
https://ntrs.nasa.gov/search.jsp?R=19830019829 2020-03-11T17:57:11+00:00Z



NASA Technical Paper 1573 

Fabrication and Evaluation of Brazed 
Titanium-Clad ~ors i c@/~ luminum 
Compression Panels 

Dick M. Royster, Robert: R. McWithey, 
and Thomas T. Bales 
Lungley Research Center 
Humpton, Virginia 

National Aeronautics 
and Space Administration 

Scientific and Technical 
information Office 



Methods f o r  f a b r i c a t i n g  and j o i n i n g  metal-matrix composites have been s tud-  
i ed  a t  t h e  NASA Langley Research Center .  These s t u d i e s  have l e d  to t h e  develop- 
ment of a hybrid composite m a t e r i a l  c o n s i s t i n g  of a h igh-s t rength  ~ o r s i c l /  
aluminum core wi th  d u c t i l e  t i t a n i u m - f o i l  o u t e r  s u r f a c e s .  The p re sen t  s t udy  was 
conducted to determine t h e  t e n s i l e  s t r e n g t h  of t i tanium-clad Borsic/aluminum 
s h e e t  m a t e r i a l  and to f a b r i c a t e  and e v a l u a t e  t h e  compressive p r o p e r t i e s  of  
t i tanium-clad Borsic/aluminum sk in - s t i f f ened  pane l s .  Panel s k i n s  and s t r i n g e r s  
were joined by braz ing  and were t e s t e d  i n  a x i a l  compression a t  room and e l eva t ed  
temperatures .  Titanium c ladding  on t h e  s u r f a c e s  of t h e  Borsic/aluminum s e r v e s  
a s  a d i f f u s i o n  b a r r i e r  between t h e  ma t r ix  and braze  a l l o y  which a l l e v i a t e s  f i b e r  
and m a t r i x  degrada t ion  during braz ing .  The test r e s u l t s  show t h a t  t i tanium-clad 
Borsic/aluminum u n i d i r e c t i o n a l  s h e e t  m a t e r i a l s  had l o n g i t u d i n a l  and t r a n s v e r s e  
t e n s i l e  s t r e n g t h s  t h a t  were 0.9 and 2 .5  t imes,  r e s p e c t i v e l y ,  t h a t  of unclad 
Borsic/aluminum u n i d i r e c t i o n a l  s h e e t  m a t e r i a l s .  S p e c i f i c  buckl ing s t r e n g t h s  
were higher  f o r  t h e  t i tanium-clad Borsic/aluminum sk in - s t r i nge r  pane l s  t han  f o r  
s i m i l a r  unclad Borsic/aluminum pane l s .  Buckling loads  c a l c u l a t e d  wi th  a f i n i t e -  
element a n a l y s i s  were i n  good agreement with exper imenta l ly  determined buckl ing 
loads .  

INTRODUCTION 

Methods f o r  f a b r i c a t i n g  and jo in ing  boron/aluminum (B/Al)  and Borsic/  
aluminum ( B s c / A l )  composite m a t e r i a l s  have been s t u d i e d  a t  NASA Langley Research 
Center (LaRC) and a r e  r epo r t ed  i n  r e f e r ence  1 .  The braz ing  s tudy  from r e f e r -  
ence 1 showed t h a t  i n t e r a c t i o n  between t h e  braze  a l l o y  and t h e  composite du r ing  
braz ing  reduced both m a t r i x  and f i b e r  s t r e n g t h s .  Other s t u d i e s  ( r e f s .  2 and 3) 
have shown t h a t  B s c / A l  can be brazed s u c c e s s f u l l y  wi th  a minimum of f i b e r  and 
ma t r ix  degrada t ion  by adding a t h i n  o u t e r  l a y e r  of 1100 aluminum a l l o y  t o  s e rve  
a s  a d i f f u s i o n  b a r r i e r  between t h e  braze  a l l o y  and t h e  composite. 

Fur ther  braz ing  s t u d i e s  have l e d  t o  t h e  development of a hybr id  composite 
which c o n s i s t s  of a high s t r e n g t h  B s c / A l  co re  wi th  d u c t i l e  t i t an ium- fo i l  ou t e r  
s u r f a c e s .  This  m a t e r i a l  is i d e n t i f i e d  i n  t h i s  r e p o r t  a s  t i tanium-clad Borsic/  
aluminum (T ic l ad  B s c / A l )  . The t i t an ium c ladding  on t h e  s u r f  aces  of t h e  B s c / A l  
s e rves  a s  a d i f f u s i o n  b a r r i e r  t o  a l l e v i a t e  f i b e r  and ma t r ix  degrada t ion  du r ing  
braz ing  and a l s o  provides  a du rab l e  o u t e r  s u r f a c e .  A s tudy  was i n i t i a t e d  t o  
determine t h e  t e n s i l e  s t r e n g t h  of T i c l ad  B s c / A l  s h e e t  m a t e r i a l  and t o  f a b r i c a t e  
and e v a l u a t e  t h e  compressive p r o p e r t i e s  o f  T i c l ad  B s c / A l  sk in - s t i f f ened  pane ls .  
The s k i n s  and s t r i n g e r s  were joined by braz ing  and were t e s t e d  i n  a x i a l  compres- 

 orsi sic: Reg i s t e r ed  t r a d e  name of  United A i r c r a f t  Products ,  I n c .  



s i o n  a t  room and e l eva t ed  tempera tures .  Brazing parameters  were e s t a b l i s h e d  by 
braz ing  and t e s t i n g  double-ovei lap t e n s i l e  specimens. The d a t a  from t h e  pane l  
tests inc lude  buckl ing s t r e n g t h  and f a i l u r e  s t r e n g t h .  Buckling s t r e n g t h s  calcu-  
l a t e d  wi th  a f in i te -e lement  a n a l y s i s  were compared wi th  t h e  exper imenta l  va lues .  
Sec t ions  of t h e  t e s t e d  pane ls  were examined m e t a l l u r g i c a l l y ,  and f i b e r  bend 
tests were made t o  demonstrate t h e  e f f e c t i v e n e s s  of t h e  t i t an ium f o i l  a s  a d i f -  
f u s i o n  b a r r i e r  between t h e  braze a l l o y  and t h e  aluminum mat r ix ,  

The phys i ca l  q u a n t i t i e s  def ined  i n  t h i s  paper a r e  given both i n  t h e  I n t e r -  
n a t i o n a l  System of Un i t s  (SI)  and i n  U.S. Customary Un i t s .  Measurements and 
c a l c u l a t i o n s  were made i n  t h e  U.S. C u s t m a r y  Un i t s ,  

The VIPASA computer a n a l y s i s  de sc r ibed  i n  t h e  appendix was performed by 
Gerald G. Weaver, g radua te  s tuden t  a t  t h e  Un ive r s i t y  of Delaware. 

U s e  of t r a d e  names o r  names of manufacturers  i n  t h i s  r e p o r t  does no t  
c o n s t i t u t e  an o f f i c i a l  endorsement of such products  o r  manufacturers ,  e i t h e r  
expressed o r  implied,  by t h e  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion .  

Mat e r  i a 1  

The t i tanium-clad Borsic/aluminum (T ic l ad  B s c / A l )  s h e e t  (or  s k i n )  mate- 
r i a l  used i n  t h i s  i n v e s t i g a t i o n  was ob t a ined  from one source .  The m a t e r i a l  
c o n s i s t e d  of  Ti-75A f o i l  o u t e r  l a y e r s  0.15 mm (0.006 i n . )  t h i c k  and s i x  p l i e s  
of Bor s i c  f i b e r s  0,145 mm (0.0057 i n . )  i n  diameter a l i gned  u n i d i r e c t i o n a l l y  i n  
a 6061 aluminum a l l o y  ma t r ix .  (See f i g .  1 . )  The nominal fiber-volume f r a c -  
t i o n  of t h e  composite m a t e r i a l  was 0,48; t h e  nominal t o t a l  shee t  t h i cknes s  was 
1.35 mm (0.053 i n . ) ,  The t i t an ium f o i l  and i n d i v i d u a l  B s c / A l  p l i e s  were 
s tacked  toge ther  and oonsol ida ted  i n  one o p e r a t i o n  by d i f f u s i o n  bonding a t  
800 K (975O F) and 31 MPa (4500 p s i )  p r e s s u r e  f o r  5 hours.  These va lues  f o r  
t h e  conso l ida t ion  parameters  a r e  t h e  same a s  t hose  requi red  t o  conso l ida t e  
B s c / A l  s h e e t s ,  A c r o s s  s e c t i o n  of t h e  conso l ida t ed  s h e e t  m a t e r i a l  is shown i n  
f i g u r e  2. 

T e s t  Specimens 

Tension.- Schematic diagrams of t h e  test specimens used t o  determine t h e  
t e n s i l e  s t r e n g t h  of t h e  T ic l ad  B s c / A l  m a t e r i a l  and t e n s i l e  shea r  s t r e n g t h  of 
brazed j o i n t s  a r e  shown i n  f i g u r e  3 ,  The t e n s i l e  specimens ( f i g .  3 ( a )  1 were 
c u t  to s i z e  by shea r ing ;  t h e  Bor s i c  f i b e r s  were e i t h e r  a l i gned  wi th  t h e  spec- 
imen l e n g t h  ( l o n g i t u d i n a l )  or a l i g n e d  perpendicu la r  t o  t h e  specimen l e n g t h  
( t r a n s v e r s e )  . The double-overlap b raze  j o i n t  specimens ( f i g .  3 (b)  ) were elec- 
t r o n  d ischarge  machined from pane l s  c o n s i s t i n g  of  two s h e e t s  of Ti-6A1-4V t i t a -  
nium a l l o y  brazed t o  t w o  T i c l a d  Bsc/Al s t r i p s  25.4 mm (1.0 i n . )  wide. The 
o v e r l a p  f o r  t h e  brazed specimens was 3.05 mrn (0.12 i n .  ) . The specimens were 



brazed wi th  4047 aluminum a l l o y  brazing f o i l  (AWS-ASTM-BALSi-4) using t h e  
parameters e s t a b l i s h e d  i n  re ference  2, 

Compression. - The t h r e e  sk in - s t r i nge r  panel  con£ igur  a t i o n s  which were used 
f o r  t h e  T ic l ad  B s c / A l  a x i a l  compression t e s t s  a r e  shown i n  f i g u r e  4. Two con- - 

f i g u r a t i o n s  used hat-shaped s t r i n g e r s  i d e n t i f i e d  a s  l a r g e  s t r i n g e r  (L) and 
small  s t r i n g e r  ( S ) .  S t r i n g e r s  of t h e s e  two conf igu ra t ions  were suppl ied  by a  
commercial source ,  The on ly  d i f f e r e n c e  i n  t h e  hat-shaped s t r i n g e r s ,  o the r  than  
s i z e ,  was t h a t  t h e  t i t an ium c ladding  was 0.15 mm (0.006 in . )  t h i c k  on t h e  l a r g e  
s t r i n g e r s  and 0.075 mm (0,003 i n . )  t h i c k  on t h e  smal l  s t r i n g e r s .  The nominal 
s h e e t  t h i cknesses  of t h e  l a r g e  and small  s t r i n g e r s  were 1.35 mm (0.053 i n . )  
and 1.20 mm (0,047 i n . ) ,  r e spec t ive ly .  The f i lament  o r i e n t a t i o n  i n  t h e  s t r i n g -  
e r s  was always i n  t h e  l o n g i t u d i n a l  d i r e c t i o n .  

The hat-shaped s t r i n g e r s  were f a b r i c a t e d  from consol ida ted  T ic l ad  Bsc/Al 
f l a t  s h e e t  by a  hot  forming process .  During t h e  forming, a  s t a i n l e s s  s t e e l  
cau l  shee t  0.81 mm (0.032 i n . )  t h i c k  was pos i t ioned  on the  t ens ion  s u r f a c e  of 
t h e  Tic lad  Bsc/Al s h e e t  t o  he lp  prevent  crack occurrence i n  t he  bend of t h e  
s t r i n g e r s ,  Product ion of each hat-shaped s t r i n g e r  requi red  four  s e p a r a t e  form- 
ing  ope ra t ions ,  one f o r  each bend, with t h e  c a u l  s h e e t  s h i f t e d  t o  t h e  t ens ion  
s i d e  f o r  each bend. Each bend was formed i n  a  heated d i e  a f t e r  t h e  cau l  shee t  
and T ic l ad  Bsc/Al m a t e r i a l  were exposed t o  t h e  forming temperature of 730 K 
( 8 5 0 ~  F) f o r  6  minutes .  A high-temperature l u b r i c a n t  was used t o  prevent  i n t e r -  
a c t i o n  or  bonding of t h e  s t r i n g e r  t o  t h e  d i e .  F i n a l  s i z i n g  of t h e  s t r i n g e r  was 
performed i n  a  hot  s i z i n g  f i x t u r e  t o  ensure  t h a t  t he  s t r i n g e r  elements would be 
s t r a i g h t .  

I n  t h e  t h i r d  pane l  con f igu ra t ion ,  des igna ted  H i n  f i g u r e  4, t h e  s t r i n g e r  
cons i s t ed  of a  Ti-3A1-2.5V t i tan ium a l l o y  honeycomb core  brazed t o  a  T ic l ad  
Bsc/Al cap using 4047 aluminum a l l o y  braz ing  f o i l .  Pane ls  of t h i s  configura-  
t i o n  were f a b r i c a t e d  a t  LaRC. ' The nominal d e n s i t i e s  of t h e  t i t an ium a l l o y  
honeycomb c o r e  were 11 2  kg/m3 ( 7  lbm/ft3) and 208 kg/m3 (1 3  lbm/ft3) . 

The c r o s s  s e c t i o n s  of t h e  sk in - s t r i nge r  pane ls  used i n  t h e  i n v e s t i g a t i o n  
a r e  shown i n  f i g u r e  5; t h e  dimensions and mass of each panel  a r e  l i s t e d  i n  
t a b l e  I .  The s k i n s  were joined t o  t h e  hat-shaped s t r i n g e r s  and honeycomb- 
co re  s t r i n g e r s  by brazing.  The f i l amen t s  i n  t h e  s k i n s  and caps were always 
o r i e n t e d  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n ,  The nominal t h i ckness  of a l l  t h e  
s k i n s  was 1.35 mm (0.053 i n . ) .  

The dimensions of t h e  l a r g e  s t r i n g e r s  were made i d e n t i c a l  wi th  those  
of t h e  s t r i n g e r s  descr ibed  i n  r e f e rence  1 ,  The smal l  s t r i n g e r s  were designed 
f o r  use on a  s t i f f e n e d  panel  using design condi t ions  presented  i n  r e f e rence  3 ,  
The honeycomb-core s t r i n g e r  was designed t o  g a i n  experience with f a r b i c a t i n g  
and t e s t i n g  panels  of t h i s  conf igura t ion .  Geometr ical ly  i d e n t i c a l  l amina tes  

2 ~ v a i l a b l e  commercially a s  Alcoa No. 71 8  braz ing  shee t  from Aluminum 
Company of America . 



were used t o  form t h e  s k i n  o f  t h e  t h r e e  p a n e l  c o n f i g u r a t i o n s .  The p a n e l s  were 
a l s o  des igned  to f o r c e  t h e  l o w e s t  b u c k l i n g  mode to occur  as a l o c a l  mode i n  t h e  
s k i n .  

B r a z i n g  Methods 

Hat-shaped s k i n - s t r i n g e r  pane l s . -  The T i c l a d  Bsc/Al hat-shaped s t r i n g e r s  
were s u p p l i e d  i n  l e n g t h s  of 259.1 mm (1 0.2 i n . )  . The T i c l a d  Bsc/Al s k i n  mate- 
r i a l  w a s  s u p p l i e d  i n  s h e e t s  760 mm by 500 mm (30 i n .  by 20 i n . )  which were c u t  
to 259.1 mm by 152.4 mm (10.2 i n .  by 6 - 0  i n . )  f o r  t h e  l a r g e  hat-shaped s t r i n g -  
ers and to 259.1 mm by 111.8mm (10.2 i n .  by 4.4 i n . )  f o r  t h e  s m a l l  hat-shaped 
s t r i n g e r s .  The s k i n  m a t e r i a l  was c u t  w i t h  a c o n v e n t i o n a l  diamond-wheel saw, 
P r i o r  t o  b r a z i n g ,  t h e  s k i n s  and s t r i n g e r s  were c h e m i c a l l y  c l e a n e d .  

The T i c l a d  Bsc/Al s t r i n g e r s  were brazed  t o  T i c l a d  Bsc/Al s k i n s  w i t h  
4047 aluminum a l l o y  b r a z i n g  f o i l  0.075 mm (0.003 i n . )  t h i c k .  A c r o s s  s e c t i o n  
of t h e  t o o l i n g  f o r  b r a z i n g  t h e  p a n e l s  is shown i n  f i g u r e  6 .  The b a s i c  j o i n i n g  
f i x t u r e  used t i t a n i u m  honeycomb-core t o o l i n g .  P r e s s u r e  w a s  a p p l i e d  t o  t h e  
j o i n t  by a s t a i n l e s s  steel,  i n f l a t a b l e  diaphragm l o c a t e d  on t o p  of t h e  b r a z i n g  
pack. The s t r i n g e r  and s k i n  were assembled w i t h  t h e  b r a z i n g  a l l o y  f o i l  pos i -  
t i o n e d  between t h e  m a t i n g  s u r f a c e s .  Alignment of s t r i n g e r  and s k i n  w a s  main- 
t a i n e d  d u r i n g  i n i t i a l  assembly by s m a l l  t a c k  welds  l o c a t e d  a t  t h e  ends  of t h e  
s t r i n g e r  f l a n g e s .  P a n e l s  were brazed  i n  a vacuum f u r n a c e  a t  870 K (1100° F) 
f o r  5 minu tes .  A p r e s s u r e  of approx imate ly  14 kPa (2  p s i )  was main ta ined  dur- 
i n g  b r a z i n g  by i n f l a t i n g  t h e  s t a i n l e s s  steel diaphragm. 

Honeycomb-core s k i n - s t r i n g e r  pane l s . -  The honeycomb-core s k i n - s t r i n g e r  
p a n e l s  were f a b r i c a t e d  i n  a two-step b r a z i n g  p r o c e s s .  I n  t h e  f i r s t  s t e p ,  t h e  
t i t a n i u m  honeycomb c o r e  was b razed  to  t h e  T i c l a d  Bsc/Al c a p  m a t e r i a l  u s i n g  
4047 aluminum b r a z i n g  f o i l  0.25 mm (0.01 0 i n . )  t h i c k .  Braz ing  was accomplished 
a t  870 K (1100° F) f o r  5 minu tes  i n  a vacuum f u r n a c e .  Fol lowing b r a z i n g ,  t h e  
capped honeycomb core was e l e c t r o n  d i s c h a r g e  machined t o  t h e  nominal s t r i n g e r  
s i z e  of 59.7 mm by 39.4 mm (2.35 i n .  by 1 .55 i n . ) .  A f t e r  vapor d e g r e a s i n g  o f  
t h e  p a r t s ,  t h e  capped honeycomb-core s t r i n g e r s  were brazed  to t h e  T i c l a d  Bsc/Al 
s k i n  m a t e r i a l  to complete  t h e  second s t e p .  A s i m i l a r  j o i n i n g  f i x t u r e  was used 
as i n  b r a z i n g  t h e  hat-shaped s k i n - s t r i n g e r  p a n e l s .  Braz ing  was accomplished a t  
870 K (1 1 00° F) i n  a vacuum f o r  5 minu tes  u s i n g  4047 aluminum a l l o y  b r a z i n g  f o i l  
0.25 mm (0.010 i n . )  t h i c k .  

TESTS 

Tens ion  

The l o n g i t u d i n a l  and t r a n s v e r s e  t e n s i l e  specimens and t h e  double-over lap 
b r a z e  j o i n t  specimens were t e s t e d  a t  room tempera tu re  u s i n g  a screw-dr iven 
t e s t i n g  machine o f  45-kN (10-kip) c a p a c i t y  a t  a cross-head speed  o f  1 .27 mm/min 
(0 .05 in./min) . The tests were t e r m i n a t e d  upon f r a c t u r e  of t h e  specimens.  
F a i l u r e  l o a d s  were recorded  from t h e  d i a l  of t h e  tes t  machine. 



Compression 

Following f a b r i c a t i o n ,  t h e  ends of each pane l  were "pot ted"  wi th  a room- 
temperature-cur i n g  epoxy f o r  t h e  room-temperature tests and an e leva ted-  
temperature-curing epoxy f o r  t h e  elevated-temperature  tests. P o t t i n g  f a c i l -  
i t a t e d  machining t h e  pane l  ends p a r a l l e l  and t o  test  l eng th .  Th i s  t rea tment  
a l s o  prevented c rush ing  o r  "brooming'' of t h e  pane l  ends dur ing  t h e  tests. 
The s k i n s  were clamped a g a i n s t  a f l a t  p l a t e ,  and t h e  ends of t h e  pane l s  were 
machined f l a t  and p a r a l l e l  t o  each o the r  and perpendicu la r  t o  t h e  l o n g i t u d i n a l  
a x i s  of t h e  pane ls .  To ensure  uniform load ing  through t h e  pane l ,  t h e  ends of 
each pane l  were checked, a f t e r  machining, f o r  p a r a l l e l i s m  and f l a t n e s s  by plac- 
ing  t h e  pane l  between p a r a l l e l  heads of a tes t  machine, applying a smal l  load ,  
and i n s e r t i n g  a f e e l e r  gage between each head and t h e  machine ends of t h e  pane l .  
The t o l e r a n c e  between t h e  ends of t h e  machined pane l  and t h e  heads of t h e  test  
machine were wi th in  0.05 mm (0.002 i n . )  f o r  a l l  t h e  pane ls .  

Each pane l  was instrumented wi th  s t r a i n  gages on t h e  s k i n  and s t r i n g e r ,  
and thermocouples were s p o t  welded to those  pane ls  t e s t e d  a t  e l eva t ed  tempera- 
t u r e .  (See f i g .  7 .) Linear v a r i a b l e  d i f f e r e n t i a l  t r ansduce r s  (LVDT) were used 
t o  measure pane l  sho r t en ing .  The room-temperature test  s e t u p  f o r  t h e  pane l s  
is shown i n  f i g u r e  8. For t h e  elevated-temperature  tests, t h e  specimens were 
heated from both t h e  s k i n  and s t r i n g e r  s i d e s  wi th  removable quartz-lamp r ad i a -  
t o r s .  The unloaded edges of t h e  pane l s  were s imply supported wi th  k n i f e  edges 
pos i t i oned  6.35 mm (0.25 i n . )  from each panel  edge. Outputs  from s t r a i n  gages,  
thermocouples,  LVDT' s, and t h e  load  i n d i c a t o r  were recorded dur i n g  t h e  tests. 

A pre load  of 4.5 kN (1 .0 k ip )  was a p p l i e d  t o  check t h e  record ing  system. 
The pane ls  were then loaded a t  room temperature  t o  f a i l u r e  a t  a r a t e  of approx- 
imately 45 kN/min (10 kips/min).  Data were recorded every 10 seconds u n t i l  
l o c a l  buckl ing was de t ec t ed  and every second t h e r e a f t e r  t o  f a i l u r e .  

The elevated-temperature  tests were conducted a t  505 K (450° F) . The pan- 
els  were heated t o  505 K (450° F) and t h e  temperature  was allowed t o  s t a b i l i z e  
p r i o r  t o  t e s t i n g .  Thermocouple read ings  i n d i c a t e d  t h a t  t h e  s k i n s  and crown of 
t h e  s t r i n g e r s  were w i t h i n  3 K (5O F) of t h e  tes t  temperature .  Af te r  t h e  s t r a i n  
gages were zeroed, t h e  heads of t h e  test  machine were brought i n t o  con tac t  wi th  
t h e  pane ls  and t h e  t e s t s  were conducted i n  t h e  same f a sh ion  a s  t hose  a t  room 
temperature .  

M e t a l l u r g i c a l  I n v e s t i g a t i o n  

Samples were c u t  from undeformed r eg ions  of t h e  t e s t e d  pane ls  f o r  meta l lo -  
g r aph ic  examination of r e p r e s e n t a t i v e  c r o s s  s e c t i o n s .  The samples were mounted 
i n  phenol ic  r e s i n ,  po l i shed ,  and examined with a metal lograph.  The photomicro- 
graphs were s t u d i e d  t o  determine t h e  q u a l i t y  o f  t h e  j o i n t s  and to i d e n t i f y  
m e t a l l u r g i c a l  changes i n  t h e  m a t e r i a l  r e s u l t i n g  from f a b r i c a t i o n .  



II,ESULTS AND DISCUSSION 

T e n s i l e  T e s t s  

Resu l t s  of tests on t h e  T ic l ad  Bsc/Al t e n s i l e  specimens a r e  l i s t e d  i n  
t a b l e  11. The l o n g i t u d i n a l  t e n s i l e  s t r e n g t h  va r i ed  from about  1032 MPa 
(1 50 k s i )  t o  1247 MPa (1 81 k s i )  wi th  an average of about 11 72 MPa (1 70 k s i )  . 
The average is very close t o  t h e  rule-of-mixtures va lue  of 1138 MPa (165 k s i )  
ob ta ined  by using t e n s i l e  s t r e n g t h s  of 131 0 MPa (1 90 k s i )  and 552 MPa (80 k s i )  
f o r  Bsc/Al and Ti-75A, r e s p e c t i v e l y .  The average l o n g i t u d i n a l  s t r e n g t h  of t h e  
T ic l ad  Bsc/Al was t hus  about 10 pe rcen t  less than t h a t  of Bsc/Al. The average 
t r a n s v e r s e  t e n s i l e  s t r e n g t h  of t h e  T i c l a d  Bsc/Al, on t h e  o the r  hand, was approx- 
imate ly  338 MPa (49 k s i ) ,  which is about 2.5 times t h a t  of u n i d i r e c t i o n a l  Bsc/Al 
and about  40 pe rcen t  g r e a t e r  than  p red i c t ed  by t h e  r u l e  of mix tures .  

The r e s u l t s  of t h e  tests on t h e  double-overlap braze  j o i n t  specimens a r e  
l i s t e d  i n  t a b l e  111. The average maximum j o i n t  s t r e n g t h  of about  110 MPa 
(16 k s i )  agrees  wi th  d a t a  ob ta ined  from s i m i l a r  b raze  j o i n t  tests on Bsc/Al 
i n  r e f e r ence  2. The test r e s u l t s  of t h e  double-overlap braze  j o i n t  specimens 
v e r i f y  t h a t  t h e  braz ing  parameters  of t h i s  s tudy  a r e  adequate f o r  t h e  braz ing  
of t h e  sk in - s t r i nge r  pane ls .  

Panel  Canpression T e s t s  

The r e s u l t s  from t h e  a x i a l  compression tests a r e  presen ted  i n  f i g u r e s  9 
t o  12 and i n  t a b l e  I V .  Typica l  LVDT load-shortening curves f o r  t h e  t h r e e  skin-  
s t r i n g e r  pane l  con f igu ra t i ons  t e s t e d  a r e  shown i n  f i g u r e  9 .  A l l  load-shortening 
curves f o r  a g iven  tes t  temperature  and s t r i n g e r  con f igu ra t i on  a r e  s i m i l a r .  The 
curves  i l l u s t r a t e  t h e  lower s t r e n g t h  and s t i f f n e s s  of t h e  pane ls  t e s t e d  a t  505 K 
(450° F) . The average s t r a i n  a t  t h e  o n s e t  of l o c a l  e l a s t i c  buckl ing,  a s  ind i -  - 
ca t ed  by s t r a i n  r e v e r s a l ,  is p l o t t e d  on t h e  curves a s  s ( l i s t e d  i n  t a b l e  I V  
f o r  a l l  t h e  pane l s )  a t  t h e  l oad  corresponding to  s t r a i n  r e v e r s a l .  The skin- 
s t r i n g e r  pane ls  withstood 15  t o  40 pe rcen t  more compressive l o a d  fo l lowing  buck- 
l i n g  and p r i o r  t o  f a i l u r e .  F a i l u r e  occurred by s imultaneous c r i p p l i n g  of t h e  
s t r i n g e r  and s k i n .  By comparison, t h e  Bsc/Al pane l s  i n  r e f e r ence  1 o f t e n  
exh ib i t ed  buckl ing and f a i l u r e  s imul taneous ly .  

The compressive s t r e s s - s t r a i n  curves  o f  T i c l a d  Bsc/Al a t  room tempera- 
t u r e  and 505 K (450° F) a r e  shown i n  f i g u r e  10. The d a t a  p l o t t e d  a r e  from 
s t r a i n  gages l o c a t e d  on t h e  s k i n  of t h e  pane l s .  Only t h e  l i n e a r  p o r t i o n s  of 
t h e  s t r e s s - s t r a i n  curves  a r e  p l o t t e d  wi th  t h e  curves  terminated p r i o r  t o  pane l  
buckl ing.  The va lue  of Young's modulus f o r  t h e  T ic l ad  Bsc/Al a t  room t e m -  
p e r a t u r e  was 21 3.7 GPa 31 .0 x 1 o6  p s i )  , which is very  c l o s e  to  t h e  rule-of- 
mix tures  va lue  of 217 GPa (31.5 x l o6  p s i )  ob t a ined  when us ing  a modulus of  
248 GPa (36 x l o 6  p s i )  f o r  t h e  Bsc/Al and 11 0 GPa (1 6 x 1 o6 p s i )  f o r  t h e  
Ti-75A. Young's modulus of t h e  T ic l ad  Bsc/Al a t  505 K (450° F) was 175.8 GPa 
(25.5 x 1 o6 p s i )  , abdut 17 pe rcen t  less than t h a t  a t  room temperature .  ' 

Buckling s t r eng th , -  The buckl ing s t r e n g t h  is def ined  a s  t h e  buckl ing l o a d  
of t h e  pane l  d iv ided  by t h e  c ros s - sec t iona l  a r e a  of t he  pane l  a s  given i n  



t a b l e  I .  Comparisons between experimental  and a n a l y t i c a l  buckl ing s t r e n g t h s  
a r e  presented  i n  f i g u r e  11 . The a n a l y t i c a l  buckling s t r e n g t h s  were determined 
using t h e  VIPASA computer program descr ibed  i n  re ference  4; a d e t a i l e d  explana- 
t i o n  of t h e  a n a l y t i c a l  procedure is presented  i n  t h e  appendix. The c i r c u l a r  
symbol i n  f i g u r e  11 i n d i c a t e s  t he  average buckling s t r e n g t h  of t h r e e  d u p l i c a t e  
panels ,  and t h e  v e r t i c a l  ba r s  r ep re sen t  t h e  s c a t t e r  i n  t h e  experimental  r e s u l t s .  
The r a t i o  b/ts on t h e  a b s c i s s a  is t h e  width of unsupported s k i n  b d iv ided  
by t h e  s k i n  th i ckness  ts. The dimensions b and ts a r e  i l l u s t r a t e d  i n  f i g -  
u re  11 f o r  t h e  panel  con f igu ra t ions .  The r a t i o  b/ts of t h e  s k i n  was chosen 
a s  an appropr i a t e  parameter because buckling i n i t i a l l y  occurs  i n  t h e  s k i n  f o r  
a l l  panels .  

Exce l len t  agreement between a n a l y t i c a l  and experimental  buckling s t r e n g t h s  
was obta ined  f o r  t h e  panels  with t h e  l a r g e  hat-shaped s t r i n g e r ;  somewhat poorer 
agreement was obta ined  f o r  t h e  o ther  con f igu ra t ions .  The d a t a  show t h a t  t h e  
e leva ted  temperature reduced t h e  buckling s t r e n g t h s  by 9 t o  17 pe rcen t .  

The agreement between p re sen t  a n a l y t i c a l l y  and exper imenta l ly  determined 
buckling s t r e n g t h s  f o r  t h e  panels  wi th  hat-shaped s t r i n g e r s  shown i n  f i g u r e  11 
is much b e t t e r  t han  t h e  agreement between s imi l a r  d a t a  given i n  r e f e rence  1 .  
To determine whether d i f f e r ences  i n  t h e  a n a l y t i c a l  progr arns accounted f o r  t h e  
good agreement i n  t h e  p re sen t  ana lys i s ,  t h e  VIPASA program was used t o  de te r -  
mine buckling loads  and modes f o r  s e v e r a l  of t h e  con f igu ra t ions  given i n  r e f e r -  
ence 1 . The VIPASA r e s u l t s  were i n  agreement with t h e  a n a l y t i c a l  r e s u l t s  from 
reference  1 ; and, t he re fo re ,  t he  good agreement i n  t h e  p re sen t  s tudy  i s  t h e  
r e s u l t  of changes i n  panel  buckling behavior.  

I n  t h e  previous s tudy  ( r e f .  I ) ,  poor agreement between a n a l y t i c a l  and 
experimental  r e s u l t s  was a t t r i b u t e d  t o  a l o c a l  decrease  i n  t r a n s v e r s e  Young's 
modulus of t he  B s c / A l  which was the  r e s u l t  of l o c a l  bending s t r a i n s .  I n  t h e  
p re sen t  s tudy ,  s e v e r a l  f a c t o r s  prec lude  t h i s  reduct ion  i n  t r a n s v e r s e  modulus. 
Examination of the  mode shapes i n d i c a t e s  t h a t  f o r  a given out-of-plane s k i n  
deformation, lower bending s t r a i n s  a r e  p r e s e n t  i n  t h e  c r o s s  s e c t i o n  of t h e  pres- 
e n t  panels .  Titanium c ladding  a l s o  reduces t r a n s v e r s e  bending s t r a i n s  i n  t h e  
B s c / A l ,  because only  t h e  t i t an ium c ladding  exper iences  t h e  maximum "outer - f iber"  
s t r a i n s  caused by bending. Both f a c t o r s  allow t h e  i n i t i a l  Bsc/Ak t r a n s v e r s e  
modulus 131 .0 GPa (1 9 x 1 o6 p s i ) ,  which was used i n  both ana lyses  ( r e f .  1 and 
p r e s e n t ) ,  t o  be more e f f e c t i v e  i n  r e s i s t i n g  buckl ing i n  t h e  p re sen t  panels .  

F a i l u r e  s t rength . -  The average f a i l u r e  s t r e n g t h  of t h e  sk in - s t r i nge r  pane ls  
is p l o t t e d  a g a i n s t  t he  r a t i o  b/t, i n  f i g u r e  12. The average f a i l u r e  s t r e n g t h  
is def ined  a s  t h e  maximum compressive load  app l i ed  t o  t h e  panel  d iv ided  by t h e  
c ros s - sec t iona l  a r e a  of t h e  panel  a s  given i n  t a b l e  I .  S c a t t e r  i n  t h e  d a t a  i s  
ind ica t ed  by t h e  v e r t i c a l  b a r s  i n  t h e  f i g u r e .  The e l eva t ed  temperature reduced 
the  s t r e n g t h  by 8 t o  14 pe rcen t .  

S p e c i f i c  buckling s t rength . -  The s p e c i f i c  buckling s t r e n g t h  of t h e  pane l s  
is def ined  a s  t he  panel  buckling s t r e n g t h  d iv ided  by t h e  panel  dens i ty .  Panel 
d e n s i t y  was determined by d iv id ing  t h e  mass of t h e , p a n e l  by both t h e  panel  
c ros s - sec t iona l  a r e a  (excluding t h e  honeycomb-core a r e a )  and t h e  panel  l eng th  
( see  t a b l e  I ) .  Figure  1 3  p re sen t s  t h e  s p e c i f i c  buckling s t r e n g t h  p l o t t e d  



a g a i n s t  b/ts f o r  t h e  panels  i n  t h e  p re sen t  s tudy  and f o r  pane ls  (from r e f s .  1 
and 5) wi th  s imi l a r  con f igu ra t ions .  The d e n s i t i e s  of t h e  panel  m a t e r i a l  i n  t h e  
present  s tudy and t h e  panel  ma te r i a l  £ram t h e  r e f e rences  a r e  given i n  t h e  fo l -  
lowing t a b l e :  

These d e n s i t i e s  i n d i c a t e  t h a t  t i t an ium cladding does not  apprec iab ly  change 
panel  d e n s i t y  from t h a t  f o r  an a l l  Bsc/Al panel .  Panel buckling c h a r a c t e r i s -  
tics do d i f f e r  , however, and some of t h e s e  d i f f e r ences  a r e  d iscussed  i n  t h e  
appendix. 

Ma te r i a l  

T ic l ad  Bsc/Al: 
0.075 mm (0.003 i n . )  c ladding  
0.15 mm (0.006 i n . )  c ladding 

Bsc/Al ( r e f .  1) 

Ti-6A1-4V ( r e f .  5) 

The da t a  i n  f i g u r e  1 3  show t h a t  the  s p e c i f i c  buckling s t r e n g t h s  of the 
Tic lad  Bsc/Al panels  were 1 . 5  t o  1 .7 times those  of s i m i l a r  Bsc/Al pane l s  i n  
re ference  1 and t i t an ium weld-braze panels  i n  r e f e rence  5. The improvement 
i n  t h e  s p e c i f i c  buckling s t r e n g t h s  of t h e  sk in-s t r inger  pane ls  i n  t h e  p re sen t  
s tudy r e l a t i v e  t o  t h e  brazed Bsc/Al pane ls  of re ference  1 is a t t r i b u t e d  t o  
reduced t r ansve r se  bending s t r a i n s  i n  t he  p re sen t  pane ls  r e s u l t i n g  from changes 
i n  t h e  buckling mode shapes and t o  t h e  e f f e c t s  of the t i t an ium c ladding ,  a s  
d i scussed  previous ly  i n  t h e  s e c t i o n  "Buckling s t r eng th . "  The improvement i n  
t h e  s p e c i f i c  buckling s t r e n g t h s  of the panels  i n  t h e  present  s tudy  compared 
with t h e  s p e c i f i c  s t r e n g t h s  of t h e  t i t an ium weld-braze panels  of re ference  5 
is due t o  t h e  higher t r a n s v e r s e  s t i f f n e s s  a s  we l l  a s  t h e  lower d e n s i t i e s  of 
t h e  p re sen t  panels .  The r e s u l t s  i n d i c a t e  t h a t  t h e  panels  with honeycomb-core 
s t r i n g e r s  have a  lower s p e c i f i c  buckl ing s t r e n g t h  than t h e  T ic l ad  Bsc/Al pane l s  
with hat-shaped s t r i n g e r s .  However, t h e  honeycomb-core s t r i n g e r s  provide con- 
s i d e r a b l e  l o c a l  s t a b i l i t y  t o  t h e  s k i n  and off.er s i m p l i f i e d  manufacturing pro- 
ce s ses  t h a t  warran t  f u r t h e r  i n v e s t i g a t i o n  f o r  use  i n  compression panels .  

F a i l u r e s .  - Typica l  f a i l u r e s  of t he  panels  t e s t e d  i n  a x i a l  compression 
a r e  shown i n  f i g u r e  14 .  The panel  f a i l u r e s  were t h e  same f o r  t e s t s  a t  both 
room temperature and 505 K (450° F ) .  A 1 1  pane l s  exh ib i t ed  l o c a l  buckl ing 
p r i o r  t o  simultaneous c r i p p l i n g  of t h e  s t r i n g e r  and s k i n .  Panels  wi th  t h e  
hat-shaped s t r i n g e r s  ( f i g s .  1 4  ( a )  and 14 (b )  ) exh ib i t ed  t r a n s v e r s e  f r a c t u r e s  of 
t h e  Tic lad  Bsc/Al m a t e r i a l  i n  t h e  s t r i n g e r  and s k i n  a c r o s s  t h e  cen te r  of t h e  . 

panels .  There were no braze- jo in t  f a i l u r e s .  The panels  with the  honeycomb- 
co re  s t r i n g e r  e x h i b i t e d  t r a n s v e r s e  f r a c t u r e s  of t h e  s k i n  and some b raze - jo in t  
f r a c t u r e s  between the  s k i n  and honeycomb-core s t r i n g e r  a s soc i a t ed  wi th  t h e  
buckle p a t t e r n  ( f i g .  1  4 (c) ) . The Tic lad  Bsc/Al cap  m a t e r i a l  buckled but  d i d  
not  f r a c t u r e  o r  s e p a r a t e  from the  honeycomb core.  

Densi ty  

kg/m3 

2900 
3100 

2700 

4400 

lbm/in3 

0.1 05 
-112 

.097 

. I 6  



Meta l lu rg i ca l  i n v e s t i g a t i o n e 7  The braze j o i n t s  shown i n  f i g u r e  1 5 a r e  
t y p i c a l  f o r  a l l  t h e  pane ls  wi th  hat-shaped s t r i n g e r s .  The e f f e c t i v e n e s s  of 
t h e  Ti-75A f o i l  a s  a d i f f u s i o n  b a r r i e r  is seen  by t h e  absence of s i l i c o n  par- 
t i c l e s  i n  t h e  ad j acen t  m a t r i x  m a t e r i a l .  OA t h e  whole, s i l i c o n  d i f f u s i n g  i n t o  
t h e  6061 aluminum ma t r ix  e m b r i t t l e s  t h e  ma t r ix  and reduces t h e  s t r e n g t h  of 
both f i l amen t s  and ma t r ix  ( r e f .  1 ) . There was a l s o  no evidence of e i t h e r  
t i t an ium or Bsc/Al delaminat ions . 

The b raze  j o i n t s  i n  f i g u r e  16  a r e  t y p i c a l  f o r  a l l  t h e  pane ls  wi th  
honeycomb-core s t r i n g e r s .  The p h o t m i c r o g r  aph showing t h e  braze j o i n t  
between t h e  honeycomb co re  and s k i n  ( f i g .  1 6 ( a ) )  shows less braze  f i l l e t i n g  
than between t h e  honeycomb c o r e  and cap  ( f i g .  16 (b)  ) . Because some braze 
m a t e r i a l  f r a c t u r e d  between t h e  s k i n  and honeycomb co re  a t  pane l  f a i l u r e ,  bu t  
d i d  no t  f r a c t u r e  between t h e  honeycomb c o r e  and cap, braze f i l l e t i n g  on t h e  
s k i n  s i d e  a p p e a r s ' t o  have been marg ina l .  The t i t an ium c ladding  a l s o  prevented 
f i l ament  damage because t h e  t i t an ium honeycomb c o r e  was no t  fo rced  through t h e  
t i t an ium c ladding  dur ing  t h e  braz ing  o p e r a t i o n ,  a phenmenon which f r e q u e n t l y  
occurs  i n  p a c k  b raz ing  of aluminum ma t r ix  composites and honeycomb m a t e r i a l s .  

F ibe r  S t r eng th  

To determine t h e  e f f e c t s  of t h e  braz ing  process  on t h e  Bors ic  f i b e r s ,  t h e  
s t r e n g t h s  of  f i b e r s  leached  from "as  received" s k i n  m a t e r i a l  and " a s  f a b r i c a t e d "  
s t r i n g e r s  were compared wi th  t h e  s t r e n g t h s  of f i b e r s  leached from samples c u t  
from brazed and t e s t e d  pane ls .  The s k i n  and s t r i n g e r  samples were c u t  from t h e  
brazed pane ls  i n  a r e a s  no t  a s s o c i a t e d  wi th  pane l  f a i l u r e .  F iber  s t r e n g t h s  were 
determined by bend tests a s  descr ibed  i n  r e f e r ence  2. Approximately 40 f i b e r s  
from each s k i n  and s t r i n g e r  were t e s t e d .  

The s t r e n g t h s  of t h e  f i b e r s  from each of t h e  brazed pane ls  ( e i t h e r  s k i n  o r  
s t r i n g e r )  ranged from 3.10 t o  3.80 GPa (450 t o  550 k s i ) ;  t h e  average s t r e n g t h  
f o r  each pane l  was between 3.60 and 3.70 GPa ( 520 and 540 k s i )  . The f i b e r  
s t r e n g t h s  o f  t h e  "as  received" s k i n  m a t e r i a l  and t h e  "a s  f a b r i c a t e d "  s t r i n g e r s  
were w i th in  t h e  same range.  Therefore ,  t h e  s k i n  and s t r i n g e r  f i b e r s  appear t o  
have been unaf fec ted  by t h e  temperatures  a s s o c i a t e d  wi th  s t r i n g e r  f a b r i c a t i o n  
o r  with pane l  b raz ing .  On t h e  b a s i s  of t h e s e  r e s u l t s ,  b raz ing  is cons idered  
t o  be a v i a b l e  means of jo in ing  T ic l ad  B s c / A l .  

Appl ica t ion  

A t  L a x ,  t h e  f a b r i c a t i o n ,  jo in ing ,  and t e s t i n g  of metal-matrix composites 
have l e d  t o  t h e  i nco rpo ra t i on  of t h e s e  m a t e r i a l s  i n t o  f l i g h t  hardware f o r  super- 
s o n i c  a i r c r a f t .  I n  re fe rence  3 a f u l l - s c a l e  s t r u c t u r a l  pane l  with a Bsc/Al s k i n  
and a t i t an ium honeycomb c o r e  was s u c c e s s f u l l y  designed,  f a b r i c a t e d ,  and t e s t e d  
t o  meet t h e  requirements  of an upper wing pane l  f o r  t h e  YF-12 a i r c r a f t .  The 
c u r r e n t  c h a r a c t e r i z a t i o n  program on T ic l ad  Bsc/Al m a t e r i a l  has  l e d  t o  t h e  design 
and f a b r i c a t i o n  of a pane l  composed of Ti-3A1-2.5V honeycomb-core s t r i n g e r s  
brazed to a T ic l ad  Bsc/Al s k i n  and cap, a s  shown i n  f i g u r e  17.  Pre l iminary  
d a t a  ( r e f .  6) show t h a t  t h e  pane l  has success f  u l l y  m e t  t h e  s t r e n g t h  and s t i f  f -  
ness  requirements  f o r  f l i g h t  s e r v i c e  on t h e  YE-1 2 a i r c r a f t  a t  Mach 3. 



PNCLUDING REMARKS 

An i n v e s t i g a t i o n  has been conducted t o  determine t h e  compressive proper- 
t ies of t i tanium-clad Borsic/aluminum s k i n - s t r i n g e r ,  s t r u c t u r a l  components 
f a b r i c a t e d  by braz ing .  The fo l lowin< r e s u l t s  have been found: 

1 .  Titanium-clad Borsic/aluminum u n i d i r e c t i o n a l  shee t  m a t e r i a l s  had longi-  
t u d i n a l  and t r a n s v e r s e  t e n s i l e  s t r e n g t h s  t h a t  were 0.9 and 2.5 times, respec- 
t i v e l y ,  t h a t  of unclad Borsic/aluminum u n i d i r e c t i o n a l  shee t  m a t e r i a l s .  

2.  Following l o c a l  s k i n  buckl ing,  t h e  t i tanium-clad Borsic/aluminum pane l s  
withstood f r m  1 5  t o  40 pe rcen t  more compressive l oad  p r i o r  t o  f a i l u r e ,  whereas 
t h e  unclad Borsic/aluminum pane ls  s t u d i e d  i n  NASA TP-1121 of t e n  e x h i b i t e d  buck- 
l i n g  and f a i l u r e  s imultaneously.  

3. S p e c i f i c  buckl ing s t r e n g t h s  f o r  t h e  t i tanium-clad Borsic/aluminum skin-  
s t r i n g e r  pane ls  were 1.5 to  1.7 times those  f o r  s i m i l a r  unclad Borsic/aluminum 
pane ls  s t u d i e d  i n  NASA TP-1121 and t i t an ium weld-braze pane ls  s t u d i e d  i n  NASA 
TN D-7281 . 

4. Good agreement was shown between exper imenta l  buckl ing loads -  and t h o s e  
a n a l y t i c a l l y  p red i c t ed  by t h e  VIPASA program. 

5. Compression tests of t h e  h a t - s t i f f  ened pane ls  and m e t a l l u r g i c a l  inves- 
t i g a t i o n  of t he  j o i n t s  a f t e r  panel  f a i l u r e  i n d i c a t e d  no f a i l u r e s  i n  t h e  braze 
j o i n t s .  

6. Titanium c ladding  provides  an e f f e c t i v e  d i f f u s i o n  b a r r i e r  between t h e  
braze a l l o y  and t h e  6061 aluminum-alloy-matrix m a t e r i a l .  

7. Bor s i c  f i b e r  s t r e n g t h s  were unaf fec ted  by t h e  s t r i n g e r  f a b r i c a t i o n  and 
brazing processes .  

8. Resu l t s  from t h e  c u r r e n t  s t udy  have l e d  t o  t h e  s u c c e s s f u l  design,  fab- 
r i c a t i o n ,  and t e s t i n g  of a  f u l l - s c a l e  wing panel  f o r  f l i g h t  t e s t i n g  on t h e  
YE'-12 a i r c r a f t  a t  Mach 3. 

Langley Research Center  
Nat ional  Aeronaut ics  and Space Admini s t r a t i o n  
Harnpton, VA 23665 
November 16, 1979 



APPENDIX 

PANEL BUCKLING ANALYS IS 

The VIPASA computer program ( r e f .  4) was used to  c a l c u l a t e  c r i t i c a l  buck- 
l i n g  l oads  and mode shapes  f o r  each of t h e  sk in - s t r i nge r  panel  con£ i g u r a t i o n s  
d i scussed  i n  t h e  p re sen t  s tudy.  The VIPASA models used i n  t h e  ana lyses  a r e  
shown i n  f i g u r e  18. Each model c o n s i s t e d  of an assembly of balanced and sym- 
m e t r i c  f l a t - p l a t e  e lements  simply supported near t h e  edges of t h e  sk in .  These 
boundary cond i t i ons  a r e  c o n s i s t e n t  wi th  t h e  pane l  test  cond i t i ons .  I n  t h e  
pane l  model with hat-shaped s t r i n g e r s ,  each brazed j o i n t  between t h e  s t r i n g e r  
and s k i n  was modeled us ing  e i g h t  f l a t - p l a t e  e lements .  The ad j acen t  edges of 
t h e s e  e i g h t  elements were r i g i d l y  l i n k e d  toge the r ,  thus  provid ing  a good approx- 
imat ion t o  t h e  a c t u a l  phys i ca l  j o i n t s .  The honeycomb-core s t r i n g e r  was modeled 
a s  a s i n g l e  p l a t e  element; t h e  element inc luded  t h e  s k i n  over t h e  honeycomb 
core ,  t h e  honeycomb core ,  and t h e  cap. I n  t h i s  pane l  model, deformation compat- 
i b i l i t y  was maintained a c r o s s  t h e  s k i n  of t h e  panel .  Out-of-plane shear  deforma- 
t i o n s  of t h e  honeycomb c o r e  a r e  n o t  cons idered  i n  t h e  VIPASA program. 

Di f fe rences  e x i s t  between t h e  VIPASA models and t h e  tes t  pane l s  a t  t h e  
loaded ends. Whereas t h e  VIPASA program c a l c u l a t e s  buckl ing l o a d  and modes wi th  
s imple suppor t s  a t  t h e  loaded ends,  t h e  tes t  pane l  ends were embedded i n  p o t t i n g  
compound t h a t  produced end boundary cond i t i ons  n e a r l y  equ iva l en t  t o  f i x e d  ends.  
However, because t h e  l o n g i t u d i n a l  buckl ing half-wavelengths of t h e  pane l s  a r e  
s h o r t ,  t h e  proper buckl ing l o a d s  and mode shapes were ob t a ined  f rom t h e  VIPASA 
ana lyses  d e s p i t e  t h e  d i f f e r e n c e s  i n  end boundary cond i t i ons .  The d i f f e r e n c e s  
i n  t h e  loaded  end boundary cond i t i ons  would no t  s i g n i f i c a n t l y  a f f e c t  a n a l y t i c a l  
buckl ing l o a d  and mode r e s u l t s  un l e s s  t h e  specimen l e n g t h  i n  t h e  a n a l y s i s  i s  
e i t h e r  reduced to va lues  less than  t h e  l e n g t h  of t h e  c r i t i c a l  buckl ing ha l f -  
wavelength, or is increased  t o  a va lue  t h a t  a l lows Euler  column buckl ing.  

I n  o p e r a t i n g  t h e  VIPASA program, t h e  user  must i npu t  a l l  dimensions f o r  
each unique p l a t e  element , d e f i n e  t h e  shape of t h e  panel  c r o s s  s e c t i o n ,  and pro- 
v ide  a l i s t  of half-wavelengths t o  be examined. I n  a d d i t i o n ,  a p p r o p r i a t e  mate- 
r i a l  p r o p e r t i e s  (see t a b l e  V) must be supp l i ed  t o  t h e  program. The program 
genera tes  a s t i f f n e s s  m a t r i x  f o r  each element from which a t o t a l  s t i f f n e s s  
m a t r i x  is formed f o r  t h e  s t r u c t u r e .  The program then so lves  t h e  buckl ing 
eigenvalue problem f o r  each h a l f  -wavelength reques ted  by t h e  user .  

Typica l  mode shape r e s u l t s  from t h e  VIPASA ana lyses  a r e  shown i n  f i g u r e  19 
f o r  t h e  t w o  ba s i c  panel  con f igu ra t i ons .  I n  both t h e  small-hat and la rge-ha t  
con f igu ra t i ons  ( f i g .  1 9 ( a ) ) ,  very  l i t t l e  deformation i s  apparent  i n  t h e  s t i f f -  
ener c r o s s  s e c t i o n ,  whereas t h e  s k i n  over  t h e  h a t  e x h i b i t s  s i g n i f i c a n t  out-of- 
p lane  deformation. Th i s  a n a l y t i c a l  r e s u l t  is c o n s i s t e n t  wi th  s t ra in-gage  d a t a  
from t h e  pane ls ,  which i n d i c a t e d  t h a t  i n i t i a l  buckl ing occur red  i n  t h i s  s e c t i o n  
of sk in .  P o s t - f a i l u r e  examination of t h e  s k i n  i n d i c a t e d  half-wavelengths n e a r l y  
equa l  t o  t hose  given by t h e  VIPASA a n a l y s i s .  The mode shape f o r  t h e  pane l  with 
honeycomb-core s t r i n g e r  ( f i g .  19(b)  ) i n d i c a t e s  t h a t  buckl ing deformation occurs  
o n l y  i n  t h e  o u t e r  s k i n  p o r t i o n s  of t h e  panel  i n  a nonsymmetrical p a t t e r n .  Th i s  
p a t t e r n  was a l s o  observed i n  p o s t - f a i l u r e  examination of t h e  pane ls .  
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TABLE I .- DIMENS IONS OF SKIN-STRINGER PANELS 

(a) S I  U n i t s  

' 

D e n s i t y  
o f  core, 

kg/m3 

bhr 
mm 

28.7 
28.2 
29.5 
29.0 
29.0 
29.1 

41.4 
42.4 
43.2 
41 .7 
41 .7 
41 .9 

P a n e l  

1 S 

Area ,  
cm2 

2.82 
2.79 
2.77 
2.78 
2.76 
2.81 

4 .35  
4.30 
4.43 
4.36 
4.21 
4 - 1 2  

1 H 
2 H 
3H 
4H 
5H 
6H 
7H 

tc  , 
m m l  

b f ~  
mm 

23.1 
23.1 
22.6 
22.9 
22.1 
21 .8 

31.8 
31.5 
32.0 
31 .8 
29.7 
30.0 

W, 
mm 

111.8  

Length ,  
mm 

259.1 

W I 
mm 

99.1 

1 

139.7  

152.4 

I 

251.5 

v 

Mass, 
kg 

0.220 

bw, 
mm 

25.9 
25.9 
25.4 
25.7 
28.2 
26.9 

38.6 
38.6 
38.6 
38.6 
39.1 
37.8 

39.1 208.2 1.384 1 ,354  
.395 2.90 39.1 208.2 1.384 1.354 

.402 2.92 

.395 2.91 208.2 1.384 

.402 2.90 208.2 
3 5 1  2.93 I 40.4 11 2.1 

.217 
.215 
.216 
.215 
.219 

0.349 
.342 
-355  
.349 
.337 
.329 
-- 

ra '  
mm 

7.92 

1 

6 . 3 5  

tw f 

mm 

1.21 2 
1.209 
1.201 
1.214 
1.199 
1.204 

1.372 
1 .359 
1.374 
1 .377 
1.351 
1.344 

2 S 
3 S 
4 S 
5 s  
6 s  

1 L 
2L 
3L 
4L 
5L 
6 L 

1 

ts f 
mm 

-. -- - -- 

1 .359  
1.331 
1.331 
1.331 
1 .328  
1.341 

1 .359 
1.346 
1 .369 
1.356 
1.364 
1.341 

259.1 152.4  

- 



TABLE I .- Concluded 

(b)  U.S. Customary U n i t s  

-- 

Pane l  

1 S 

ts I 
i n .  

0.0535 
.0524 1 

.0524 1 
e0524 .0523 1 
-0528 

0.0535 
.0530 
.0539 
.0534 
.0537 
-0528 

I 

! 

0.0533 
.0533 
-0545 i 
-0539 1 
.0534 j 
-0543 
. O  541 

J 

tw 9 

i n .  -- 
0.0477 

- --- 
bh, 
i n .  

1.13 

-- 

Length,- W. 

.0476 

.0473 

.0478 
,0472 
.0474 

0.0540 
.0535 
.0541 
.0542 
.0532 
.0529 

Mass. 
lbm 

0.484 

i n .  

10.2  
.312 
.312 
-31 2 
.31 2 
.312 

0.250 
-250 
.250 
.250 
.250 
.250 

Dens i ty  

i n .  

4.4 
2 s  -479 -433 1.11 -91 
3 s  .475 .89 
4 s  .4 77 .90 
5 S .475 .428 .87 
6 S -482 .436 .86 

- - . - - - - 

1 L 5.5 1.63 1 .25 
2L 1.66 1.24 
3 L .686 1.70 1.26 
4L .676 1.64 1.25 
5L -743 .653 1.64 1 .17 
6L -726 -638 1 .65 1.18 

-- -- 

i n .  

0.312 

- -  

1.02 
1 . O O  
1 .OI 
1 . l l  
1.06 

1.52 
1.52 
1.52 
1.52 
1.54 
1.49 

- - -- -. - - ----- 

bf ,  1 bw, 
i n .  i n .  

Area,  
i n 2  

0.437 0.91 

w. 
i n .  

3.9 1.02 

1 tc, 
of c o r e ,  i n .  

1H 
2H 
3H 
4H 
5H 
6H 
7H 
-- - 

l h / f t 3  

1 3  
1 3  

7 
1 3  
1 3  
1 3  

7 
- 

0.448 
.449 
.4 52 
.452 
.451 
.450 
.454 

0.0545 
.0545 
-0533 
.0545 
.0545 
.0545 
.0539 

9.9 5.5 

t 

6.0 

7 

0.885 
.870 
.769 
.887 
.870 
.887 
.774 

2.35 

I 

1.54 
1.54 
1.59 
1.54 
.I .54 
1.54 
1.59 



TABLE 11.- TENSILE TEST DATA FOR TITANIUM-CLAD 

BORSIC/BLUMINUM MATERIAL 

T r a n s v e r s e  d i r e c t i o n  I 

S p e c i m e n  

L o n g i t u d i n a l  d i r e c t i o n  

A r e a  

c m 2  in2 

F a i l u r e  l o a d  
- 
kN 

F a i l u r e  stress 

lbf MPa k s  i 



TABLE 111.- TI!NSILE SHEAR STmNGTH TEST DATA 

FOR DOUBLE-OVERLAP BRAZED SPECIMENS 

S p e c i m e n  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
1 3  
14 

A r e a  F a i l u r e  stress 

cm2 

1.628 

t 

F a i l u r e  l o a d  

MPa 

113.8 
115.1 
107.6 
113.1 

95.8 
113.1 

94.5 
116.5 
115.8 
112.4 
115.1 
111 . O  
106.2 
110.3 

i n 2  

0.2524 

1 

kN 

18.5  
18.8  
17 .5  
18.4 
15.6  
18.0  
15.3  
19.0  
18.0 
1 8 . 3  
18.8 
18.1 
17.2  
18.0  

ksi 

16 .5  
16.7  
15.6  
16.4 
13.9 
16.4 
13.7 
16.9 
16.8  
16.3 
16.7 
16.1 
15.4 
16.0 

1 

lbf 

4160 
4225 
3940 
4140 
3500 
4050 
3450 
4275 
4240 
4125 
4225 
4075 
3875 
4050 



SKIN-STRINGER PANELS 

(a) SI Units 

Maximum 
load, 
kN 

I Room temperature I 

- 

505 K 

Average 
maximum 
stress, 
MPa 

1 S 
2s 
3s 

Room temperature 

Buckling 
load, 
kN 

45 
5 S 
6s 

I 

224.6 
227.1 
242.3 

Room temperature 

Average 
buck1 ing 
stress, 
MPa 

255.4 
262.6 
269.7 

169.2 
1 77.7 
176.3 

796.4 
812.9 
871 .6 

1 L 
2 L 
3L 

Aver age 
strain at - 

buckling, E, 1 
rmn/mm 

918.4 
950.8 
959.1 

599.9 
636.4 
635.7 

306.4 
289.0 
286.5 

0.00322 
.00327 
.00340 

257.9 591 .6 203.5 466.8 
269.5 639.9 156.7 371 -6 

6 L 257 .O 624.7 1 90.9 462.0 
- -- 

1 94.9 
190.6 
209.5 

-- -- - 

704.7 
673.0 
647.4 

0.00251 
.00173 
.00263 

700.5 
690.2 
744.7 
-- 

236.5 
242.1 
227.7 

0.0031 4 
.00318 
.00350 

544.0 
563.3 
514.4 

0.00249 
.00259 
.00257 



TABLE IV .- Concluded 

(b) U.S. Customary U n i t s  

i n  . / in.  
-- - - -- -- -- 

fim t empera tu re  

57 428 133.2 
59 033 137.9 

6 s  60 638 139.1 

101 -6  
100.1 
108 .O 

43 809 
42 854 
47 105  

1 

0.0031 4 
-0031 8 
.00350 

450° F 
1 

1 S 
2 s  
3 S 

50 488 
51 052 
54 479 

Roam tempera tu re  

0e00322  i 
115.5 
117.9 
126.7 

1 L 
2 L 
3L 

38 040 
39 948 
39 645 

68 879 
64 976 
64 412 

87.0 
92.3 
92.2 

h 

53 178 
54 435 
51 182 

102.2 
97.6 
93.9 

4500 F 

.00327 

.00340 
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TABLE V .. VIPASA MATERIAL PROPERTY INPUTS 

Bor s i c / a l u m i  num a t  room t e m p e r a t u r e :  
Young's  modulus . l o n g i t u d i n a l  d i r e c t i o n .  

GPa (psi) . . . . . . . . . . . . . . . . . . . . . . . .  227.5 ( 3 3  x 1 06) 
Young's  modulus . t r a n s v e r s e  d i r e c t i o n .  

GPa (psi)  . . . . . . . . . . . . . . . . . . . . . . . .  131.0  (1 9 x l o 6 )  
Shear  modulus.  GPa ( p s i )  . . . . . . . . . . . . . . . . .  57.2  ( 8 . 3  x l o 6 )  
Major P o i s s o n ' s  r a t io  . . . . . . . . . . . . . . . . . . . . . . . . .  0.26 

Borsic/aluminum a t  505 K (450° F)  : 
Young 's  modulus  . l o n g i t u d i n a l  d i r e c t i o n .  

GPa (psi)  . . . . . . . . . . . . . . . . . . . . . . . .  200.0 (29  x 1 06) 
Young 's  modulus . t r a n s v e r s e  d i r e c t i o n .  

GPa (psi)  . . . . . . . . . . . . . . . . . . . . . . . .  96 .5  (1 4 x l o 6 )  
S h e a r  modulus.  GPa ( p s i )  . . . . . . . . . . . . . . . . .  51.7 ( 7 . 5  x 1 06) 
Major P o i s s o n ' s  r a t io  . . . . . . . . . . . . . . . . . . . . . . . . .  0.26 

Ti-75A c l a d d i n g  a t  room t e m p e r a t u r e :  
Young 's  modulus. GPa ( p s i )  . . . . . . . . . . . . . . . .  11 0.3 (1 6 x 1 06) 
S h e a r  modulus.  GPa ( p s i )  . . . . . . . . . . . . . . . . .  44.8 ( 6 . 5  x l o 6 )  
Po i s son"  rat io . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.34 

Ti'-75A c l a d d i n g  a t  505 K (450° F ) :  
Young 's  modulus. GPa ( p s i )  . . . . . . . . . . . . . . . .  96 .5  (1 4 x 1 06) 
S h e a r  modulus.  GPa ( p s i )  . . . . . . . . . . . . . . . . .  40.0 ( 5 . 8  x 1 06) 
P o i s s o n ' s  ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.34 



Ti-75A 
cladding 

Bsc/Al unidirectional 
cornposit e 

Figure 1.- Schematic diagram of Ticlad Bsc/Al sheet material. 



0.145 mm 
(0.0057 in.) 

F 

-Ti-75A claddin 

~Bors ic  fiber 

-6061 Aluminum matrix 

Figure 2.- Cross-section photomicrograph of "as received" Ticlad Bsc/Al 
sheet material. 



( a )  Tens i l e .  (b)  Double-overlap b raze  j o i n t .  

F igure  3 . -  Schematic diagram of test  specimens. 



L-78- 59 48.1 
Figure 4 .- Typica l  sk in - s t r i nge r  panels .  



( a )  Hat-shaped s t r i n g e r .  

Simple 
support 

(b) Honeycomb-core s t r i n g e r .  

- Simple 
support 

F igure  5.- Cross s ec t ions  of sk in - s t r i nge r  pane l s  ( s e e  t a b l e  I f o r  va lues  
of dimensions) .  



Pressure  supply 

r Platen 

I / I I I / I / I I J 

-1 
I Stainless steel 

1 Platen 

Figure  6.- Cross s e c t i o n  of t oo l ing  f o r  b raz ing .  



0 Strain gages x Thermocouples 

(a)  Large (L) and s m a l l  (S)  hat-shaped s t r i n g e r s .  (b)  Honeycomb-core s t r i n g e r  (H) . 
F i g u r e  7.- Loca t ions  of s t r a i n  gages  and thermocouples on s k i n -  

s t r i n g e r  p a n e l s ;  d = 50.8 mm (2.0 i n . )  f o r  L and H p a n e l s ;  
d = 38.1 mm (1 .5  i n . )  f o r  S p a n e l s .  



L-78-5944.1 

F i g u r e  8 .- Room-temperature test s e t u p  f o r  s k i n - s t r i n g e r  p a n e l s .  
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E = 0.00249 I Panel IL 
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I Panel 3H 

Room temperature 
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(a) Small stringer (*SJ . (b) Large stringer (L) . (c) Honeycomb-core stringer ( H I .  

Figure 9.- Typical LVDT load-shortening curves for skin-stringer panels; - 
& = Average s t ra in  of skin s t ra in  gages a t  s t ra in  reversal. 



Compressive 
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Room temperature 

Young' s modulus = 
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400 - 
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Figure 10.- Compressive s t ress-s t rain curves for Ticlad 

Compressive 
s t ress ,  
ksi  
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Buckling strength, 
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--- Analytical 

'0° t 0 Experimental 

( a )  Room temperature.  

--- Analytical 

Experimental 

(b) 505 K (450° F) 

F igure  11.- Comparison of experimental  and a n a l y t i c a l  buckl ing s t r e n g t h s  
f o r  l a r g e  (L) and small  (S) hat-shaped s t r i n g e r s  and honeycomb-core (H) 
s t r i n g e r s .  

- 

- 

-120 

80 
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Failure 
strength, 
MPa 

400 
0 Room temperature 
9 505 K (450' F) 

Figure 12.- Average failure strength of panels with large (L) and small (S) 
hat-shaped stringers and honeycomb-core (H) stringers. 



-Weld-brazed Ti-6A1-4V (ref. 5) 

0 Brazed ~ s c / A l  (ref. 1) 

0 Brazed Ticlad Bsc/Al 

Buckling strength/density, 
3 Pa-m /kg 100 

Figure 1 3 . -  Comparison of s p e c i f i c  buckling s t r e n g t h s  of sk in - s t r i nge r  panels .  



L-79-340 

( a )  Panel  wi th  small  s t r i n g e r  . . 

Figure  14.- Typica l  f a i l u r e s  of sk in - s t r i nge r  pane ls .  



(b) Panel with l a r g e  s t r i n g e r .  

F igure  1 4  .- Continued. 



(c) Panel  w i t h  honeycomb-core s t r i n g e r  . 
F i g u r e  14.- Concluded. 



4047 A1 alloy braze joint Silicon particles 
L-79-343 

Figure 15.- Typical braze joint for panels with small stringers. 



Skin 

4047 A1 braze alloy 

Honeycomb core 

( a )  Honeycomb c o r e  to  sk in .  

4047 A1 braze alloy- 

cap- 

(b) Honeycomb co re  t o  cap. 

L-79-344 

Figure  16.- Photomicrographs of  t y p i c a l  b raze  j o i n t s  f o r  pane ls  wi th  honeycomb-core s t r i n g e r s .  



Figure  17.- A brazed Tic lad  Bsc/Al sk in - s t r i nge r  pane l  f o r  YF-12 a i r c r a f t .  



r Simple 

(a) Panels with hat-shaped stringers. 

(b) Panels with honeycomb-core stringers. 

Figure 18,- VIPASA models used in present analysis. 



( a )  Panel wi th  hat-shaped s t r i n g e r s .  

(b) Panel with honeycomb-core s t r i n g e r s .  

F igure  19.- Typica l  mode shape of panel  c r o s s  s e c t i o n s  from VIPASA ana lyses .  



NASA-Langl ey, 1980 

1. Report No. 
NASA TP-157 3 

2. Government Accession No. 3. Recipient's Catalog No. 

4. T~tle and Subt~tle 
FABRICATION AND EVALUATION OF BRAZED TITANIUM-CLAD 
BORSI@/ALUMINUM COMPRESSION PANELS 

7. Author(s) 

Dick M. Royster, Robert R. McWithey, 
and Thomas T. Bales 

9. Performing Organizat~on Name and Address 

NASA Langley Research Center 
Hampton, VA 23665 

5. Report Date 
March 1980 

6. Performing Organizat~on Code 

8. Performing Organnation Report No. 

L-13112 

10. Work Unit No. 
533-01 -1 3-01 

11. Contract or Grant No. 

13. Type of Report and Per~od Cowered 
Technical Paper 

National Aeronautics and Space Administration 
Washington, DC 20546 

VIPASA computer analysis described in the appendix was performed by 
Gerald G. Weaver, Graduate Student at the University of Delaware. 

Processes for brazing Borsic/aluminum composite materials that eliminate diffusion 
of braze alloy constituents into the aluminum maxtrix have been developed at the 
NASA Langley Research Center. One brazing study led to the development of a hybrid 
composite which combines high strength Borsic/aluminum and ductile titanium to form 
a material identified as titanium-clad Borsic/aluminum. The titanium foil provides 
the Borsic/aluminum with a durable outer surface and serves as a diffusion barrier 
which alleviates fiber and matrix degradation during brazing. Titanium-clad Borsic/ 
aluminum skin panels were joined to titaniam-clad Borsic/aluminum stringers by braz- 
ing and were tested in end compression at room and elevated temperatures. The data 
include failure strength, buckling strength, and the effects of brazing on the 
material properties. Predicted buckling loads are compared with experimental data. 

Borsic/aluminum 

Skin-stringer panels 
Material properties 




