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16 Abstract 

The structural performance of a boron-epoxy-reinforced titanium drag strut, 
containing a bonded scarf joint and designed to the criteria of a large commercial 
transport, has been evaluated experimentally and analytically. The strut was 
exposed to two lifetimes of fatigue loading and was statically loaded to the ten- 
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BORON-EPOXY-REINFORCED T I T A N I U M  AIRCRAFT 

L A N D I N G - G E A R  D R A G  STRUT 

W i l l i a m  E.  Howell  
L a n g l e y  R e s e a r c h  C e n t e r  

SUMMARY 

The s t r u c t u r a l  p e r f o r m a n c e  of  a b o r o n - e p o x y - r e i n f o r c e d  t i t a -  
n ium d r a g  s t r u t ,  c o n t a i n i n g  a bonded scar f  j o i n t  a n d  d e s i g n e d  t o  
t h e  c r i t e r i a  o f  a l a r g e  c o m m e r c i a l  t r a n s p o r t ,  h a s  b e e n  e v a l u a t e d  
e x p e r i m e n t a l l y  a n d  a n a l y t i c a l l y .  The s t r u t  was e x p o s e d  t o  two 
l i f e t i m e s  of  f a t i g u e  l o a d i n g  a n d  was s t a t i c a l l y  l o a d e d  t o  t h e  t e n -  
s i l e  and  c o m p r e s s i v e  d e s i g n  u l t i m a t e  l o a d s .  T h r o u g h o u t  t h e  t e s t  
'p rogram n o  e v i d e n c e  o f  a n y  damage i n  t h e  d r a g  s t r u t  was de tec t ed  
by s t r a i n - g a g e  m e a s u r e m e n t s ,  u l t r a s o n i c  i n s p e c t i o n ,  o r  v i s u a l  
o b s e r v a t i o n .  The bonded  j o i n t  was a n a l y z e d  u s i n g  t h e  NASTRAN" 
( U S A  S t r u c t u r a l  A n a l y s i s )  c o m p u t e r  p r o g r a m .  A c o m p a r i s o n  o f  t h e  
s t r a i n s  p r e d i c t e d  by t h e  NASTRAN c o m p u t e r  p r o g r a m  w i t h  t h e  e x p e r -  
i m e n t a l l y  d e t e r m i n e d  v a l u e s  shows  e x c e l l e n t  a g r e e m e n t .  An a n a -  
l y t i c a l  s t u d y  i n d i c a t e d  t h a t  t h e  n o n l i n e a r  b e h a v i o r  o f  a s t r u c -  
t u r a l  s p a c e r  a t  each e n d  of t h e  s t r u t  c o u l d  b e  e x p l . a i n e d  by t h e  
i n e l a s t i c  b e h a v i o r  a n d  p o s s i b l e  c r e e p  o f  t h e  a d h e s i v e .  

I N T R O D U C T I O N  

A i r c r a f t  d e s i g n e r s  a r e  c o n t i n u a l l y  e n d e a v o r i n g  t o  d e v e l o p  
more  e f f i c i e n t  s t r u c t u r e s .  The 'use  o f  h i g h  m o d u l u s  f i b e r s ,  s u c h  
a s  b o r o n  a n d  g r a p h i t e ,  i n  a p o l y m e r i c  m a t r i x  i s  o n e  s u c h  e n d e a v o r .  
R e g a r d l e s s  o f  w h e t h e r  t h e s e  c o m p o s i t e  mater ia l s  a r e  u s e d  e x c l u s i v e l y  
o r  a s  s e l e c t i v e  r e i n f o r c e m e n t  o f  m e t a l l i c  s t r u c t u r e s ,  a l m o s t  a l l  
a p p l i c a t i o n s  u s e  metal  f i t t i n g s  f o r  s t r u c t u r a l  a t t a c h m e n t s .  P r o v i d -  
i n g  a n  e f f i c i e n t  l o a d  t r a n s i t i o n  from t h e  c o m p o s i t e  t o  t h e  metal  
f i t t i n g  h a s  been  o n e  o f  t h e  m a j o r  d e s i g n  p r o b l e m s  i n  t h e  u s e  o f  com- 
p o s i t e s .  To a l l e v i a t e  t h i s  p r o b l e m ,  a number of  d i f f e r e n t  bonded-  
j o i n t  c o n f i g u r a t i o n s  s u c h  as l a p  s h e a r ,  s c a r f ,  a n d  s t e p  j o i n t s  h a v e  
b e e n  p r o p o s e d  ( r e f s .  1 ,  2 ,  a n d  3 ) .  To d e s i g n  e f f i c i e n t  bonded  
j o i n t s ,  t h e  stresses a n d  s t r a i n s  i q d u c e d  i n  t h e  j o i n t s  by a p p l i e d  
l o a d s  m u s t  b e  known. 

The p u r p o s e  of  t h i s  i n v e s t i g a t i o n  was t o  c o n d u c t ' a n  e x p e r i -  
m e n t a l  a n d  a n a l y t i c a l  e v a l u a t i o n  o f  a b o r o n - e x p o x y - r e i n f o r c e d  t i t a -  
n ium l a n d i n g - g e a r  d r a g  s t r u t  t o  d e m o n s t r a t e  i t s  p o t e n t i a l  f o r  a p p l i -  
c a t i o n  t o  commercial a i r c r a f t  s e r v i c e .  The s t r u t  was d e s i g n e d  a n d  
f a b r i c a t e d  by The B o e i n g  Commercial A i r p l a n e  Company as  a company 



s p o n s o r e d  p r o g r a m ,  a n d  t h e  s t r u c t u r a l  e v a l u a t i o n  o f  t h e  s t r u t  was 
c o n d u c t e d  a t  L a n g l e y  Research C e n t e r .  The e x p e r i m e n t a l  e v a l u a t i o n  
i n c l u d e d  b o t h  c y c l i c  a n d  s t a t i c  l o a d i n g ,  The a n a l y t i c a l  e v a l u a t i o n  
i n v o l v e d  t h e  u s e  o f  t h e  N A S T R A N '  (NASA S t r u c t u r a l  A n a l y s i s )  c o m p u t e r  
p r o g r a m  ( r e f .  4 )  t o  c o m p u t e  t h e  s t resses  a n d  s t r a i n s  i n  t h e  s t r u t ,  
which a re  compared  w i t h  t h e  e x p e r i m e n t a l  s t r a i n s .  R e s u l t s  o f  t h e  
e v a l u a t i o n  of  t h e  bonded j o i n t  a r e  p r e s e n t e d  i n  r e f e r e n c e  5 a n d  a re  
i n c l u d e d  i n  t h i s  r e p o r t  f o r  c o m p l e t e n e s s .  

SYMBOLS 

V a l u e s  a r e  g i v e n  i n  b o t h  S I  and  U.S. C u s t o m a r y  U n i t s .  Mea- 
s u r e m e n t s  a n d  c a l c u l a t i o n s  were made i n  U.S. C u s t o m a r y  U n i t s .  F a c -  
t o r s  r e l a t i n g  t h e  two s y s t e m s  a r e  g i v e n  i n  r e f e r e n c e  6 .  

X l o n g i t u d i n a l  a x i s  

Y t r a n s v e r s e  a x i s  

X , Y  d i s t a n c e  a l o n g  X- and  Y - a x i s ,  r e s p e c t i v e l y ,  cm ( i n . )  

U a x i a l  s tress,  P a  ( p s i )  

T shear stress, P a  ( p s i )  

S u p e r s c r i p t  : 

* n o r m a l i z i n g  v a l u e  

A b b r e v i a t i o n :  

SG s t r a i n  gage 

T E S T  SPECIMEN 

The t e s t  s p e c i m e n  was d e s i g n e d  t o  meet t h e  p e r f o r m a n c e  s p e c -  
i f i c a t i o n s  o f  t h e  m a i n  body l a n d i n g  gear  of  a B o e i n g  747  t r a n s p o r t  
a i r c r a f t  ( f i g .  1 ) .  The d e s i g n  u l t i m a t e  l o a d s ,  c a l c u l a t e d  c r i t i c a l  
l o a d s  f o r  modes o f  f a i l u r e ,  a n d  m a r g i n s  of  s a f e t y  a r e  g i v e n  i n  
t a b l e  I .  A shea r  i n s t a b i l i t y  l o a d  o f  31 .96  M N  ( 7 1 8 5  k i p s )  was 
c a l c u l a t e d  f o r  t h e  l a m i n a t e d  t i t a n i u m  s h e e t s  n e a r  t h e  e n d s  o f  t h e  
d rag  s t r u t  by u s i n g  t e c h n i q u e s  d e s c r i b e d  i n  r e f e r e n c e  7 .  E u l e r  
a n d  s h o r t - c o l u m n  b u c k l i n g  l o a d s  were c a l c u l a t e d  t o  b e  5 . 0 8  MN 
(1141  k i p s )  a n d  3 .14  MN ( 7 0 7  k i p s ) ,  r e s p e c t i v e l y ,  w i t h  e q u a t i o n s  
o b t a i n e d  f r o m  r e f e r e n c e  8 .  The weakest p a r t  o f  t h e  s t r u t  l o a d e d  
i n  t e n s i o n  was t h e  n e t  s e c t i o n  a t  t h e  p i n n e d  a t t a c h m e n t  i n  t h e  
a l l - t i t a n i u m  e n d  f i t t i n g ,  w i t h  a p r e d i c t e d  f a i l u r e  l o a d  o f  2 . 3 8  M N  
( 5 3 4  k i p s ) .  
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Deta i l s  of t h e  s t r u t  a r e  shown i n  f i g u r e s  2 ( a ) ,  2 ( b ) ,  a n d  2 ( c ) .  
E x c e p t  a t  t h e  e n d s ,  w h e r e  t h e  s t r u t  i s  e n t i r e l y  l a m i n a t e d  t i t a n i u m , .  
u n i d i r e c t i o n a l  bo ron-epoxy  i s  u s e d  t o  s t i f f e n  t h e  t h i n  t i t a n i u m  
c o v e r  s k i n s  a n d  p r o v i d e s  80  p e r c e n t  o f  t h e  l o a d - c a r r y i n g  c a p a b i l i -  
t i e s  of t h e  s t r u t .  F i g u r e  2 ( b )  i s  a c r o s s - s e c t i o n a l  v i e w  of  t h e  
I -beam c o n f i g u r e d  s t r u t  a n d  s h o w s  t h e  bo ron-epoxy  r e i n f o r c e m e n t  a t  
t h e  e x t r e m i t i e s  of t h e  f l a n g e s .  The r e m a i n d e r  o f  t h e  s t r u t  was 
f a b r i c a t e d  of  t i t a n i u m - f a c e d  a luminum-honeycomb-core  s a n d w i c h .  No 
m e c h a n i c a l  f a s t e n e r s  were u s e d ;  t h e  e n t i r e  s t r u t  was a d h e s i v e l y  
bonded .  The  t o t a l  w e i g h t  o f  t h e  c o m p l e t e d  s t r u t  is  338 N ( 7 6  l b f )  
a n d  i s  30 p e r c e n t  l ess  t h a n  t h e  a l l - t i t a n i u m  p r o d u c t i o n  d r a g  s t r u t .  

F i g u r e  2 ( c )  s h o w s  t h e  d e t a i l s  o f  c o n s t r u c t i o n  o f  t h e  s t r u t  
e n d s .  Each  t i t a n i u m  s h e e t ,  w h i c h  h a s  a u n i f o r m  0 ; 0 1 7  r a d  ( l o )  
t a p e r e d  s c a r f  a n d  a 1 6 - p l y  bo ron-epoxy  l a m i n a t e  i n  w h i c h  t h e  p l i e s  
t e r m i n a t e d  a t  1.02-cm ( 0 . 4  i n . )  s t e p s ,  were bonded i n  a c o c u r e  p r o -  
cess  a t  450  K (350' F ) .  The  bo ron-epoxy  c o n s i s t e d  o f  0.102-mm- 
diameter ( 0 . 0 0 4  i n . )  f i l a m e n t s  embedded i n  a n  e p o x y  m a t r i x  w i t h  a 
5 0 - p e r c e n t  vo lume  f r a c t i o n .  E i g h t  o f  t h e s e  s t r a p s  p l u s  t h e  t i t a -  
nium c o v e r  s k i n s  were s e c o n d a r i l y  bonded w i t h  AF-126 a d h e s i v e  c u r e d  
a t  394  K (250' F )  t o  f o r m  t h e  l o a d - c a r r y i n g  p o r t i o n  o f  e a c h  of  t h e  
f l a n g e s .  The honeycomb c o r e  was a l s o  bonded i n  p l a c e  a t  t h e  same 
time. The m a t e r i a l s  u s e d  i n  t h e  f a b r i c a t i o n  o f  t h e  d r a g  s t r u t  a r e  
l i s t e d  i n  t a b l e  11. 

TEST PROCEDURES A N D  RESULTS 

The e x p e r i m e n t a l  e v a l u a t i o n  o f  t h e  d r a g  s t r u t  was c o n d u c t e d  a t  
L a n g l e y  R e s e a r c h  C e n t e r .  T h r e e  d i f f e r e n t  t e s t s  were p e r f o r m e d  o n  
t h e  d r a g  s t r u t :  f a t i g u e  t e s t ,  s t a t i c  t e n s i o n  t e s t  t o  t h e  d e s i g n  
u l t i m a t e  l o a d ,  a n d  s t a t i c  c o m p r e s s i o n  t e s t  t o  t h e  d e s i g n  u l t i m a t e  
l o a d .  ( S e e  f i g .  3 . )  F o r t y - e i g h t  s t r a i n  g a g e s  were bonded t o  t h e  
s t r u t  a t  v a r i o u s  l o c a t i o n s  a n d  were m o n i t o r e d  t h r o u g h o u t  t h e  t e s t s .  

F a t i g u e  Test  

T h e  d r a g  s t r u t  was e x p o s e d  t o  two l i f e t i m e s  o f  c y c l i c  l o a d i n g  
i n  a 1 .78-MN-capac i ty  ( 4 0 0  k i p s )  f a t i g u e  t e s t  .mach ine .  T h i s  l o a d -  
i n g  was o b t a i n e d  f r o m  The  B o e i n g  Company a n d  s i m u l a t e s  0 . 3 g  b r a k i n g  
l o a d s  ( a s s u m e d , t o  o c c u r  a n  a v e r a g e  o f  f i v e  times p e r  f l i g h t )  e x p e -  
r i e n c e d  d u r i n g  t a k e - o f f ,  l a n d i n g ,  a n d  t a x i i n g  f o r  f o u r  t y p e s  o f  
f l i g h t s .  The f o u r  t y p e s  o f  f l i g h t s  were t r a i n i n g  f l i g h t s ,  1 - h r  
f l i g h t s ,  3 - h r  f l i g h t s ,  a n d  7 - h r  f l i g h t s  ( t a b l e  111). The h i g h e s t  
l o a d  i n  t h e  b l o c k ,  355 kN ( 7 9  8 0 0  l b f )  i n  t e n s i o n ,  i s  o n l y  2 2  p e r -  
c e n t  o f  t h e  t e n s i l e  d e s i g n  u l t i m a t e  l o a d .  Each o f  t h e  f o u r  t y p e s  
of  f l i g h t s  h a s  d i s t i n c t  mean a n d  a l t e r n a t i n g  l o a d s .  

a b l o c k  o f  33 c y c l e s  ( t a b l e  I V ) .  T h i s  b l o c k  of  l o a d i n g  ( 3 3  c y c l e s )  
T h e s e  f o u r  d i f f e r e n t  l o a d  l e v e l s  h a v e  b e e n  r a n d o m l y  a r r a n g e d  i n  
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was o b t a i n e d  by  d i v i d i n g  t h e  9 9  000 c y c l e s  p e r  l i f e  shown i n  
t a b l e  I11 i n t o  t h e  smallest  b l o c k  i n  w h i c h  a l l  f o u r  t y p e s  o f  l o a d -  
i n g  would  o c c u r  a t  l e a s t  o n c e .  F i g u r e  4 shows a s a m p l e  o f  t h e  l o a d -  
i n g  h i s t o r y .  T h i s  b l o c k  o f  l o a d i n g  was a p p l i e d  r e p e a t e d l y  u n t i l  two 
l i f e t i m e s  o f  l o a d i n g  ( 1 9 8  000 c y c l e s )  were a c c u m u l a t e d .  The c y c l i c  
l o a d  was a p p l i e d  a t  a r a t e  o f  5 Hz. No h y s t e r e s i s  h e a t i n g  was 
d e t e c t e d .  

The h i g h e s t  l o a d  i n  t h e  b l o c k  was a p p l i e d  by m a n u a l  c o n t r o l  
e v e r y  100 b l o c k s  o f  l o a d i n g  f o r  a s t r a i n  s u r v e y .  T h e s e  s t r a i n  d a t a  
were m o n i t o r e d  f o r  i n d i c a t i o n s  o f  damage  w h i c h  m i g h t  o c c u r  i n  t .he  
s t r u t  as  a r e s u l t  of t h e  c y c l i c  l o a d i n g .  S a m p l e s  o f  t h e s e  d a t a ,  
shown i n  f i g u r e  5 w h e r e  s t r a i n  i s  p l o t t e d  as  a f u n c t i o n  o f  t h e  num- 
b e r  o f  c y c l e s  of  l o a d i n g ,  show no  s i g n i f i c a n t  c h a n g e  d u r i n g  t h e  
t e s t .  S t r a i n  g a g e  1 ( f i g .  2 ( c ) )  i s  l o c a t e d  o v e r  t h e  f i r s t  p l y  o f  
bo ron-epoxy  i n  t h e  bonded j o i n t ,  a n d  s t r a i n  g a g e  12 ( f i g .  2 ( b ) )  i s  
l o c a t e d  o v e r  t h e  c e n t e r  p o r t i o n  o f  t h e  bo ron-epoxy  a t  t h e  m i d p l a n e  
of t h e  s t r u t .  The sma l l ,  random v a r i a t i o n s  i n  t h e  s t r a i n s  a r e  
b e l i e v e d  t o  h a v e  b e e n  c a u s e d  by a m b i e n t  t e m p e r a t u r e  c h a n g e s  d u r i n g  
t h e  t e s t .  S t r a i n - g a g e  l e a d  wires  were t e m p e r a t u r e  c o m p e n s a t e d ,  b u t  
i n d i v i d u a l  g a g e s  were n o t .  

D u r i n g  t h e  f a t i g u e  t e s t  t h e  d r a g  s t r u t  was u l t r a s o n i c a l l y  
i n s p e c t e d  by u s i n g  t h e  p u l s e - e c h o  t e c h n i q u e  ( r e f .  9 ) .  The  s t r u t  
was m o n i t o r e d  a t  t h e  e i g h t  t i t a n i u m - b o r o n - e p o x y  j o i n t s  w h e r e  t h e  
s t e p p e d  bo ron-epoxy  was o n e  p l y  t h i c k .  No g r o s s  c h a n g e s  i n  u l t r a -  
s o n i c  damping  o c c u r r e d  t o  i n d i c a t e  bond f a i l u r e .  

A t  t h e  c o n c l u s i o n  o f  two l i f e t i m e s  o f  c y c l i c  l o a d i n g ,  t h e  s t r u t  
was v i s u a l l y  a n d  u l t r a s o n i c a l l y  i n s p e c t e d  a n d  no  damage was d e t e c t e d .  

T e n s i l e  T e s t  

After  t h e  f a t i g u e  t e s t  was c o m p l e t e d ,  t h e  d r a g  s t r u t  was 
mounted  i n  a 5 .34-MN-capac i ty  ( 1 2 0 0  k i p s )  s t a t i c  t e s t i n g  m a c h i n e  
( f i g .  3 )  a n d  was l o a d e d  i n  t e n s i o n  t o  t h e  d e s i g n  u l t i m a t e  l o a d  o f  
1 . 6 4  M N  ( 3 6 8  k i p s ) .  Data o b t a i n e d  from s t r a i n  g a g e s  l o c a t e d  on  t h e  
f l a n g e  a t  t h e  c e n t e r  o f  t h e  s t r u t  ( g a g e s  1 1 ,  1 2 ,  1 3 ,  a n d  14 i n  
f i g .  2 ( b ) )  i n d i c a t e  t h a t  t h e  s t r u t  b e h a v e d  i n  a l i n e a r  manner .  
Maximum s t r a i n  i n  t h i s  s e c t i o n  o f  t h e  s t r u t  was a p p r o x i m a t e l y  
0 .0028  a t  t h e  t e n s i l e  d e s i g n  u l t i m a t e  l o a d .  

S i m i l a r l y ,  t h e  s t r a i n  d a t a  o b t a i n e d  from t h e  f o u r  g a g e s  p o s i -  
t i o n e d  o v e r  t h e  f i r s t  p l y  o f  b o r o n - e p o x y  and  0 .51  cm ( 0 . 2 0  i n . )  
from t h e  end  o f  t h e  p l y  ( g a g e s  1 ,  2 ,  3 ,  a n d  4 i n  f i g .  2 ( c ) )  i n d i -  
c a t e  t h a t  t h e  s t r a i n s  were l i n e a r .  Maximum s t r a i n  i n  t h i s  s e c t i o n  
of t h e  s t r u t  was a p p r o x i m a t e l y  0 .0038  a t  t h e  t e n s i l e  d e s i g n  u l t i -  
mate l o a d .  

S t r a i n  g a g e s  7 ,  8 ,  9 ,  a n d  10 were p o s i t i o n e d  on t h e  s t r u t  
o p p o s i t e  g a g e s  1 ,  2 ,  3 ,  and  4, r e s p e c t i v e l y  ( f i g .  2 ( c ) ) .  B e c a u s e  
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of t h e  p o s i t i o n  of a s t r u c t u r a l  s p a c e r ,  w h i c h  w i l l  b e  r e f e r r e d  t o  
as  t h e  end  f i t t i n g ,  a t  t h e  e n d  o f  t h e  s t r u t ,  t h e s e  g a g e s  c o u l d  n o t  
be  l o c a t e d  on t h e  f l a n g e .  They were l o c a t e d  on  t h e  t a p e r e d  p o r t i o n  
o f  t h e  end  f i t t i n g .  F i g u r e  6 i s  a p l o t  o f  t h e  s t r a i n  d a t a  o b t a i n e d  
from t h e s e  g a g e s .  T h e s e  d a t a  i n d i c a t e  d e f i n i t e  n o n l i n e a r  b e h a v i o r ,  
w h i c h  was l i m i t e d  t o  t h e  e n d  f i t t i n g  a n d  w i l l  b e  d i s c u s s e d  i n  
g r e a t e r  d e t a i l .  i n  a n o t h e r  s e c t i o n  o f  t h i s  r e p o r t .  

The  s t r u t  was v i s u a l l y  a n d  u l t r a s o n i c a l l y  i n s p e c t e d  b e f o r e  a n d  
a f t e r  t h e  t e s t  a n d  n o  damage d u e  t o  l o a d i n g  was i n d i c a t e d .  

C o m p r e s s i o n  T e s t  

F o l l o w i n g  t h e  t e n s i l e  t e s t  t h e  s t r u t  was mounted  i n  t h e  com- 
p r e s s i o n  s i d e  o f  t h e  s t a t i c  t e s t i n g  m a c h i n e  ( f i g .  3 )  a n d  l o a d e d  t o  
t h e  c o m p r e s s i o n  d e s i g n  u l t i m a t e  l o a d  o f  2 . 8 3  M N  ( 6 3 6  k i p s ) .  F i g -  
u r e  7 i s  a p l o t  o f  s t r a i n - g a g e  d a t a  o b t a i n e d  f r o m  l o c a t i o n s  on  t h e  
f l a n g e  a t  t h e  c e n t e r  o f  t h e  s t r u t  ( g a g e s  1 1 ,  1 2 ,  13 ,  a n d  1 4  i n  
f i g .  2 ( b ) ) .  T h e s e  d a t a  i n d i c a t e  t h a t  t h e  s t r a i n s  were l i n e a r .  
Maximum s t r a i n  i n  t h i s  s e c t i o n  o f  t h e  s t r u t  was a p p r o x i m a t e l y  0 .0051 
a t  t h e  c o m p r e s s i o n  d e s i g n  u l t i m a t e  l o a d .  

g a g e s  1 ,  2 ,  3 ,  and  4 shown i n  f i g u r e  2 ( c ) .  Maximum s t r a i n  a t  t h e  
c o m p r e s s i o n  d e s i g n  u l t i m a t e  l o a d  was a p p r o x i m a t e l y  0 .0060  i n  t h i s  
s e c t i o n  o f  t h e  s t r u t .  A g a i n ,  t h e  d a t a  i n d i c a t e  t h a t  t h e  s t r u t  
behaved  l i n e a r l y  a n d  no  a p p a r e n t  damage was d e t e c t e d .  

F i g u r e  8 i s  a p l o t  o f  t h e  c o m p r e s s i o n  d a t a  o b t a i n e d  f r o m  s t r a i n  

The s t r a i n  d a t a  o b t a i n e d  f r o m  g a g e s  7 ,  8 ,  9 ,  and  10  ( f i g .  2 ( c ) )  
were n o n l i n e a r  a n d  a r e  p r e s e n t e d  i n  f i g u r e  9. T h e s e  g a g e s  b e h a v e d  
s i m i l a r l y  i n  b o t h  t h e  t e n s i o n  a n d  c o m p r e s s i o n  t e s t s .  A s  p r e v i o u s l y  
s t a t e d ,  t h i s  n o n l i n e a r i t y  w i l l  be  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  
a n o t h e r  s e c t i o n  o f  t h i s  r e p o r t .  

S i m i l a r  d a t a  were o b t a i n e d  f r o m  s t r a i n  g a g e s  a t  t h e  o t h e r  e n d ,  
on  t h e  o t h e r  f l a n g e  a t  t h e  c e n t e r  o f  t h e  s t r u t ,  a n d  a t  s e v e r a l  l o c a -  
t i o n s  a l o n g  t h e  l e n g t h  o f  t h e  s t r u t .  No i n d i c a t i o n  o f  a b u c k l i n g  
c o n d i t i o n  b e i n g  a p p r o a c h e d  was d e t e c t e d .  

A N A L Y T I C A L  EVALUATIONS 

Bonded J o i n t  

F i n i t e - e l e m e n t  mode l . -  I n  o r d e r  t o  o b t a i n  a b e t t e r  u n d e r s t a n d -  
i n g  of  t h e  bonded  j o i n t  i n  t h e  d r a g  s t r u t ,  a t w o - d i m e n s i o n a l  f i n i t e -  
e l e m e n t  model  was d e v e l o p e d .  A l t h o u g h  t h e  bonded j o i n t  c o n s i s t e d  o f  
8 t i t a n i u m  s t r a p s  w i t h  16 p l i e s  o f  b o r o n - e p o x y  e a c h ,  i t  was o n l y  
n e c e s s a r y  t o  p e r f o r m  a n  a n a l y s i s  on  o n e  ( t h e  o u t e r m o s t )  s t r a p  a n d  
t h e  a s s o c i a t e d  f a c e  s h e e t .  The  mode l  r e p r e s e n t e d  t h e  f a c e  s h e e t ,  
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t h e  a d h e s i v e  l a y e r ,  t h e  t i t a n i u m  s t r a p  w i t h  16 s t e p s ,  o n e  p l y  of  
b o r o n - e p o x y  bonded  t o  e a c h  s t e p ,  a n d  a s e c o n d  a d h e s i v e  l a y e r  
l o c a t e d  b e t w e e n  t h e  f i r s t  a n d  s e c o n d  s t r a p s  ( f i g .  1 0 ) .  Even t h o u g h  
t h e  t i t a n i u m  s t r a p  h a d  a u n i f o r m  s c a r f ,  i t  was m o d e l e d  as  a u n i -  
f o r m l y  s t e p p e d  j o i n t  s i n c e  e a c h  p l y  o f  b o r o n - e p o x y  i n  t h e  d r a g  s t r u t  
e n d e d  i n  a d i s c r e t e  s t e p .  Each  p l y  of  b o r o n - e p o x y  was d i v i d e d  i n t o  
e q u a l  v o l u m e s  o f  b o r o n  a n d  epoxy .  The b o r o n  f i l a m e n t  vo lume  was 
as sumed  t o  b e  d i s t r i b u t e d  i n  a c o n t i n u o u s ,  u n i f o r m  l a y e r  s a n d w i c h e d  
b e t w e e n  e q u a l  v o l u m e s  o f  e p o x y .  Nominal ma te r i a l  p r o p e r t i e s  were 
as sumed  a n d  a r e  l i s t e d  i n  t a b l e  V .  

The p a r a m e t e r s  computed  i n  t h i s  s t u d y  c o n s i s t e d  o f  t h e  s h e a r  
a n d  n o r m a l  s tresses,  f o r c e s  a t  t h e  c o n s t r a i n e d  g r i d  p o i n t s ,  a n d  
d i s p l a c e m e n t s  of  t h e  g r i d  p o i n t s .  The b o u n d a r y  c o n d i t i o n s  f o r  t h e  
mode l  c o n s i s t e d  o f  t h e  f o l l o w i n g :  

( 1 )  A c o n s t r a i n t  on t h e  d i s p l a c e m e n t s  a t  x = 0 ( f i g .  1 0 )  

( 2 )  A c o n s t r a i n t  on  t h e  row o f  g r i d  p o i n t s  b e t w e e n  p l i e s  7 
and  8 ,  a l l o w i n g  no  m o t i o n  i n  t h e  y - d i r e c t i o n  

( 3 )  A u n i f o r m  e x t e n s i o n  ( s t r a i n  w h i c h  c o r r e s p o n d s  t o  t h e  
d e s i g n  u l t i m a t e  l o a d )  i n  t h e  x - d i r e c t i o n  a p p l i e d  t o  t h e  
r i g h t  e d g e  (x = 2 1 . 3  cm (8 .4  i n . ) )  o f  t h e  j o i n t  mode l  

A n a l v t i c a l  r e s u l t s . -  S h e a r  s tress d a t a  o b t a i n e d  f r o m  t h e  
f i n i t e - e l e m e n t  m o d e l  a r e  p r e s e n t e d  i n  f i g u r e  1 1 ,  w h e r e  t h e  n o r m a l -  
i z e d  s h e a r  stress i s  p l o t t e d  as a f u n c t i o n  of  p o s i t i o n  a l o n g  t h e  
j o i n t  mode l .  The c u r v e  s h o w s  t h e  s h e a r  s tress p a t t e r n  o f  t h e  row 
of e l e m e n t s  c o n t a i n i n g  t h e  u p p e r  e p o x y  m a t r i x  o f  t h e  f i r s t  p l y  o f  
bo ron-epoxy .  T h i s  row o f  e l e m e n t s  was f o u n d  t o  b e  t h e  m o s t  h i g h l y  
s t r e s s e d  i n  t h e  j o i n t .  A t  t h e  l e f t  e d g e  of t h e  m o d e l ,  t h e  s h e a r  
s tress i s  z e r o  i n  t h e  t i t a n i u m  s t r a p .  The s t ress  r e m a i n s  smal l  
u n t i l  t h e  f i r s t  s t e p ,  a t  w h i c h  p o i n t  t h e  p e a k  s t ress  ( 7 0 . 3  MPa 
( 1 0 . 2  k s i ) )  i n  t h e  t i t a n i u m  o c c u r s .  The n e x t  e l e m e n t ,  wh ich  i s  
t h e  f i r s t  e l e m e n t  o f  e p o x y ,  h a s  a c o n s i d e r a b l y  l o w e r  s tress v a l u e  
o f  2 6 . 1  MPa (3 .78  k s i ) ,  b u t  t h e  p e a k  m a t r i x  s h e a r  s tress ( 3 7 . 5  MPa 
( 5 . 4 4  k s i ) )  o c c u r s  i n  t h e  s e c o n d  e p o x y  e l e m e n t .  T h i s  p e a k  m a t r i x  
s h e a r  s t ress  i s  a p p r o x i m a t e l y  50 p e r c e n t  o f  t h e  m a t r i x  ma te r i a l  
s h e a r  s t r e n g t h  ( r e f .  1 ) .  The s h e a r  s t r e s ses  f o r  t h e  s e c o n d  a n d  
t h i r d  s t e p s  a r e  c o n s i d e r a b l y  lower t h a n  t h a t  f o r  t h e  f i r s t  s t e p .  
From t h i s  p o i n t  t o  t h e  r i g h t  e d g e  of  t h e  j o i n t  m o d e l ,  t h e  s h e a r  
stress i s  small  ( e s s e n t i a l l y  z e r o )  w i t h  n e g l i g i b l e  p e r t u r b a t i o n s  
a t  s u b s e q u e n t  s t e p s .  

By c o m b i n i n g  s i m i l a r  d a t a  f o r  e a c h  o f  t h e  16  p l i e s  o f  b o r o n -  
e p o x y ,  a s h e a r  s t ress  d i s t r i b u t i o n  t h r o u g h  t h e  l e n g t h  o f  t h e  j o i n t  
was o b t a i n e d  ( f i g .  1 2 ) .  The c u r v e  i n  f i g u r e  12 i s  f a i r e d  t h r o u g h  
t h e  p e a k  s h e a r  s t ress  i n  t h e  m a t r i x  o f  e a c h  p l y .  The stress i n  t h e  
s e c o n d  p l y  i s  c o n s i d e r a b l y  l o w e r  t h a n  t h a t  i n  t h e  f i r s t  p l y ,  a n d  
t h e  stress i n  e a c h  s u c c e s s i v e  p l y  i s  l e s s  t h a n  t h a t  i n  t h e  p r e c e d -  
i n g  p l y  t h r o u g h o u t  t h e  j o i n t  t o  t h e  e n d  o f  t h e  t i t a n i u m  s t r a p .  An 
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a b r u p t  c h a n g e  i n  t h e  shear  stress i s  a s s o c i a t e d  w i t h  t h e  end  o f  t h e  
s t r a p .  T h i s  p e a k  stress i s  a p p r o x i m a t e l y  0 .59  o f  t h a t  i n  t h e  f i r s t  
p l y .  Beyond t h e  e n d  of  t h e  t i t a n i u m  s t r a p  t h e r e  a r e  n o  f u r t h e r  
c h a n g e s  i n  ma te r i a l ,  a n d  t h e  s h e a r  stress i s  z e r o  a t  t h e  e n d  o f  t h e  
j o i n t  model.  

I n  f i g u r e  13 t h e  n o r m a l i z e d  a x i a l  s tress o f  t h e  f i r s t  p l y  of 
b o r o n  i s  p l o t t e d  a s  a f u n c t i o n  of  d i s t a n c e  a l o n g  t h e  mode l .  I n  t h e  
v i c i n i t y  o f  t h e  f i r s t  s t e p  t h e  stress i s  r e l a t i v e l y  h i g h .  A t  t h e  
s e c o n d  s t e p  t h e  stress i s  g r e a t e r  t h a n  t h a t  a t  t h e  f i r s t  s t e p ;  t h i s  
i s  t h e  l o c a t i o n  o f  maximum f i b e r  a x i a l  s t ress  ( 1 4 2 0  MPa ( 2 0 6  k s i ) ) .  
A t  t h i s  l o c a t i o n  t h e r e  i s  o n l y  m a t r i x  m a t e r i a l  w h i c h  b o n d s  t h e  e n d  
o f  t h e  s e c o n d - p l y  f i b e r  t o  t h e  t i t a n i u m .  The  moduJus o f  t h e  m a t r i x  
i s  s i g n i f i c a n t l y  l e s s  t h a n  t h a t  o f  e i t h e r  t h e .  b o r o n  f i b e r  o r  t h e  
t i t a n i u m ;  t h e r e f o r e ,  a n  i n s i g n i f i c a n t  t e n s i l e  l o a d  i s  t r a n s m i t t e d  
a c r o s s  t h i s  r e g i o n .  T h i s  l o a d  i s  t r a n s m i t t e d  t h r o u g h  shea r  t o  t h e  
b o r o n  i n  t h e  f i r s t  p l y .  The  p e r t u r b a t i o n  i n  t h e  a x i a l  s t r e s s . i s  
lower a t  each s u c c e s s i v e  s t e p .  T h e r e  a r e  no  f u r t h e r  c h a n g e s  i n  
c o n f i g u r a t i o n  f r o m  t h e  e n d  o f  t h e  s t r a p  t o  t h e  e n d  o f  t h e  mode l  
and  t h e  a x i a l  s t ress  i s  c o n s t a n t  a t  0 .62  o f  t h e  p e a k  stress.  

T h e  a n a l y s i s  s h o w s  t h a t  t h e  l a r g e s t  s h e a r  s t resses  i n d u c e d  i n  
t h e  c r i t i c a l  m a t r i x  a r eas  d u r i n g  t h e  s t a t i c  t e n s i l e  l o a d i n g  a r e  
a b o u t  h a l f . o f  t h e  m a t r i x  ma te r i a l  s t r e n g t h .  T h u s ,  f o r  s t a t i c  t e n -  
s i l e  l o a d s ,  t h e  bonded j o i n t  i s  l e s s  c r i t i c a l  t h a n  t h e  a l l - t i t a n i u m  
n e t  s e c t i o n  a t  t h e  p i n n e d  e n d s .  B e c a u s e  t h e  p e a k  f a t i g u e  l o a d s  
a r e  o n l y  22  p e r c e n t  o f  t h e  d e s i g n  u l t i m a t e  l o a d ,  t h e  c y c l i c  s h e a r  
stresses i n  t h e  m a t r i x  a r e  o n l y  a b o u t  10 p e r c e n t  o f  t h e  m a t r i x  
s t r e n g t h ;  t h e r e f o r e ,  a l o n g  l i f e  i s  t o  b e  e x p e c t e d .  The bonded-  
j o i n t  f a t i g u e  d a t a  i n  r e f e r e n c e  10  i n d i c a t e  t h a t ,  a t  t h e  l o a d  l e v -  
e l s  i n  t h e  d r a g - s t r u t  f a t i g u e  s p e c t r u m ,  t h e  bonded j o i n t s  wou ld  
s u r v i v e  a t  l e a s t  10 t i m e s  t h e  number  o f  c y c l e s  t h e  s t r u t  w a s  
e x p o s e d  t o .  

I n  o r d e r  t o  v e r i f y  t h e  a n a l y s i s  o f  t h e  j o i n t ,  computed  s t r a i n s  
were compared  w i t h  e x p e r i m e n t a l  v a l u e s .  T h i s  c o m p a r i s o n  i s  p r e -  
s e n t e d  i n  f i g u r e  14  w h e r e  t h e  a p p l i e d  l o a d  i s  p l o t t e d  a s  a f u n c t i o n  
of t h e  m e a s u r e d  s t r a i n .  T h e  s o l i d  l i n e s  a r e  t h e  e x p e r i m e n t a l  d a t a  
o b t a i n e d  f r o m  s t r a i n  g a g e s  d u r i n g  s t a t i c  l o a d i n g  t o  t h e  t e n s i l e  
d e s i g n  u l t i m a t e  l o a d  ( 1 . 6 4  MN ( 3 6 8  k i p s ) ) .  The s y m b o l s  r e p r e s e n t  
computed  v a l u e s  o f  s t r a i n  a t  mode l  l o c a t i o n s  t h a t  c o r r e s p o n d  t o  t h e  
s p e c i f i e d  s t r a i n - g a g e  l o c a t i o n s .  A t  t h e  t e n s i l e  d e s i g n  u l t i m a t e  
l o a d ,  t h e  a g r e e m e n t  i s  e x c e l l e n t  a t  t h e  a l l - t i t a n i u m  a rea  ( g a g e  51, 
a t  t h e  f i r s t  p l y  of  bo ron-epoxy  ( g a g e  11, a n d  a t  t h e  a r ea  beyond  
t h e  j o i n t  i n  t h e  a l l - b o r o n - e p o x y  a rea  ( g a g e  6 ) .  

End F i t t i n g  

The  s t r a i n - g a g e  d a t a  i n d i c a t e  i n e l a s t i c  a n d  c r e e p  b e h a v i o r  a t  
t h e  end  f i t t i n g  ( f i g s .  6 a n d  9 ) .  T h i s  b e h a v i o r  was h y p o t h e s i z e d  t o  
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be a r e s u l t  o f  t h e  i n e l a s t i c  a d h e s i v e .  T h u s ,  a n o n l i n e a r  f i n i t e -  
e l e m e n t  a n a l y s i s  o f  t h i s  a r ea  was p e r f o r m e d .  

F i n i t e - e l e m e n t - m o d e l . -  T h i s  model was d e v e l o p e d  t o  a n a l y z e  t h e  
n o n l i n e a r  b e h a v i o r  o f  t h e  t a p e r e d  e n d  f i t t i n g .  F i g u r e  15  shows t h e  
m o d e l ,  i n c l u d i n g  p o r t i o n s  o f  t h e  f l a n g e ,  t h e  a d h e s i v e  l a y e r ,  a n d  
t h e  t a p e r e d  e n d  f i t t i n g .  T h e  b o u n d a r y  c o n d i t i o n s  f o r  t h e  m o d e l  c o n -  
s i s t e d  of t h e  f o l l o w i n g :  

( 1 )  A c o n s t r a i n t  on t h e  d i s p l a c e m e n t  i n  t h e  x - d i r e c t i o n  a t  
x = 0 ( f i g .  1 5 )  

( 2 )  A c o n s t r a i n t  on  t h e  d i s p l a c e m e n t  i n  t h e  y - d i r e c t i o n  a t  
Y = 0 t o  e l i m i n a t e  b e n d i n g  

( 3 )  A u n i f o r m l y  d i s t r i b u t e d  l o a d  ( t e n s i l e  d e s i g n  u l t i m a t e  l o a d )  
a p p l i e d  i n  t h e  x - d i r e c t i o n  a t  x = 1 4 . 0  cm ( 5 . 5  i n . )  

T h e  parameters computed  c o n s i s t e d  o f  shea r  a n d  n o r m a l  s t r e s s e s ,  
f o r c e s  a t  t h e  c o n s t r a i n e d  g r i d  p o i n t s ,  a n d  d i s p l a c e m e n t s  o f  t h e  g r i d  
p o i n t s .  These parameters were i n i t i a l l y  computed  f o r  e l a s t i c  a d h e -  
s i v e  p r o p e r t i e s .  They were t h e n  computed  f o r  i n e l a s t i c  m e c h a n i c a l  
p r o p e r t i e s  f o r  10 o f  t h e  a d h e s i v e  e l e m e n t s  ( f i g .  1 5 ) .  F i g u r e  16 i s  
a p l o t  of  t h e  a s sumed  s t r e s s - s t r a i n  d a t a  u s e d  t o  compute  t h e  param-  
e t e r s  f o r  t h e  i n e l a s t i c  a d h e s i v e .  

A n a l v t i c a l  r e s u l t s . -  F o r  t h e  d e s i g n  l o a d s ,  o n l y  a smal l  p o r t i o n  
of  t h e  a d h e s i v e  was c o n s i d e r e d  t o  b e  i n e l a s t i c .  O n l y  t h e  10 e l e m e n t s  
s h a d e d  i n  f i g u r e  15  were g i v e n  i n e l a s t i c  m e c h a n i c a l  p r o p e r t i e s  i n  t h e  
a n a l y s i s .  Shear  stress i n  t h e  e l e m e n t s  beyond  t h e  f i r s t  10 was s u f -  
f i c i e n t l y  low t o  be w i t h i n  t h e  f i r s t  s e g m e n t  o f  t h e  s t r e s s - s t r a i n  
c u r v e  ( f i g .  1 6 ) .  F i g u r e  17 i s  a p l o t  o f  t h e  n o r m a l i z e d  s h e a r  s t ress  
i n  t h e  a d h e s i v e  a s  a f u n c t i o n  o f  l o c a t i o n  a l o n g  t h e  m o d e l .  The d a t a  
show t h a t  t h e  s t ress  i n  t h e  a d h e s i v e  was s u f f i c i e n t  t o  c a u s e  i n e l a s -  
t i c  b e h a v i o r .  

I n  o r d e r  t o  r e l a t e  t h e  computed  s t r a i n s  i n  t h e  e n d  f i t t i n g  t o  
t h e  d r a g - s t r u t  l o a d i n g ,  t h e  c o n s t r a i n e d  g r i d  p o i n t  f o r c e s  were u s e d  
t o  o b t a i n  t h e  a p p l i e d  l o a d .  T h e s e  r e s u l t s  a r e  shown i n  f i g u r e  1 8 ,  
w h e r e  t h e  a p p l i e d  l o a d  i s  p l o t t e d  a s  a f u n c t i o n  o f  s t r a i n .  The t w o  
s o l i d  s t r a i g h t  l i n e s  r e p r e s e n t  computed  r e s u l t s  a n d  show t h e  a x i a l  
s t r a i n  on t h e  end  of t h e  e n d  f i t t i n g  ( c o r r e s p o n d i n g  t o  t h e  l o c a t i o n  
o f  s t r a i n  g a g e s  7 ,  8 ,  9 ,  and  10 i n  f i g s .  2 ( c ) ,  6 ,  a n d  9 )  f o r  p u r e l y  
e l a s t i c  a d h e s i v e  a n d  i n e l a s t i c  a d h e s i v e .  The i n e l a s t i c  a d h e s i v e  
h a s  a s i g n i f i c a n t  e f f e c t  on  t h e  s t r a i n  r e s p o n s e  o f  t h e  e n d  f i t t i n g ,  
as  shown i n  f i g u r e  18 .  S i n c e  t i m e - d e p e n d e n t  ma te r i a l  b e h a v i o r  i s  
n o t  i n c l u d e d  i n  t h e  c o m p u t e r  p r o g r a m ,  t h e  i n c o r p o r a t i o n  o f  c r e e p  
( t ime d e p e n d e n c y )  i n t o  t h e  a n a l y s i s  was n o t  p o s s i b l e .  T h e r e f o r e ,  
t h e  n o n l i n e a r  l o a d - s t r a i n  c u r v e s  shown i n  f i g u r e s  6 a n d  9 c o u l d  n o t  
be  d u p l i c a t e d  a n a l y t i c a l l y .  I f  t h i s  c o u l d  b e  d o n e ,  h o w e v e r ,  a c u r v e  
would  be  o b t a i n e d  w h i c h  would  b e  s i m i l a r  t o  t h e  d a s h e d  c u r v e  shown 
i n  f i g u r e  18. T h i s  c u r v e  shows  a r e d u c e d  s t r a i n  i n  t h e  t i t a n i u m  e n d  
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f i t t i n g  d u e  t o  c r e e p  of  t h e  a d h e s i v e  ( r e f .  1 1 ) .  C r e e p  was e v i d e n t  
i n  t h e  e x p e r i m e n t a l  d a t a  w h e r e  t h e  s t r a i n  i n  t h e  f i t t i n g  d e c r e a s e d  
w h i l e  maximum l o a d  was m o m e n t a r i l y  h e l d  on t h e  s t r u t  ( f i g s .  6 and  9 ) .  

S U M M A R Y  OF R E S U L T S  

S t r u c t u r a l  p e r f o r m a n c e  h a s  b e e n  e v a l u a t e d  e x p e r i m e n t a l l y  a n d  
a n a l y t i c a l l y  on  a b o r o n - e p o x y - r e i n f o r c e d  t i t a n i u m  d r a g  s t r u t  con-  
t a i n i n g  bonded  s ca r f  j o i n t s .  Weigh t  s a v i n g s  of 30 p e r c e n t  o v e r  
e x i s t i n g  a l l -meta l  c o m p o n e n t s  h a v e  b e e n  a c h i e v e d  i n  a f a b r i c a t e d  
p a r t  t h a t  was d e s i g n e d  w i t h  c o n s e r v a t i v e  m a r g i n s  of s a f e t y .  The 
r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  s u m m a r i z e d  a s  f o l l o w s :  

1 .  The d r a g  s t r u t  w a s  e x p o s e d  t o  two  l i f e t i m e s  of  f a t i g u e  l o a d -  
i n g  a n d  l o a d e d  i n  t e n s i o n  a n d  c o m p r e s s i o n  t o  t h e  r e s p e c t i v e  d e s i g n  
u l t i m a t e  l o a d s  w i t h o u t  t h e  o c c u r r e n c e  o f  a n y  d e t e c t a b l e  damage .  

2 .  The a n a l y t i c a l  s t u d y  i n d i c a t e d  t h a t  t h e  p e a k  s h e a r  stresses 
i n  t h e  bonded j o i n t s  were s u f f i c i e n t l y  low t o  p r e c l u d e  d r a g - s t r u t  
f a i l u r e  by d i s b o n d i n g  o f  t h e  j o i n t s  d u e  t o  f a t i g u e  l o a d i n g .  

3. T h e  a n a l y t i c a l  s t u d y  i n d i c a t e d  t h a t  t h e  p e a k  s h e a r  s t r e s ses  
i n  t h e  bonded  j o i n t s  were s u f f i c i e n t l y  l o w  t o  p r e c l u d e  d r a g - s t r u t  
f a i l u r e  by d i s b o n d i n g  o f  t h e  j o i n t s  d u e  t o  s t a t i c  l o a d i n g .  

4.  The a n a l y t i c a l  s t u d y  i n d i c a t e d  t h a t  t h e  n o n l i n e a r  b e h a v i o r  
i n  t h e  s t r u c t u r a l  s p a c e r  a t  e a c h  e n d  o f  t h e  s t r u t  c o u l d  b e  e x p l a i n e d  
by t h e  i n e l a s t i c  b e h a v i o r  a n d  p o s s i b l e  c r e e p  o f  t h e  a d h e s i v e .  

L a n g l e y  R e s e a r c h  C e n t e r  
N a t i o n a l  A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n  
Hampton,  V A  23665 
S e p t e m b e r  1 6 ,  1976 
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TABLE I.- DESIGN S T A T I C  L O A D S  A N D  CALCULATED C R I T I C A L  L O A D S  

Mode o f  f a i l u r e  

Compress ion  
E u l e r  b u c k l i n g  
Shor t - co lumn 

b u c k l i n g  
Shear  i n s t a b i l i t y  

( t i t a n i u m  s h e e t s  
a t  s t r u t  e n d s )  

T e n s i o n  
Net s e c t i o n  a t  

p i n n e d  end  
J o i n t  
C e n t e r  

D e s i g n  s t a t i c  
u l t i m a t e  l o a d ,  

MN ( k i p s )  
( a  1 

2 . 8 3  ( 6 3 6 )  

1 .64  ( 3 6 8 )  

C a l c u l a t e d  
l o a d ,  

MN ( k i p s )  

5 .08 ( 1 1 4 1 )  

3 .14  ( 7 0 7 )  

31 .96  ( 7 1 8 5 )  

2 .36  ( 5 3 4 )  
2 . 9 8  ( 6 7 0 )  
4 . 5 3  ( 1 0 1 8 )  

Margin  
o f  

s a f e t y  

0 .80  

. l l  

10 .29  

. 4 5  

. 8 2  
1 . 7 6  

aThese  l o a d s  a r e  b a s e d  on  a d e s i g n  c o n d i t i o n  f o r  a 1; 
down l a n d i n g  p l u s  s p r i n g b a c k  and  a n  u l t i m a t e - t o - l i m i t  f a c t o r  of  
s a f e t y  o f  1 .5 .  

[ C o n s t i t u e n t  

I T i t a n i u m  

Boron 

I M a t r i x  

I Adhes ive  

TABLE 11.- M A T E R I A L S  USED IN S T R U T  

Material 

Ti-6A1-4V 

t a i l -  

I 

0.010-"diameter (0 .004  i n . )  f i l a m e n t s  o f  b o r o n ,  

BP-907 epoxy  

v a p o r  d e p o s i t e d  o n t o  a t u n g s t e n - w i r e  s u b s t r a t e  

AF- 126 
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TABLE 111.- D E S I G N  FATIGUE L O A D I N G  FOR O N E  LIFETIME 

Type  o f  f l i g h t  I 
T r a i n i n g  

a T o t a l  o f  9 9  

C y c l e  

1 
2 

5 
6 
7 
8 
9 

10  
11 
12  
13 
14  
15 
16 
17 
18  
19 
20 
21 
2 2  
23 
2 4  
25 
2 6  
27 
2 8  
29 
30  
31 
32  
33 

~ 

Number o f  c y c l e s  
( a  1 

48 000 
24 000 
2 4  0 0 0  

3 000 

Load  l e v e l ,  kN ( k i p s )  

4 5 . 8 2  f 229 .53  ( 1 0 . 3  f 5 1 . 6 )  
49 .82  f 251 .77  ( 1 1 . 2  f 56 .6 )  
6 2 . 2 7  _+ 292 .69  ( 1 4 . 0  f 6 5 . 8 )  
42.26 f 211 .29  ( 9 .5 f 4 7 . 5 )  

000 c y c l e s  p e r  l i f e t i m e  a t  0 . 3 g  b r a k i n g .  

TABLE 1 V . -  FATIGUE L O A D I N G  B L O C K  

Type  o f  f l i g h t  

1 h r  
7 h r  
7 h r  
1 h r  
1 h r  
7 h r  
3 h r  
1 h r  
7 h r  
1 h r  
3 h r  
1 h r  
1 h r  
7 h r  
1 h r  
1 h r  
3 h r  
3 h r  
3 h r  
1 h r  

T r a i n i n g  
7 h r  
1 h r  
1 h r  
3 h r  
1 h r  
7 h r  
1 h r  
1 h r  
1 h r  
7 h r  
3 h r  
3 h r  
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Material 

Titanium 

AF-126 
ad he s.i ve 

BP-907 
matrix 

Boron 

110 316 (16.0 x lo6> 
1 517 (220 000) 

3 103 (450 0 0 0 )  

344 738 (50.0 x IO6) 

TABLE V.- NOMINAL MATERIAL PROPERTIES USED 

. 42 403 (6.15 x lo6) 
370 (53 600) 

1 193 (173 000)  

142 032 (20.6 x IO6) 
~~ 

IN ANALYTICAL STUDIES 

Modulus, MPa (psi) Poisson's 
ratio 

0.3 

.4 

.3 

.2 



UPPER DRAG STRUT 

LOAD TRANSFER A ~ R A N G E ~ E ~ T  

L-76-262 
Figure 1.- Composite-reinforced drag strut for 

Boeing 747  transport. 
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c 

L-74-4088. 'I 
( a )  O v e r a l l  v i e w  o f  d r a g  s t r u t  showing l o c a t i o n s  o f  v i e w  A - A  ( f i g .  2(b)) 

and s e c t i o n  B-B ( f i g .  2 ( c ) ) .  

F i g u r e  2 . -  D e t a i l s  o f  d r a g  s t r u t .  



Boro 

Strain gages 13 and 14 are back to back 
\-to gages 11 and 12, respectively 

13.46 cm (5.30 in.) 

2.79 cm (1.10 i 

Titanium corner  angle 

Aluminum honeycomb 

n Titanium face sheet 7 
1 / r A l u m i n u m  honeycomb 

core 

core 

( b )  Drag s t r u t  cross s e c t i o n  a t  s e c t i o n  A - A .  

F i g u r e  2.  - Cont inued .  
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d r a g  s t r u t .  



1 loo 

.0002 

.4 

.3 

.2 

.1 

0 

-.l 

Load, MN 

-.L 

- .' 

- 

' I  
2 I 4 t- 0.2 s e c  

F i g u r e  4 . -  S a m p l e  o f  f a t i g u e  l o a d i n g .  

80 

60 

40 

20 

0 

-20 

-40 

Load, kips 

- 60 

r .0008 
SG 1 (fig. 2(c)) 

SG 1 2  (fig. 2(b)) .0006 

Strain .0004 

0 

I I I I 
1.0 2.0 x l o 5  

Cycles of loading 

F i g u r e  5 . -  S t r a i n - g a g e  da t a  from f a t i g u e  t e s t .  ' S t r a i n s  were 
recorded  d u r i n g  a s t r a i n  s u r v e y  t a k e n  o n c e  e v e r y  3300  l o a d  
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F i g u r e  17.-  C o m p a r i s o n  o f  s h e a r  stresses i n  e l a s t i c  a n d  
i n e l a s t i c  a d h e s i v e .  
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