I 

i n / i n .  

26 953 .00350 
26 313 .00343 

25 337 0.00432 
24 870 .00411 
26 996 .00461 

25 939 .00415 
24 398 .00401 

32  181 
33 862 
35 879  .00517 

34 676 .00542 

Maximum 
load  

kN 
~~ ~ . 

164 
156 
159 

__ .. 
~ ~- 

1 39 
141 
142 

154 
154 
154 

161 
164 
168 
" . 

167 
166 

l b f  

36 953 
35 077 
35 847 

- . - - - .. " ~~ . 

31 168 
31 790 
31 942 

34  543 
34  576 
34  510 

. .  . L 

36  281 
36 857 
37 734 

. .  . 1 -  - 

37 474 
37 344 
" 
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. TABLE 11.- SUPERPLASTICALLY  FORMED/WELD-BRAZED  COMPRESSION  PANEL  DATA 

[Room tempera ture  tests from reference 31 

S t i f f e n e r  
c o n f i g u r a t i o n  

Small  
c o n v e n t i o n a l  n 
h a t  

Large 
c o n v e n t i o n a l  A 
h a t  

Beaded 
web 

Modified 
beaded n 
web 

Ribbed 
web 

Stepped 
w e b  

s t r a i n  'at 
b u c k l i n g ,  

1 39 

30  818  137 
29 148 1  30 
31 219 0.00384 

.00375 

.00387 

146 

32 054  143 
36 825  1  64 
32  846 

38  929 
37 498 
33 019 

43 169 
42 562 
42 150 

49  025 
178  40  024 

48  200 

0.00394 
.00436 
.00399 

0.00578 
.00562 
.00479 

0.00628 
.00621 
.00631 

0.00627 
.00502 
.00604 

221 

48  320 21 5 
45 988 205 
49  653 0.00648 

.00605 

.00611 

Maximum 
load  

. kN l b  f 

189 

50 239 223 
50  760  2  26 
42  551 

2 26 

49 209 21 9 
51 107  227 
50  922 

210 

42  681  190 
45 186 20  1 
47 105 

221 

49  632  221 
46  303 206 
49  675 

244 

56  789  253 
55  422  247 
54  967 

57 504 
55  607 

248  55  750 
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TABLE 111.- TENSILE  PROPERTIES OF Ti-6A1-4V SHEET  MATERIALa 

Cross - sec t ion  
area Maximum stress Yield stress Modulus of 

e l a s t i c i t y  Specimen 

cm i n  MPa k s i  GPa k s i  MPa k s i  2 2 

Tests a t  room tempera tu re  

1 

17 200 119 142.9 985 128.3 885 .0254 .I 64 3 
17 300 119 140.9 972 128.1 883 .0253 .I 63  2 
17  200 119  138.9 958 125.8 867  0.0256  0.165 

Tests a t  316OC (600OF) 
~~ ~ . 

4 

16 000 110 103.5 71 4 82.9 572 .0257 .166 6 
15 700 108 102.0 703 81.6 563  .0256 .165 5 
16 100 110 102.6 707 82.5 569 0.0251  0.162 

aTens i le  specimens were the rma l ly   exposed   t o  simulate t h e  temperatures 
and times a s s o c i a t e d   w i t h   a n  SPF/WB c y c l e .  
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L-80-8431.1 

Figure  2.- T o o l i n g   f o r   s u p e r p l a s t i c   f o r m i n g  of s t i f f e n e r s .  



T y p i c a l  a l l  s t i f f e n e r s  

3 . 2  r a d .  

C o n v e n t i o n a l   h a t  

n 

& - & 7 5  

( 1 . 0 8 )  

S t e p p e d   s h a p e d  web 

Ribbed  shaped  Beaded  shaped web 
web and   mod i f i ed   beaded  

shaped  web 
( m o d i f i c a t i o n  shown 
a s  d a s h e d   l i n e s )  

F igu re  3.- Conf igu ra t ion  of d i e   i n s e r t s .   D i m e n s i o n s  are i n  millimeters ( i n c h e s ) .  
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L-81-4743 

Figure  4.- "formed beaded  shaped web s t i f f e n e r .  



1 a 'Y 

681-4742.1  

Figure 5.- Compression panel components. 



i ng  compound 

L-80-7622 e 1  

Figure 6.- S k i n - s t i f f e n e d  tes t  panel .  
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( a )  Skin   s ide .  

Figure 7. Room-temperature t e s t  s e t u p  for  sk in - s t i f f ened   pane l s .  



(b) S t i f f e n e r   s i d e .  

F igure  7 .- Concluded. 

L-81-1556 





SPF s t i f fener  

Weld nugget 3003 i l  umi num braze a1 loy Skin 

L-83-34 
Figure 9.- Photomicrographs of s u p e r p l a s t i c a l l y  formed/weld-brazed j o i n t   c r o s s   s e c t i o n .  
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Figure 10.- Continued. 
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Figure 1 1  .- Tested  skin-stiffened  panels. L-82-3501.1 
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F i g u r e  12.- Room temperature   and 316OC (600OF) ave rage   buck l ing   l oads  of s k i n -  
s t i f f e n e d   p a n e l s .  

25 



1 000 

800 

600 

400 

200 

0 

- 
1 140 

Room  temp. 

0.2-percent 
offset 

- 

31 6 O C  

I 1 

12Q 

100 

80 

60 

40 

20 

0 
.004 .008 .012 

Strain 
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t i t a n i u m   a l l o y  Ti-6A1-4V. S t i f f ene r s   hav ing   t he   conf igu ra t ions   o f  a conventional 
h a t ,  a beaded web, a modified  beaded web, a ribbed web, and a stepped web w e r e  inves-  
t i g a t e d .  The da ta   f rom  the   pane l  tests include  load-shortening  curves ,   local  buck- 
l i ng   s t r eng ths ,   and   f a i lu re   l oads .  The superplastic  formed/weld-brazed  panels  with 
the   r i bbed  web and  stepped web s t i f f ene r s   deve loped  25 and 27 percent   h igher  buck- 
l i n g   s t r e n g t h s   a t  31 6OC (600OF) than  panels   with  convent ional ly   shaped  s t i f feners .  
The buck l ing   l oad   r educs ions   fo r   pane l s   t e s t ed   a t  316OC (600°F),  compared with  panels  
t e s t e d  a t  room temperature,  were i n  agreement  with  predictions  based on t i t an ium 
material proper ty   da ta .  The advantage   tha t   h igher   buckl ing   loads   can   be   readi ly  
achieved by superp las t ica l ly   forming   of   advanced   s t i f fener   shapes  was demonstrated. 
App l i ca t ion   o f   t hese   advanced   s t i f f ene r   shapes   o f f e r s   t he   po ten t i a l   t o   ach ieve  sub- 
s t a n t i a l   w e i g h t   s a v i n g s   i n   a e r o s p a c e   v e h i c l e s .  
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