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ABSTRACT 

Studies have been conducted a t  NASA Langley Research Center t o  demonstrate the  
processing advantages o f  superp las t ic  forming and weld-brazing f o r  the  f a b r i -  
ca t i on  o f  f u l l - s i z e  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  components. The stud- 
i e s  were conducted i n  t h ree  phases. The i n i t i a l  phase inc luded f a b r i c a t i o n  
and t e s t i n g  o f  10-inch-long s i n g l e  s t i f f e n e r  compression panels o f  vary ing  
conf igura t ions ,  i n c l  uding advanced designs t o  explore improved s t r u c t u r a l  
e f f i c i ency .  The second phase consis ted o f  sca l i ng  up the process t o  f a b r i c a t e  
and t e s t  m u l t i p l e  s t i f f e n e r  panels approximately two ft by th ree  ft i n  area. 
The panel con f i gu ra t i ons  se lec ted  f o r  eva lua t i on  inc luded a convent ional h a t  
s t i f f ened  design and the  beaded web h a t  s t i f f e n e d  design which e x h i b i t e d  
h ighest  s t r u c t u r a l  e f f i c i e n c y  i n  t he  i n i t i a l  phase r e s u l t s .  The mu1 t i p l e  
s t i f f e n e r s  f o r  each panel were s u p e r p l a s t i c a l l y  formed i n  a s i n g l e  opera t ion  
from a s i n g l e  sheet o f  t i t a n i u m  and then j o i n e d  t o  a t i t a n i u m  s k i n  by weld- 
brazing. 

I n  t he  t h i r d  phase o f  t h e  study, an a l t e r n a t i v e  approach (designated the h a l f -  
ha t  process) was developed f o r  superpl a s t i c a l  l y  forming and weld-brazi  ng the  
ti t a n i  um compression panel s. Th i s  process i nvol  ved superpl a s t i  c a l  l y  forming 
i n d i v i d u a l  h a l f - h a t  s t i f f e n e r  segments which minimized t h i n n i n g  o f  the t i t a -  
nium compared t o  r e s u l t s  obta ined i n  t he  e a r l i e r  phases. The h a l f - h a t  seg- 
ments were then incorpora ted  i n t o  f u l l - s i z e  compression panel s by weld-brazing 
the segments t o  t i t a n i u m  caps. 

Results from these s tud ies  v e r i f y  t h a t  t h e  superp las t i c  forming process can be 
designed and c o n t r o l l e d  t o  p rov ide  c lose  tolerances, and t h a t  weld-brazing i s  
a h i g h l y  e f f e c t i v e  j o i n i n g  technique f o r  f a b r i c a t i o n  o f  f u l l - s c a l e ,  f u l l - s i z e  
compression panel s. 



SUPERPLASTIC FORMING/WEU)-BRAZING (SPF/WB) PROCESS 

INTRODUCTION 

o INITIAL DEVELOPMENT 
o SCALE-UP 
o REFINEMENT 

In the past few years the aerospace industry has been involved in the research 
and development of the advanced forming and joinjng method for titanium a1 loys 
known as superplastic forming and diffusion bonding. The research a t  the 
Langley Research Center (LaRC) of NASA has taken a different approach where 
superplastic forming was combined with weld-brazing t o  fabricate structural 
hardware. This i s  a summary paper on this long-standing in-house research pro- 
gram. 

This paper discusses the research program beginning with the initial process 
development phase that demonstrated tha t  single stiffener structural panels 
of advanced design could be fabricated by the superpl astic forming/wel d-brazing 
process and t h a t  these panels could be used t o  explore structural efficiency. 
The second phase of the program was t o  scalerup the process t o  fabricate full- 
size panels having mu1 tiple stiffeners. In the recent phase of the program 
the superplastic forming/weld-brazing process was refined in an attempt t o  
reduce metal thinning during superplastic forming, 



1,O INCH 

The NASA LaRC program combined two established titanium alloy forming and 
joining processes, superplastic forming and weld-brazing. The superplastic 
forming of titanium alloys has been researched by the aerospace industry for 
several years. To demonstrate and develop the superplastic forming process, 
the initial work was usually done on tensile specimens. The figure shows a 
Ti-6A1-4V titanium alloy tensile specimen in the "as-machined" condition and 
after being "superplastically formed." In the as-machined condition the test 
section is one-half inch long. The superplastically formed specimen has been 
elongated approximately 1100 percent by heating the specimen to 1700°F and 
loading at a strain rate of 0.0002 per second. Low flow stresses of one to two 
ksi were developed. The specimen was superplastically formed with a uniform 
el ongation and no 1 ocal i zed necki ng . 



TOOLING FOR SUPERPLASTIC FORMING OF STIFFENERS 

As a  r e s u l t  o f  the  low f l o w  st resses requ i red  f o r  supe rp las t i c  forming, ti ta -  
nium sheet ma te r i a l  can be r e a d i l y  blown i n t o  molds us ing argon gas pressure. 
This  was the procedure u t i l i z e d  t o  f a b r i c a t e  s t i f f e n e r s  f o r  t h i s  program ( r e f -  
erence 1) .  A mold w i t h  several d i e  i n s e r t s  f o r  the  s t i f f e n e r  conf igura t ions  
evaluated i s  shown i n  the  f i g u r e .  The mold, machined from 2249 s tee l ,  was 
designed such t h a t  the t i t a n i u m  i n  the  crown o f  the  formed s t i f f e n e r  would equal 
the  approximate th ickness o f  the  t i t a n i u m  sheet p r i o r  t o  forming. The r e s u l t -  
i n g  webs and f langes o f  the  s t i f f e n e r s  had v a r i a b l e  thicknesses due t o  th inn ing  
associated w i t h  superpl a s t i  c  forming. 

The d i e  i n s e r t s  were machined from 2249 s tee l  and pos i t ioned i n  the mold. One 
of the  i n s e r t s  was used t o  form convent ional shaped ha t  s t i f f e n e r s .  The 
remaining d i e  i n s e r t s  were used t o  form s t i f f e n e r s  w i t h  a  stepped shaped web, a  
r ibbed shaped web, and a  beaded shaped web. These complex shaped s t i f f e n e r s  
were e i t h e r  d i f f i c u l t  t o  form o r  could n o t  be formed by convent ional t i t a n i u m  
forming methods. S t i f f e n e r  shapes were selected on the basis  o f  s t r u c t u r a l  
e f f i c i e n c y ,  t a k i n g  advantage o f  the superp las t i c  forming c h a r a c t e r i s t i c s  o f  the  
t i t a n i u m  a1 l oy .  

Ti-6A1-4V s t i f f e n e r s  were s u p e r p l a s t i c a l l y  formed t o  the shape o f  the d ies by 
p lac ing  a  sheet o f  t i t a n i u m  over  the  lower mold. The cover p la te ,  which has an 
i n l e t  f o r  p ressu r i z ing  w i t h  argon gas, was placed over t he  t i t a n i u m  sheet. The ' 

assembled t o o l i n g  was placed between heated ceramic p latens mounted i n  a  press. 
A f t e r  the  t o o l  was heated t o  1700°F, argon gas was induced through the cover 
p l a t e  which forces the  t i t a n i u m  sheet i n t o  the  shape o f  the  d i e  and lower mold 
c a v i t y .  Argon gas pressure was app l ied  up t o  a  pressure of 125 p s i  f o r  a  
per iod  o f  90 minutes. Power t o  the ceramic p la tens  was turned o f f  and the 
formed t i t a n i u m  s t i f f e n e r  was cooled i n  the  mold us ing argon gas. 



VACUUf4 NEU-BRAZED JOINT 

Weld-brazing was a  j o i n i n g  process developed a t  NASA LaRC i n  t he  e a r l y  
1970's which combined res i s tance  spot-we1 d i n g  w i t h  b raz ing  ( re fe rence 2 ) .  The 
process was used success fu l l y  t o  j o i n  t i t a n i u m  s t r u c t u r a l  members us ing an 
aluminum braze a l l o y .  The f i r s t  s tep  i n  the  process was t o  e s t a b l i s h  spot- 
welding parameters which r e s u l t e d  i n  expansion o f  t he  weld nugget t o  p rov ide  a  
predetermined un i fo rm gap between the  f a y i n g  sur faces i n  order  t o  op t im ize  the  
th ickness o f  t h e  subsequent brazed j o i n t .  Fol lowing res is tance welding, braze 
a l l o y  f o i l  i n  appropr ia te  q u a n t i t i e s  was placed along the  exposed edge o f  the  
j o i n t .  The assembly was then brazed i n  a  vacuum furnace t o  produce the  speci -  
men j o i n t  shown i n  t he  f i g u r e .  During braz ing,  t h e  braze a l l o y  melted and was 
drawn i n t o  t h e  e x i s t i n g  gap by c a p i l l a r y  ac t i on .  The braze i s  shown t o  have 
drawn through the  gap t o  form a  f i l l e t  between the  face  sheet and t h e  i nne r  
rad ius  o f  t h e  ha t  s t i f f e n e r .  The lower photomicrograph o f  t he  weld-brazed 
j o i n t  shows good i n t e g r i t y  o f  t he  j o i n t  i n  the  v i c i n i t y  o f  t he  weld-nugget. 



S I NGLE-OVERLAP TENS I LE-SHEAR DATA 

MAXIMliFl 
LOAD, 8 
KIPS 

0 1 I I I I t 1 
100 200 300 400 500 GOO 

TEST TEMPERATURE, OF 

The tensile-shear results obtained a t  ambient temperature, 350°F, and 550°F 
for titanium specimens fabricated by spot-welding, brazing, and weld-brazing 
are shown in the figure where the maximum load i s  plotted against test  temper- 
ature. The d a t a  points are the average of a minimum of three tests with the 
data spread indicated. The tensile-shear properties of the weld-brazed speci- 
mens are shown t o  be greater t h a n  those of the brazed or spot-welded specimens 
and are approximately equal t o  the sum of the values shown for the spot-welded 
and brazed specimens. The strength of the weld-brazed specimens apparently 
decreases linearly with increasing temperature. 



SUPERPLAST ICALLY FORMED/WEU)-BRAZED TITAN I UM COMPRESS I O N  PANEL 

The steps invo lved  t o  combine supe rp las t i c  forming and weld-brazing t o  f a b r i -  
cate a compression panel a re  shown on t h e  f i g u r e .  The components o f  a panel 
inc lude t h e  s u p e r p l a s t i c a l l y  formed s t i f f e n e r ,  t h e  panel s k i n  and the  3003 
aluminum braze a l l o y .  Both t h e  s t i f f e n e r  and s k i n  ma te r i a l  are 0.050-inch 
t h i c k  Ti-6AL-4V t i t a n i u m  a l l o y .  Weld-brazing o f  a panel consis ted o f  spot- 
welding the  s t i f f e n e r  t o  t h e  s k i n  and then braz ing.  Fo l low ing  chemical c lean- 
ing, two rows o f  four  spot-welds each were used t o  a t t a c h  each f lange of t h e  
s t i f f e n e r  t o  t h e  sk in .  Welding parameters were developed so t h a t  weld nugget 
expansion es tab l i shed  a f a y i n g  sur face  gap 0.002 t o  0.003 inches between t h e  
f langes o f  t h e  s t i f f e n e r  and the  sk in .  Braze a l l o y  s t r i p s  were placed adjacent  
t o  t h e  j o i n t s  t o  be brazed and t h e  panel placed i n  t he  braz ing  furnace. F i x -  
t u r i n g  prov ided by t h e  spot  welds was s u f f i c i e n t  t o  ma in ta in  alignment and no 
t o o l i n g  was requ i red  f o r  b raz ing  o f  t h e  panel. 

Brazing o f  t h e  panel was accomplished i n  a vacuum furnace a t  a temperature of 
1250°F. Upon mel t ing ,  t h e  3003 aluminum braze a l l o y  was drawn i n t o  the  f a y i n g  
sur face gap by c a p i l l a r y  ac t ion .  The panel was a l lowed t o  cool f rom the  braz- 
i n g  tempera tu re to  room temperature be fore  being removed from the  furnace. 
Visual and radiography i nspec t i on  v e r i f i e d  good w e t t i n g  between the  s t i f f e n e r  
and s k i n  dnd establ ishment  o f  a good i n t e g r a l  j o i n t .  

Fol lowing braz ing  the  s u p e r p l a s t i c a l l y  formed/weld-brazed pane1 was trimmed on 
the  edges and ends. A f t e r  t r imming, t h e  panel was po t ted  on both ends us ing  an 
epoxy p o t t i n g  compound. P o t t i n g  compound was used t o  f a c i l  i t a t e  g r i nd ing  the  
ends o f  t he  panel f l a t ,  p a r a l l e l  t o  each other ,  and perpendicu lar  t o  the  sk in .  
The p o t t i n g  a l s o  served t o  prevent  l o c a l  f a i l u r e  o f  t h e  ends dur ing  compression 
t e s t i n g  . 



TEST SETUP FOR SKIN-ST IFFENED PANEU 

The superplastical ly formed/wel d-brazed structural panels were tested i n  end 
compression using a 300 k i p  hydraul i c  tes t ing machine. The edges of the panels 
were supported with knife edges. Relative motion between the upper and lower 
heads of the testing machine was measured using linear variable differential  
transformers. Foil s t ra in  gages were attached to  the s t i f fener  and skin and 
were used to  measure local s t rains .  Strain reversal was used to  define onset 
of e l a s t i c  buck1 ing. 



Three panels were fab r i ca ted  and tes ted  from each o f  t he  f o u r  s t i f f e n e r  conf ig- 
u ra t ions  (convent ional shaped hat, stepped shaped web, r ibbed shaped web, and 
beaded shaped web) a t  room temperature. The buck1 i n g  st rengths o f  t h e  complex 
shaped s t i f f e n e r  con f i gu ra t i ons  were compared w i t h  those o f  the convent ional 
shaped ha t  s t i f f e n e r .  The data i n  t he  f i g u r e  show t h a t  the panels w i t h  the 
complex shaped s t i f f e n e r  conf igura t ions  were 50 t o  60 percent more e f f i c i e n t  
than the panels w i t h  the  convent ional shaped h a t  s t i f f e n e r .  This  increase i n  
s t ruc tu ra l  e f f i c i e n c y  was obta ined w i t h  no increase i n  panel weight o r  cross- 
sect ional  area. The improvement i n  s t r u c t u r a l  e f f i c i e n c y  was a t t r i b u t e d  t o  
the advanced s t r u c t u r a l  shapes t h a t  were formed by the  superp las t ic  forming 
process. 



I SUPERPLASTIC FORMING FACf LITY I 

The second phase of the superplastic forming/weld-brazing program was to scale- 
up the process to fabricate  full-size panels. The figure shows the superplas- 
t i c  forming f a c i l i t y  located a t  LaRC. Using t h i s  faci l i t -y ,  three-ft  by 
two-ft mu1 t i - s t i f f ene r  panels were formed with e i ther  conventional shaped hat 
s t i f feners  or  beaded web shaped s t i f feners .  The superplastic forming tempera- 
tures and pressures were similar to  those uti l ized in the superplastic forming 
of the single element panels. The ceramic platens heated the tooling to 1700°F 
and the 300 kip jack reacted to  the gas forming pressure. Both the temperature 
and argon gas forming pressure were automati cal ly programmed. 



MULTIPLE ST1 FFENER COMPRESS I O N  PANELS 

CONVENTIONAL SHAPED HAT BEADED SHAPED WEB 

M u l t i - s t i f f e n e r  panels were s u p e r p l a s t i c a l l y  formed from one sheet o f  t i t a n i u m  
i n  a s i n g l e  forming operat ion.  The t h r e e - f t  by t w o - f t  panels w i t h  e i t h e r  
convent ional shaped h a t  s t i f f e n e r s  o r  beaded web shaped s t i f f e n e r s  are shown 
i n  t h e  f i g u r e  f o l l o w i n g  weld-brazing t o  t i t a n i u m  skins. To accomplish the  
brazing, s u f f i c i e n t  braze a l l o y  was p laced adjacent t o  each j o i n t  a t  both ends 
o f  t h e  panels. Fo l low ing  i nspec t i on  the  panels were trimmed, t he  ends were 
potted, and t h e  panels were machined t o  t h e  proper leng th .  The panels were 
instrumented w i t h  s t r a i n  gages and tes ted  a t  room temperature t o  f a i l u r e  i n  end 
compression i n  a h y d r a u l i c  t e s t  machine. 



AVERAGE BUCKLING LOADS FOR SPF/WB 
FULL- S IZE PANELS 
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The buck l ing  loads f o r  t h e  two f u l l - s i z e  panel conf igurat ions are shown i n  the  
f i gu re .  The data are the  average o f  two t e s t s  f o r  t he  panel w i t h  the  conven- 
t i o n a l  shaped ha t  s t i f f e n e r  design and a s i n g l e  t e s t  f o r  t he  panel w i t h  the  
beaded web shaped s t i f f e n e r  design. The panels w i t h  the  conventional shaped 
ha t  s t i f f e n e r  buckled a t  an average load o f  219 k ips,  which was i n  exce l l en t  
agreement w i t h  analys is .  An ana lys is  o f  t he  buck l ing  mode showed t h a t  t he  web 
of t he  hat  was the  c r i t i c a l  element i n  t h a t  i t s  l o c a l  buck l ing  s t rength  was 
lower than t h e  l o c a l  buck1 i n g  s t rength  o f  any o ther  element. The next  lowest 
buckl ing element was the  s k i n  segment under the  hat  s t i f f e n e r .  The l o c a l  buck- 
l i n g  s t rength  of t he  s k i n  segment was ca lcu la ted t o  be 29 percent h igher than 
t h a t  o f  t he  webs. 

By beading the  webs they become nonload-carrying s t r u c t u r a l  members which 
made the  c r i t i c a l  element f o r  l o c a l  buck l ing  the  s k i n  element under the  
beaded hat  s t i f f e n e r .  Taking i n t o  account the  reduced extensional s t i f fness  
caused by t h e  l oss  o f  load-carry ing capaci ty  i n  the  beaded webs, ana lys is  pre- 
d i c t e d  t h a t  t h e  panel w i t h  the  beaded web shaped s t i f f e n e r s  should c a r r y  28 
percent more load than the  panels w i t h  the  conventional shaped hat  s t i f f e n e r s .  
This was i n  exce l l en t  agreement w i t h  t h e  t e s t  r e s u l t s  t h a t  showed t h a t  t he  
panel w i t h  t h e  beaded web shaped s t i f f e n e r s  buckled a t  a load o f  280.5 k ips  o r  
29 percent h igher  than the  panels w i t h  t h e  conventional shaped hat  s t i f f e n e r s .  



ANALYSIS OF CURVED-CAP CORRUGATION INDICATES SIGNIFICANT 
IMPROVEMENT IN STRUCTURAL EFFICIENCY IS POSSIBLE 
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The recent phase of the program was begun by conducting an analytical study on 
structural efficiency of advanced panel design concepts. The results of analy- 
sis on these configurations are shown in the figure. In the mass coefficient, 
t / L ,  t is the mass-equivalent thickness for the corrugated cross section and L 
is the panel length. In the load coefficient, Nx/EL, Nx is the compressive 
load-per-unit width, E is the elastic modulus and L is the panel length. The 
mass-strength data are dimensionless and are, therefore, independent of the 
materials used to make the panels. The mass-strength data for a one-percent 
honeycomb sandwich are a standard of comparison for low mass structures. This 
standard represents the desired goal in mass efficiency and is considered just 
beyond the current state of art in manufacturing technology. As the figure shows, 
some advanced configurations show mass-strength efficiencies better than one- 
percent honeycomb. These configurations can be fabricated with current state- 
of-art superplastic forming techniques. Panels fabricated using lightweight 
sine wave webs with minimized thinning in the flanges are an important design 
goal. This goal has l ead to the development of new tool ing for superpl astic 
forming and a new fabrication procedure to explore the possibility of fabricat- 
ing panels similar to those shown on the figure. 



TOOLING CONCEPTS FOR SUPERPLASTIC FORMING 

SPF TITANIUM PART 

C I 1 
IIALF-HAT D I E  FULL-HAT DIE 

Two t o o l i n g  concepts f o r  supe rp las t i c  forming s t i f f e n e r s  are  shown i n  the  
f i g u r e .  The f u l l - h a t  male-die concept was u t i l i z e d  t o  form the s t i f f e n e r s  d i s -  
cussed p rev ious l y  i n  t h i s  repo r t .  A f t e r  forming a s t i f f e n e r ,  the  thickness o f  
the t i t a n i u m  i n  the  crown o f  t he  s t i f f e n e r  was equal t o  the approximate t h i c k -  
ness o f  the  t i t a n i u m  sheet p r i o r  t o  forming. The r e s u l t i n g  webs and f langes of 
a s t i f f e n e r  had v a r i a b l e  thicknesses. The h a l f - h a t  d i e  concept was developed 
t o  reduce metal t h i n n i n g  across the  web and t o  develop equal thicknesses i n  the 
f langes. I n  the  h a l f - h a t  d i e  concept on l y  h a l f  o f  a h a t  segment was superplas- 
t i c a l l y  formed i n  one operat ion.  Two h a l f - h a t  segments were weld-brazed t o  a 
cap segment t o  f a b r i c a t e  a f u l l  h a t  s t i f f e n e r .  Thinning was reduced by r o t a t -  
i n g  the  h a l f - h a t  segment i n  the  mold r e q u i r i n g  lower s t r a i n  l e v e l s  t o  achieve 
g iven design dimensions than the  deeper f u l l - h a t  mold. The requ i red  s t r a i n s  o r  
deformations were 1 ess and the  e f f e c t s  o f  t h inn ing  were, therefore,  minimi zed. 



SPF TITANIUM HALF-HAT SEGMENTS 

This f i g u r e  shows a s u p e r p l a s t i c a l l y  formed p a r t  and two h a l f - h a t  segments. 
One h a l f - h a t  segment shows the  l o c a t i o n  on the p a r t  from which the h a l f - h a t  
segment was machined. The second ha l f -ha t  segment i s  shown a f t e r  tr imming and 
ready f o r  weld-brazing. A constant  th ickness was maintained i n  both f langes i n  
the h a l f - h a t  segment by us ing  t h i s  d i e  concept. 



SPF/WB BEADED WEB COMPRESS I ON PANELS 

S I NGLE-ST I FFENER MULTI PLE-STIFFENER 

The h a l f - h a t  process was u t i l i z e d  t o  f a b r i c a t e  both s i n g l e - s t i f f e n e r  panels and 
m u l t i - s t i f f e n e r  panels as shown i n  t he  f i g u r e .  The ha l f -ha t  segments were 
j o i ned  t o  caps by t h e  weld-braze process. The process o f f e r s  the oppor tun i ty  
t o  f a b r i c a t e  f u l l - s i z e  mu1 t i - s t i f f e n e r  panels l i m i t e d  on l y  by the s i z e  o f  the  
braz ing  furnace. Dur ing supe rp las t i c  forming o f  t he  h a l f - h a t  segments, the  
th ickness o f  t he  t i t a n i u m  ma te r i a l  was reduced 16 percent  from the  o r i g i n a l  
th ickness i n  the  h ighes t  s t r a i n e d  regions.  



AVERAGE BUCKLING LOADS OF SPF/WB PANELS 
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F o l l  owing fab r i ca t i on ,  th ree panel s  o f  each con f igu ra t i on  were tes ted t o  f a i  1  - 
ure i n  compression a t  room temperature, The f i g u r e  shows the average buck1 i n g  
load and the  ca l cu la ted  t h e o r e t i c a l  buck l ing  load f o r  both panel conf igura-  
t ions .  The experimental buck l ing  load was w i t h i n  th ree percent o f  the  ca lcu la-  
t e d  theo re t i ca l  load f o r  bo th  panel conf igurat ions,  v e r i f y i n g  t h a t  t he  super- 
p l a s t i c  forming process can be used t o  achieve c o n t r o l l e d  tolerances and t h a t  
t he  weld-brazing process was a  h i g h l y  e f f e c t i v e  technique f o r  j o i n i n g  panel 
elements. 



CONCLUD I NG REMARKS 

o SUPERPLASTIC FORMING 
- COMPLEX SHAPES 
- SIMPLE TOOLING 
- INSPECTABILITY 

o WELD-BRAZING 
- NO TOOLING 
- DUCTILE JOINTS 

o SPF/WB PANELS 
- INCREASED STRUCTURAL EFFICIENCY 
- SCALE-UP DEMONSTRATED 

The two ti t a n i  um processi ng procedures, superpl a s t i  c forming and we1 d-brazing , 
were success fu l l y  combined t o  f a b r i c a t e  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  
panels. S t i f f e n e r s  w i t h  complex shapes were s u p e r p l a s t i c a l l y  formed us ing  
simp1 e t o o l  i ng. These s t i f f e n e r s  were formed t o  the desi red con f i gu ra t i on  and 
requi red no a d d i t i o n a l  s i z i n g  o r  shaping f o l l o w i n g  removal from the  mold. The 
weld-brazing process by which the  s t i f f e n e r s  were at tached t o  the  sk ins u t i -  
1 i zed spot-we1 ds t o  main ta in  a1 i gnment and no a d d i t i o n a l  t o o l  i ng was requ i red  
f o r  brazing. The superp las t i c  formed/weld-brazed panels having complex shaped 
s t i f f e n e r s  developed up t o  60 percent  h igher  buc.kling st rengths than panels 
w i t h  convent ional shaped h a t  s t i f f e n e r s .  

The superpl as t i c  fo rmi  ng/wel d-brazi  ng process was successful  l y  scaled up t o  
fabr ica te  f u l  1-size panels having mu1 ti p l e  s t i f f e n e r s .  The superp las t ic  form- 
i ng/wel d-braz i  ng process was a l  so successful  l y  re f i ned  t o  show i t s  p o t e n t i a l  
f o r  f a b r i c a t i n g  mu1 t i p l e - s t i f f e n e r  compression panels employing unique s t i f -  
fener  con f i gu ra t i ons  f o r  improved s t r u c t u r a l  e f f i c i e n c y .  
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