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SUMMARY 

Resu l ts  o f  a n a l y t i c a l  and exper imenta l  s t ud ies  a re  s u m a r i z e d  f o r  
t i  t a n i  um, boron- f  i b e r - r e i  n fo r ced  a1 uminum-matrix composite, 
~ o r s i c l  - f i b e r - r e i n f o r c e d  a1 uminum-matrix composite, and t i  t a n i  urn-sheathed 
B o r s i c - f i  b e r - r e i  n fo r ced  a1 uminum-matrix composite s t i f f e n e d  panel s. The 
r e s u l t s  i n d i c a t e  t h a t  s t i f f e n e d  panels w i t h  cont inuous j o i n t s  ( i  .em, brazed, 
d i f f u s i  on-bonded o r  adhesi ve-bonded j o i n t s )  a re  more s t r u c t u r a l l y  e f f i c i e n t  
than  geometr ica l  l y  s i m i l  a r  panels w i t h  d i s c r e t e  j o i n t s  (i ,e., spotwelded o r  
b o l t e d  j o i n t s ) .  I n  add i t i on ,  r e s u l t s  f o r  va r ious  types o f  f i  b e r - r e i n f o r c e d  
aluminum-matrix s t i f f e n e d  panels i n d i c a t e  t h a t  t i tan ium-sheathed 
B o r s i  c - f i  b e r - r e i  n fo rced  a1 uminum-matrix composite panel s  a r e  t h e  most 
s t r u c t u r a l l y  e f f i c i e n t *  A n a l y t i c a l  r e s u l t s  a re  a l s o  presented f o r  
g r a p h i t e - f  i b e r - r e i  n fo rced  po l y im ide -ma t r i x  composite s t i f f e n e d  panel s  and 
s u p e r p l a s t i c a l l y  formed and d i f fus ion-bonded t i t a n i u m  sandwich panels, 

INTRODUCTION 

A n a l y t i c a l  s t ud ies  ( r e f s .  1, 2, and 3 )  i n d i c a t e  t h a t  s i g n i f i c a n t  gains 
i n  superson ic -c ru ise  v e h i c l e  performance a re  p o s s i b l e  by t h e  use o f  
advanced-composite p r imary  s t r u c t u r e s  made o f  b o r o n - f i b e r - r e i n f o r c e d  
a1 uminum-matrix composite (B/A1 ) and/or g r a p h i t e - f i  b e r - r e i  n fo rced  
po l y im i  de-matr i  x  composite (Gr /PI )  mate r i  a1 s  i n  p lace  o f  convent ional  
t i t a n i u m  s t ruc tu res .  I n  a d d i t i o n ,  some o f  these and o the r  s tud ies  ( r e f s .  4 
and 5 )  i n d i c a t e  t h a t  t h e  use o f  composi t e - r e i  n fo rced  convent ional  ti t a n i  um 
s t r u c t u r e s  and s u p e r p l a s t i c a l l y  formed and d i f fus ion-bonded (SPFIDB) 
t i t a n i  um s t r u c t u r e s  can a1 so o f f e r  s i g n i f i c a n t  ga ins i n  v e h i c l e  performance 
compared t o  convent ional  t i t a n i u m  s t r u c t u r e s *  The r e s u l t s  o f  these s tud ies  
a re  p a r t i a l l y  based on t h e  assumption t h a t  t h e  b u c k l i n g  behavior  o f  composite 
compression panel s  and SPF/DB t i  t a n i  um panel s  i s  r e 1  i a b l y  p r e d i c t e d  by 
buck l  i n g  analyses developed f o r  panels f a b r i c a t e d  f rom convent ional  
m a t e r i a l  s. Furthermore, knowledge o f  t h e  e f f e c t s  o f  f a b r i c a t i o n  techn iques  
on t h e  b u c k l i n g  behavior  o f  panels f a b r i c a t e d  f rom these advanced m a t e r i a l s  
was 1  imi ted,  

The purpose o f  t h e  p resen t  paper i s  t o  summarize r e s u l t s  f rom severa l  
s t u d i e s  conducted on candidate s t r u c t u r a l  m a t e r i a l s  ( i  * eo ,  t i t an ium,  B/Al, 
B o r s i c - f i  b e r - r e i  n fo rced  a1 uminum-matrix composite (Bsc/Al ), t i  tanium-sheathed 
Bsc/Al ( t i  c l  ad Bsc/Al  ) , and Gr/PI ) f o r  superson ic -c ru i  se veh i c l es  t o  eval  ua te  
t h e  e f f e c t s  o f  f a b r i c a t i o n  and j o i n i n g  processes, and m a t e r i a l  p r o p e r t i e s  on 
panel buck l  i n g  behavior. E f f e c t s  o f  j o i n i n g  processes on t h e  buck l  i ng 
behav io r  of h a t - s t i f f e n e d  t i t a n i u m  panels  were i n v e s t i g a t e d  d u r i n g  t h e  

 ors sic: Reg is te red  t r a d e  name o f  Un i t ed  A i r c r a f t  Products,  I n c .  



development of t h e  weld-braze j o i n i n g  process ( r e f  6 )  a Subsequent s tud ies  
( r e f s .  7 and 8)  i n v e s t i g a t e d  t h e  e f f e c t s  o f  s t i f f e n e r  f a b r i c a t i o n  processes 
( h o t  and c o l d  forming, and e u t e c t i c  bonding) and j o i n i n g  processes ( b o l t i n g ,  
adhesive bonding, d i f f u s i o n  bonding, spotwelding, and b raz ing)  on t h e  
s t r u c t u r a l  e f f i c i e n c y  o f  a1 umi num-mat r i  x  compression panel s o  

I n  add i t i on ,  t h e  r e s u l t s  o f  a n a l y t i c a l  s t ud ies  conducted on composite 
and s e l e c t i v e l y  r e i n f o r c e d  t i t a n i u m  s t i f f e n e d  panels  ( r e f s .  9 and l o ) ,  and 
SPFIDB t i t a n i u m  expanded sandwich panels  ( r e f .  11) , i d e n t i f i e d  s t r u c t u r a l l y  
e f f i c i e n t  panel des igns*  Several des i  gns were subsequent ly se l  ected f o r  
f a b r i c a t i o n  and t e s t i n g  t o  determine t h e i r  b u c k l i n g  and f a i l u r e  
c h a r a c t e r i s t i c s .  Resu l ts  f rom these a n a l y t i c a l  s t ud ies  and avai  1  ab le  t e s t  
da ta  f o r  these panels  a r e  a l s o  presented i n  t h i s  paper. 

The use o f  t r a d e  names i n  t h i s  paper does n o t  c o n s t i t u t e  o f f i c i a l  endorse- 
ment, e i t h e r  expressed o r  imp l i ed ,  by t h e  Na t i ona l  Aeronaut ics  and Space 
A d m i n i s t r a t i o n .  

SYMBOLS 

L  

N x  

P 

Pcr  

panel p lan fo rm area 

sandwich panel l e n g t h  

s t i f f e n e d  panel element w id th  

sandwich panel w id th  

modulus o f  e l  a s t i c i t y  o f  sandwich panel m a t e r i a l  

t r ansve rse  modulus o f  u n i d i r e c t i o n a l  composite m a t e r i a l  

moment o f  i n e r t i a  pe r  u n i t  w id th  o f  face  sheets taken 
about sandwich midd le  sur face  

s t i f f e n e d  panel l e n g t h  

u n i a x i a l  b u c k l i n g  s t r e s s  r e s u l t a n t  

buck1 i ng 1  oad 

maximum a n a l y t i c a l  b u c k l i n g  l oad  used t o  normal ize da ta  i n  
f i g u r e  4 

a n a l y t i c a l  b u c k l i n g  l o a d  based on reduced modulus 

s t i f f e n e d  panel e l  ement t h i ckness  

panel mass 

panel coo rd ina te  system 



TEST METHODS 
$ 

Panels w i t h  a s i n g l e  ha t  s t i f f e n e r  were used t o  eva lua te  f a b r i c a t i o n  and 

I j o i n i n g  processes by de te rmin ing  t h e  e f f e c t s  o f  these processes on panel 

I 
l o c a l  b u c k l i n g  loads  and panel f a i l u r e  loads. A t y p i c a l  panel c o n f i g u r a t i o n  
used i n  these  eva lua t i ons  i s  shown i n  f i g u r e  1. The panels were t e s t e d  a t  

1 room temperature i n  u n i a x i a l  compression us ing  a s tandard t e s t i n g  machine 
w i t h  t h e  unloaded edges s imply  supported. Loaded ends o f  t h e  panel were 
p o t t e d  (see f i g .  1 )  t o  prevent  brooming d u r i n g  t e s t i n g  and t o  f a c i l i t a t e  

1 machining t h e  ends f l a t  and p a r a l l e l .  

Panels w i t h  t h r e e  ha t  s t i f f e n e r s  were used i n  t e s t s  t o  determine l o c a l  
buck l  i n g  c h a r a c t e r i s t i c s  and f a i l u r e  loads o f  s t r u c t u r a l l y  e f f i c i e n t  panel 
designs. The t e s t  methods used were s i m i l a r  t o  those used t o  eva lua te  
f a b r i c a t i o n  and j o i  n i  ng processes except t h e  un l  oaded edges o f  t h e  
t h r e e - s t i f f e n e r  panels were unsupported. A 6061 aluminum a l l o y  was used as 
t h e  m a t r i x  m a t e r i a l  i n  a1 1 aluminum-matrix panels. 

FABRICATION AND JOINING STUDIES 

We1 d-Brazed T i  t a n i  um 

Dur ing  t h e  development o f  t h e  weld-braze j o i n i n g  process descr ibed i n  
r e fe rence  6, groups o f  geometr ica l  l y  i d e n t i c a l  h a t - s t i  f f  ened panel s were 
f a b r i c a t e d  f r om Ti-6A1-4V a l l o y  w i t h  t h e  ha t  s t i f f e n e r  a t tached t o  t h e  s k i n  
by r i v e t i n g ,  spotwelding, o r  weld-brazing. I n  t h e  we1 d-braze process t h e  
s t i f f e n e r  i s  i n i t i a l l y  a t tached  t o  t h e  s k i n  us ing  severa l  spotwelds a long t h e  
l e n g t h  o f  bo th  attachment f langes. Braze m a t e r i a l  i s  then pos i t i oned  a long 
t h e  s ides  o f  t h e  attachment f langes.  Dur ing  t h e  braze heat cyc le ,  braze 
m a t e r i a l  f l ows  between t h e  attachment f langes  and s k i n  because o f  c a p i l l a r y  
ac t ion ,  u l  t i m a t e l y  fo rming  a cont inuous bond between t he  s k i n  and at tachment 
f langes. 

Test r e s u l t s ,  f r om re fe rence  6, a re  shown i n  f i g u r e  2 where buck l  i n g  and 
f a i l u r e  s t resses  a re  p l o t t e d  as a f u n c t i o n  o f  t h e  web b / t  r a t i o .  These 
r e s u l t s  i n d i c a t e  t h a t  con t i nuous l y  bonded we1 d-brazed panels have 
s i g n i f i c a n t l y  h i ghe r  buck l  i n g  and f a i  1 u r e  s t resses  than  d i s c r e t e l y  a t tached 
r i v e t e d  and spotwel ded panel s. The s i g n i f i c a n t  improvement i n  s t r u c t u r a l  
e f f i c i e n c y  o f  t h e  weld-brazed panels g ives i n s i g h t  i n t o  t h e  e f f e c t s  o f  
f a b r i c a t i o n  and j o i n i n g  processes on t h e  buck l  i n g  behavior  o f  a1 uminum-matrix 
composites. The r e s u l t s  o f  these s tud ies  a re  descr ibed  i n  t h e  nex t  sec t i ono  

A1 uminum-Matri x Composites 

Because s i g n i f i c a n t  d i f fe rences  e x i s t  i n  mater i  a1 behavior  be t  ween 
a1 uminum-matrix composites and t h e  n e a r l y  i s o t r o p i c  behavior  o f  t i  tanium, a 
comprehensive f a b r i c a t i o n  and j o i n i n g  s tudy was performed on a1 uminum-matri x 
composites us ing  t h e  m a t e r i a l s  and f a b r i c a t i o n  and j o i n i n g  processes shown 
i n  Table I .  D e t a i l s  o f  t h e  f a b r i c a t i o n  and j o i n i n g  processes and t e s t  
r e s u l t s  a r e  g iven  i n  re fe rences  7 and 8. 



Effects of fabrication processeso - Hat s t i f feners  fabricated using the hot 
or cold forming process were fa6ri  cated from preconsol i dated f 1 a t  sheet 
material. Because of bending limitations of the fibers in the 
preconsol i dated sheet, the hot and cold f orming processes requi red tha t  
f ibers  be oriented i n  only the longitudinal direction of the stiffeners.  The 
eutectic consolidation process, on the other hand, allowed the s t r ingers  to  
be fabricated directly from monolayer B/A1 material, thus providing a 
possible means f o r  introducing cross-plied material into the s t i f fener  webs 
for  better structural efficiency. A1 1 s t i f feners  in the study, however, 
contai ned only 1 ongitudi nal ly oriented f i  bers. 

Test resul ts  indicate the panels with s t i f feners  fabricated using the 
eutectic consol idation process usually exhi b i t  lower buckl ing and ultimate 
strengths than similar panels with hot or cold formed stiffeners.  
Furthermore, f iber  bending t e s t s  indicate a 25-percent decrease in strength 
for  f ibers  subjected t o  the eutectic consol idat i  on process. Fi ber strength 
was unaffected by the hot or cold forming processes used in forming the 
s t i f feners ,  and the t e s t s  indicated no significant differences in strengths 
of simi l a r  panels with s t i f feners  fabricated using these processes. 

Effects of joining processes.- The joining processes were chosen t o  provide 
a comparison between discrete-fastener and continuous-joi ning methods of 
attaching the s t i f fener  t o  the skin. Brazing was not considered a feasible 
process fo r  joining B/A1 because of anticipated f iber  degradation due t o  
interaction with the matrix duri ng the braze. temperature cycl e. 

The effects of joining process on the buckl ing s t ress  of the B/A1 and 
Bsc/Al panels are shown in figure 3. The same buckling s t ress  was obtained 
with discretely attached s~otwel  ded or bolted B/A1 panel s ,  whereas the 
buckl i ng s t ress  of continuously adhesive-bonded or diffusion-bonded B/A1 
panels was 30 percent higher. Results from a spotwelded Bsc/Al panel t e s t  
indicated a buckling s t ress  nearly equal to  the buckling s t ress  of the 
spotwelded B/A1 panels. In contrast t o  the 30-percent increase in B/A1 panel 
buckling s t ress ,  only a 9-percent increase in buckling s t ress  was observed i n  
the conti nuously bonded (brazed) Bsc/Al panel s. Metal 1 urgical exami nat i on of 
cross sections of the braze joint and results of f iber  bending t e s t s  produced 
evidence of f iber  degradation due to  the braze process. Parallel studies 
(refs.  12 and 13) indicated that successful brazed joints can be made with a ,  
minimum of f iber  and matrix degradation using 1100 aluminum a1 loy as an outer 
layer on the composite that  serves as a diffusion barrier between the braze 
and the matrix. This diffusion barrier concept was improved by use of 
t i t an i  um fo i l  as an outer layer ( t ic lad  Bsc/Al) as described in reference 8. 

The t ic lad  Bsc/Al concept offers d is t inc t  advantages over Bsc/Al . 
Ticlad BscjAl prevents degradation of the .fiber and matrix in the BscjAl 
laminate during the braze temperature cycle and provides a durable surface 
that  reduces the possibil i ty of surface damage during hand1 ing. In addition, 
the consolidated t ic lad  Bsc/Al f l a t  sheet with unidirectional f ibers  can be 
hot formed into structural shapes, b u t  the f ibers  must remain straight during 
the forming process. Additional advantages derived from the use of t ic lad  
Bsc/Al a re  improvements in shear and transverse s t i f fness  properties over 
those of the unclad unidirectional Bsc/Al laminate. In laminates with 



u n i d i r e c t i o n a l  f i b e r s ,  bo th  o f  these p r o p e r t i e s  are m a t r i x  c o n t r o l  1  ed i n  a  
BscIAl  l am ina te  and a re  c o n t r o l l e d  by t h e  t i t a n i u m  i n  a  t i c l a d  Bsc/Al 
1  ami nate. 

Comparison o f  a n a l y t i c a l  and exper imenta l  r e s u l t s .  - Panel b u c k l i n g  loads and 
mode shapes obta ined f rom f a b r i c a t i o n  and j o i n i n g  e v a l u a t i o n  t e s t s  were 
compared w i t h  a n a l y t i c a l  r e s u l t s  f o r  each panel, A n a l y t i c a l  r e s u l t s  were 
ob ta ined  f r om t h e  BUCLASP 2  computer program ( re f .  14)  us ing  measured panel 
dimensions. M a t e r i a l  p rope r t y  data used i n  t h e  analyses a re  g iven i n  Table 
I I. A comparison between a n a l y t i c a l  and exper imental  r e s u l t s  i s  g iven  i n  
f i g u r e  4  f o r  panels w i t h  cont inuous j o i n t s  where b u c k l i n g  l oad  P i s  
normal ized by t h e  maximum a n a l y t i c a l  b u c k l i n g  l o a d  PC,, obta ined us ing  t h e  
m a t e r i a l  p rope r t y  data g iven  i n  Table 11,  f o r  each o f  t he  f i v e  combinat ions 
o f  s k i n  and s t i f f e n e r  m a t e r i a l s  shown i n  Table I. Three values o f  t he  r a t i o  
PIPcr a re  shown f o r  each t ype  o f  panel and represent  values o f  P ob ta ined  
f rom 
1. Ana lys is  us ing  t h e  m a t e r i a l  p rope r t y  data g iven i n  Table I 1  
(P/Pc,=l) * 

2. Ana lys is  us i ng  t h e  m a t e r i a l  p r o p e r t y  da ta  i n  Table I 1  .excep t  a t  t h e  
corner  elements o f  t h e  attachment f l a n g e  (see f i g .  4 )  where a  va lue  o f  E2 = 
10.3 GPa ( r e f .  15)  was used f o r  t h e  corner  elements i ns tead  o f  131 GPa. ?Not 
used f o r  t h e  t i c l  ad Bsc/Al  panel. ) 

3. Experiment . 
Examinat ion o f  t h e  a n a l y t i c a l  and exper imental  r e s u l t s  i n d i c a t e s  s i m i l a r  

mode shapes f o r  a l l  panel da ta  shown i n  f i g u r e  4. For t h e  panels c o n t a i n i n g  
unc lad  Bsc/Al ,  t h e  mode shapes i n d i c a t e d  t h a t  cons iderab le  bending i s  present  
a t  t h e  corners  o f  t h e  s t i f f e n e r s  ad jacen t  t o  t h e  attachment f langes.  
Furthermore, examinat ion o f  t h e  t r ansve rse  s t r e s s - s t r a i n  curve f o r  
u n i d i r e c t i o n a l  Bsc/Al i n d i c a t e s  p l a s t i c  behavior  occurs a t  a  very  low s t r a i n  
l e v e l .  Therefore,  a  reduced t r ansve rse  modulus (E22 = 10.3 GPa) 
corresponding t o  a  s t r a i n  l e v e l  o f  approx imate ly  0.002 (see re f .  15 )  was used 
i n  these corner  elements and t h e  panel s  c o n t a i n i n g  t h e  unc lad Bsc/Al  were 
again analyzed u s i n g  BUCLASP 2. The r e s u l t s  i n d i c a t e d  t h a t  t h e  panel 
buck l  i n g  l o a d  P I c r  was s i g n i f i c a n t l y  reduced w i thou t  a l t e r a t i o n  o f  t he  mode 
shape. These buck l  i n g  l o a d  r e s u l t s  a re  shown i n  f i g u r e  4  and i n d i c a t e  good 
agreement between t h e  a n a l y t i c a l  buckl  i n g  loads  w i t h  the  reduced modul us i n  
t h e  corner  elements and exper imenta l  buck l  i n g  loads. For t h e  t i c l a d  Bsc/Al 
panel, f i g u r e  4  i n d i c a t e s  t h a t  good agreement was obta ined between a n a l y t i c a l  
and exper imenta l  buck l  i n g  loads when t h e  va lue  o f  E22 = 131 GPa was used f o r  
t h e  e n t i  r e  panel and i n d i c a t e s  t h a t  exper imenta l  buck l  i ng loads o f  t i c l  ad 
Bsc/Al panels n e a r l y  a t t a i n  a n a l y t i c a l  p r e d i c t i o n s  w i thou t  a  reduced modul us 
i n  t h e  ana lys is .  

S l  i ght  l y  poorer  agreement between t h e  a n a l y t i c a l  and exper imental  
b u c k l i n g  loads  was ob ta ined  f o r  t h e  spotwelded panels. Th is  l ack  o f  
agreement occurs because t h e  ana l ys i s  program on l y  has t he  c a p a b i l i t y  t o  
model a  cont inuous j o i n t  a long t h e  panel l e n g t h  and thus  cannot account f o r  
t h e  e f f e c t s  o f  d i s c r e t e  fas teners .  



Gr/PI Composites and SPF/DB Titanium 

Fabrication and joi ni ng studies on Gr/PI composites are being performed 
under the CASTS program (Composites f o r  Advanced Space Transportation 
systems) and some resul ts  of these studies are presented in reference, 16. 
A1 though the structural and thermal requi rements fo r  the CASTS program d i f f e r  
from those for supersonic cruise, the fabrication and joining studies from 
CASTS are be1 ieved appl i  cable t o  the cruise requi rement. Fabrication and 
joining studies on SPF/DB t i t an i  um are currently being conducted. Some 
resul ts  from these studies are given in reference 17. 

COMPRESSION PANEL STUDIES 

Whi l e  the fabrication and joining methods were being developed 
and evaluated, analytical studies were conducted to  develop 
s t ructural ly  eff ic ient  st iffened panel desi gns for  the combi nations of 
material, s t i f feners ,  and skins shown in figure 5. An optimization computer 
program incorporating a simpl i f i  ed buckl ing analysis was used to  design the 
t i t an i  um, Bsc/Al , and t ic lad  Bsc/Al panel s. An optimization program 
containing a refined buckling analysis and ent i t led PASCO, which was 
developed af te r  the designs were established for  the titanium, Bsc/Al and 
t i c l ad  Bsc/Al panels, was used to  design the Gr/PI configurations shown. 

Details of the simplified-buckling-analysis optimization computer 
program are given in references 18 and 19, and detai ls  of PASCO (Panel 
Analysis and Sizing Code) are given in reference 20. Both programs require 
the ,user  t o  model the panel cross section as an assembly of f l a t  plate 
elements and a1 low the user to  select minimum gage and maximum strain 
constraints for  each lamina. The simpl ified-buck1 ing-analysis optimization 
program allowed wide column buckling of the panel and local buckling of f l a t  
plate elements in which each f l a t  plate element was assumed to be inf in i te ly  
long and simply supported. The PASCO computer program included a 
sophisticated buckling analysis that  provided exact buckling solutions f o r  
the panel within the l imits of 1 inear-el a s t i c  thin-plate theory, thus 
allowing analytical optimization of panels susceptible to  roll ing modes, such 
as bl ade-stiffened panel s. Other design considerations available in PASCO 
i ncl ude a bow-type geometric panel imperfection, and the Tsai -Nu fa i  1 ure 
cr i ter ion for each lamina with the term set equal to zero as discussed in 
reference 21. 

The skin core heights calculated by the optimization programs are  less  
than that  required to  support the design loads in the honeycomb-sandwich- 
panel skin configurations subject t o  local skin buckling because the buckling 
analyses in the optimization programs do not consider transverse shearing 
effects .  However, additional buckling analyses t h a t  include transverse 
shearing ef fec ts  were made on those optimized panel designs selected for  
fabrication to determine the additional core height required to  prevent 
buckl ing a t  the design load. 

Several of the s t ructural ly  eff ic ient  panel designs were fabricated for 
experimental studies t o  determine panel 1 ocal buckl ing behavior and fa i  1 ure 



characteri s t i c s o  The fol l  owing sections present results from these 
analytical and experimental studies. 

Titanium Panel s 

Hat-stiffened titanium panel designs, sui table  for  use with the we1 d-braze 
joining process, were developed using the simplified-buckling-analysis 
optimization program. Resul t s  from the analysis of titanium panels are 
shown in figure 6 i n  terms of panel mass parameter W/AL and panel load 
parameter N x / L .  Details of these resul ts  are  presented in reference 9. The 
resu l t s  fo r  titanium serve as a basis of comparison between the mass of 
titanium panels and the mass of various composite panel concepts. No 
experiments were performed to verify analytical resul t s  for  the ti,tanium 
panel s.  

A1 uminum-Matri x Composite Panels 

Analytical results.  - The simplified-buckling-analysis optimization program 
(refs.  18 and 19) was also used t o  develop designs fo r  hat-stiffened Bsc/Al 
panels ( ref .  9) and t i c l ad  Bsc/Al panels.' ~ e s u i t s  from these designs are 
shown in figure 6 in terms of the panel mass and load parameters. The mass 
of the hat-stiffened honeycomb-core sandwich panel designs shown in figure 6 
includes the mass of braze material in the skin as a non-structural mass. 

The resul ts  indicate Bsc/Al composite panels may be 50 percent l igh ter  
than t i  tani um panels, and the use of a honeycomb-sandwich-panel skin resul ts  
in a 70- to  20-percent decrease in mass when compared to  a stiffened-sheet 
panel. A1 so, t i  cl ad Bsc/Al designs with honeycomb-sandwich-panel skins are 
mass competitive with Bsc/Al s t  i ffened-sheet panel s. 

Examination of panel designs at  a load parameter value of 2.07 MPa (300 
ps i )  indicates that  the ra t io  of skin mass to  s t i f fener  mass i s  approximately 
55/45 for  the t i c l ad  Bsc/Al hat-stiffened honeycomb-sandwich panel and 
approximately 38/62 for  the Bsc/Al hat-stiffened-sheet panel. The effect of 
using the honeycomb-sandwich-panel skin i s  t o  reduce s t i f fener  mass per 
unit area by increasing the s t i f fener  spacing. For a given panel width, 
therefore, fewer s t i f feners  are required with the honeycomb-sandwich-panel 
skin. 

Fabrication and t e s t s  of stiffened-sheet panels. - Stiffened-sheet panels 
corresponding t o  a Nx/L design value of 2.07 MPa (300 psi) and corresponding 
t o  a ful l -scale ,  simply supported panel length of 76.2 cm (30 in , )  were 
selected fo r  fabrication and t e s t  to  determine local buckling character is t ics  
of the panels. The panel skin material was. a [*45/03/~45]~ Bsc/Al 
1 ami nate. Panel s t i f feners  were fabricated using a h o t  forming technique 
from unidirectional B/A1 material (the s t i f fness  properties of B/A1 are 
nearly equal to  those of Bsc/AI). Skin and s t i f feners  were joined using 
e i ther  spotwelding or diffusion bonding. The panels were as identical as 
manufacturing to1 erances a1 lowed except for the joining method used for  the 
s t i f fener  attachment, A1 so, the s t i f fener  attachment flanges of the 
diffusion-bonded panels were s l ight ly narrower than those of the spotwelded 



panels. Th i s  d i f f e r e n c e  r e s u l t e d  i n  a  s l i g h t l y  narrower c o n f i g u r a t i o n  f o r  
t h e  d i f f us i on -bonded  panels. The panel widths and leng ths  were 23.2 by  38.1 
cm (9.12 by 15.0 in . )  f o r  t h e  spotwelded panels and 21.4 by 38,1 cm (8.42 by 
15.0 i n . )  f o r  t h e  d i f f u s i o n  bonded panelso 

Test  r e s u l t s  f r om s t i f f e n e d - s h e e t  panels. - Test r e s u l t s  f o r  t h e  s t i f f e n e d -  
sheet ~ a n e l s  a re  shown i n  f i a u r e  7  i n  terms o f  t h e  mass and l oad  ~a rame te rs .  
 he s o i i d  l i n e  i n  f i g u r e  7  i; t h e  a n a l y t i c a l  cu rve  f o r  Bsc/Al taken  f r om 
f i g u r e  6, t h e  c i r c l e  i n d i c a t e s  t h e  des ign p o i n t  a t  t h e  va lue o f  t h e  l oad  
parameter p r e v i o u s l y  i nd i ca ted ,  and t h e  squares and t r i a n g l e s  a re  t e s t  
r e s u l t s  ob ta ined  f rom measured f a i l u r e  loads and panel mass f rom t h e  
spotwel ded and d i f f u s i  on-bonded panels, r espec t i ve l y .  Buck1 i n g  and f a i  1  u r e  
occur red  nea r l y  s imul taneously  f o r  a1 1  r e s u l t s  shown. 

The t e s t  panels are heav ie r  than  t h e  mass i n d i c a t e d  by t he  des ign p o i n t  
because t h e  a n a l y t i c a l  model d i d  not  i n c l u d e  t h e  mass o f  t h e  s t i f f e n e r  
at tachment f langes.  The low va lues o f  f a i l u r e  l o a d i n g  shown f o r  two o f  t h e  
d i f fus ion-bonded panels r e s u l t e d  f rom premature j o i n t  f a i l u r e s .  F a i l u r e s  o f  
t h e  remain ing panels occurred a t  a  s t r a i n  l e v e l  o f  approx imate ly  0.003 and 
were t y p i f i e d  by a  w r i n k l i n g  mode f a i l u r e  i n  t h e  s k i n  i n  which t h e  s k i n  
buck led away f rom t h e  s t i f f e n e r s  across t h e  e n t i r e  width o f  the  panel as 
shown i n  f i g u r e  8. For  t h e  spotwelded panels, t h e  w r i n k l i n g  mode had a  
ha l fwave l e n g t h  equal t o  severa l  spotweld spacing lengths.  Observat ions made 
o f  t h e  spotwelded panels a f t e r  f a i  1  u r e  i n d i c a t e d  severa l  spotweld f a i l u r e s  i n  
t h e  buck led s k i n  r e g i o n  and i n d i c a t e d  t h a t  t h e  s t i f f e n e r s  underwent l a r g e  
s t r a i n s  t r ansve rse  t o  t h e  f i b e r s  i n  t h e  bend r a d i i  ad jacent  t o  t h e  attachment 
f l anges  t o  accomodate t h e  s k i n  deformat ion (see f i g .  8), Th is  b u c k l i n g  mode 
was no t  cons idered i n  t h e  simp1 i f i ed -buck1  i ng -ana l ys i s  o p t i m i z a t i o n  program 
and was no t  t h e  c r i t i c a l  mode p r e d i c t e d  i n  BUCLASP 2  analyses o f  t h e  panels. 
Simi 1 a r  w r i  n k l  i n g  mode f a i  l u r e s  have p r e v i o u s l y  been observed, however, and 
a r e  discussed i n  re fe rence  22. 

F a b r i c a t i o n  and t e s t s  o f  h a t - s t i f f e n e d  honeycomb-core sandwich panels. - 
T i  c l  ad Bsc/Al panel s  w i t h  honeycomb-sandwi ch-panel s k i  ns corresponding t o  a  
N,/L des ign  va lue  o f  2.07 MPa (300 p s i )  and a  f u l l - s c a l e ,  s imply  supported 
panel l e n g t h  o f  76.2 cm (30 in .  ) were se lec ted  f o r  f a b r i c a t i o n  and t e s t s  t o  
determine t h e  l o c a l  b u c k l i n g  c h a r a c t e r i s t i c s  o f  t h e  panels. The panel s k i n  
cons i s ted  o f  t i c l a d  Bsc/Al cover sheets brazed t o  6.35 mn (0.25 in . )  t i t a n i u m  
honeycomb-core m a t e r i a l  hav ing  a  d e n s i t y  o f  149 kg/m (9.3 1bm/f t3).  The 
t i t a n i u m  i n  t h e  t i c l a d  Bsc/Al was 0.076 mm (0.003 i n . )  t h i c k  and was 
d i f f u s i o n  bonded t o  each s i d e  o f  t h e  Bsc/Al  composite i n  t h e  cover sheets and 
s t i f f e n e r  m a t e r i a l  d u r i n g  t h e  consol i d a t i o n  process. A  [k45IT Bsc/Al  
1  aminate (an unsymmetric lamina te )  was used i n  each cover sheet, and t e n  
l a y e r s  o f  u n i d i r e c t i o n a l  Bsc/Al were used i n  t h e  ha t  s t i f f e n e r s .  The 
h a t  s t i f f e n e r s  were ho t  formed a f t e r  composite conso l i da t i on .  Each panel was 
f a b r i c a t e d  i n  a  two s tep  braze opera t ion .  I n  t h e  f i r s t  braze temperature 
c y c l e  t h e  cover sheets were brazed t o  t h e  honeycomb core us ing  0.127 mm 
(0,005 i n .  ) t h i c k  aluminum braze m a t e r i a l  between each cover sheet and core. 
The r e s u l t i n g  honeycomb-sandwich-panel s k i n  was a  balanced and symmetric 
laminate.  I n  t h e  second braze temperature cyc le ,  t h e  t i c l a d  Bsc/Al  
ha t  s t i f f e n e r s  were brazed t o  t h e  skin.  The panel widths and leng ths  were 
55.4 by 61.0 cm (21*8  by 24.0 in . ) .  



Test  r e s u l t s  f rom h a t - s t i f f e n e d  honeycomb-core sandwich panels. - Tes t  
r e s u l t s  f o r  t h e  h a t - s t i f f e n e d  hone.?comb-core sandwich panels are shown i n  
f i g u r e  9 i n  terms o f  t h e  mass and i o a d  parameters.   he s o l i d  l i n e  i n  f i g u r e  
9 i s  t h e  a n a l y t i c a l  cu rve  f o r  t i c l a d  Bsc/Al taken f rom f i g u r e  6, and t h e  
squares are t e s t  r e s u l t s  ob ta ined  f rom measured f a i l u r e  loads and panel mass. 

The t e s t  panels a re  heav ie r  than  t h e  mass i n d i c a t e d  by t h e  des ign p o i n t  
because t h e  a n a l y s i s  model d i d  no t  i n c l u d e  t h e  mass o f  t h e  s t i f f e n e r  
attachment f langes. I n  add i t i on ,  t h e  t i t a n i u m  honeycomb-core m a t e r i a l  used 
i n  t h e  t e s t  panels was t w i c e  t h e  he igh t  des ignated by t h e  ana l ys i s  program 
because small e r  co re  he i  ghts  were comrnerci a1 l y  unavai 1  ab le  and a1 so t o  
compensate f o r  ou t -o f -p lane  shear de fo rmat ion  as p r e v i o u s l y  discussed. 

F a i l u r e  o f  these panels,  u n f o r t u n a t e l y ,  was immediate ly  preceded by broom- 
i n g  o f  t h e  h a t  s t i f f e n e r  ends. A p r e l i m i n a r y  s tudy  o f  m o i r 6 - f r i n g e  and s t r a i n -  
gage da ta  taken d u r i n g  t h e  t e s t s  i n d i c a t e s  no s k i n  o r  s t i f f e n e r  b u c k l i n g  p r i o r  
t o  brooming o f  t h e  h a t  s t i f f e n e r s .  The f a i l u r e  s t r a i n s  o f  these panels a r e  
approx imate ly  0.005, o r  67 percen t  h i ghe r  than t h e  f a i l u r e  s t r a i n s  o f  t h e  
s t i f f e n e d - s h e e t  panels .  

Panel f a i l u r e s  were cha rac te r i zed  by w r i n k l i n g  o f  t he  s k i n  across t h e  
e n t i r e  w id th  o f  t h e  panel w i t h  some f r a c t u r i n g  o f  t h e  braze m a t e r i a l  i n  t h e  
s k i n  and c r imp ing  t ype  f a i l u r e s  o f  t h e  e n t i r e  s t i f f e n e r  a t  t h e  leng thw ise  
l o c a t i o n  o f  t h e  s k i n  wr ink le .  V isua l  observa t ions  o f  t he  f a i l e d  panels 
i n d i c a t e d  t h a t  t h e  t i t a n i u m  was p u l l e d  away f rom t h e  t i c l a d  Bsc/Al  composite 
m a t e r i a l  i n  o n l y  a  small area o f  one s t i f f e n e r .  I n  a d d i t i o n ,  m a t r i x  
dominated modes o f  f a i l u r e  were no t  observed i n  t h e  t i c 1  ad Bsc/Al  panel sp  

Compari son between t h e  t e s t  r e s u l t s  o f  t h e  s t  i f f ened -shee t  panel s  and 
t h e  s t i f f e n e d  honeycomb-sandwich panels i n d i c a t e s  t h a t  n e a r l y  equal va lues of 
mass and l o a d  parameters were a t t a i n e d  by bo th  types o f  panels. However, t h e  
s t i f f e n e d  honeycomb-sandwich panel ( t i  c l  ad Bsc/Al panel ) exper imenta l  f a i  1  u r e  
loads  may be conse rva t i ve  because o f  brooming. 

Graphi t e /Po l y im i  de Composite Panel s  

A n a l y t i c a l  r e s u l t s .  - The PASCO computer program was used t o  des ign Gr /PI  
composi t e  panels. The c o n f i  gura t  i ons s tud ied  were e i t h e r  s t  i f f ened -shee t  
panels o r  s t i f f e n e d  honeycomb-core sandwich panels. Both b lade s t i f f e n e r s  

i and ha t  s t i f f e n e r s  were studied. The b lade  s t i f f e n e r  used i n  t h e  ana l ys i s  i s  
a  b u i l t - u p  s t i f f e n e r  us ing  a honeycomb core. S t i f f e n e r s  o f  t h i s  t ype  were 
p r e v i o u s l y  examined f o r  graphi te-epoxy compression panels and t h e  r e s u l t s  o f  

r t h e  s tudy a r e  presented i n  re fe rence  23. Resu l ts  f rom t h e  present  study a r e  
I shown i n  f i g u r e  10 i n  terms o f  t h e  panel mass and l o a d  parameters. The 
4 

I 
h a t - s t i f f e n e d  t i t a n i u m  panel cu rve  i s  f rom f i g u r e  6 and i s  i nc l uded  f o r  
comparison w i t h  t h e  Gr/PI panel curves. D e t a i l s  o f  t h e  s tudy are g iven i n  
re fe rence  10. The mass o f  adhesive r e q u i r e d  i n  panel f a b r i c a t i o n  i s  no t  
i nc l uded  i n  t h e  mass parameter. 

The PASCO program inc ludes  an e f f e c t  o f  i n i t i a l  geometr ic i m p e r f e c t i o n  
i n  t h e  f o rm  o f  a  bow over  t h e  l e n g t h  o f  t h e  panel. For t h e  r e s u l t s  shown i n  

9 



f i g u r e  10, panel bows w i t h  amplitdudes o f  r t l  percen t  o f  panel l e n g t h  were 
i nc l uded  i n  t h e  o p t i m i z a t i o n  a n a l y s i s o  I n  add i t i on ,  t h e  Tsai-Wu f a i l u r e  
c r i t e r i o n  cons t ra i ns  t h e  designs t o  l o n g i t u d i n a l  s t r a i n s  l e s s  than  0,004. 
Th is  va lue  o f  s t r a i n  may be i n  excess o f  t h e  a l l owab le  s t r a i n  determined by 
impact c r i t e r i a  as discussed i n  r e fe rence  24. However, when an impact 
s e n s i t i v i t y  c r i t e r i o n  i s  es tab l i shed ,  i t  can e a s i l y  be i nco rpo ra ted  i n t o  t h e  
des i gn procedure. 

The r e s u l t s  shown i n  f i g u r e  10 i n d i c a t e  G r / P I  composite panels may be 50 
percen t  l i g h t e r  than  t i t a n i u m  panels, o r  approx imate ly  t h e  same mass as t h e  
alumi num-matrix composite panel s  f o r  t h e  room temperature cond i t i ons  o f  t h i s  
study. Examinat ion o f  panel designs a t  a  1  oad parameter va lue o f  2.30 MPa 
(333 p s i )  i n d i c a t e s  t h a t  t h e  r a t i o  o f  s k i n  mass t o  s t i f f e n e r  mass i s  
approx imate ly  70130 f o r  t h e  b l a d e - s t i f f e n e d  honeycomb-sandwich panel and 
approx imate ly  45/55 f o r  t h e  b l  ade-st  i f f e n e d  s t  i ffened-sheet  panel. The 
e f f e c t  o f  u s i n g  t h e  honeycomb-sandwich-panel s k i n  i s  t o  reduce s t i f f e n e r  
mass per  u n i t  area by i n c r e a s i n g  t h e  s t i f f e n e r  spacing. ' Thus, f o r  a  g iven 
panel width,  fewer s t i f f e n e r s  a re  r e q u i r e d  w i t h  t h e  honeycomb-sandwich-panel 
skin.  

Comparison o f  panel mass and l oad  parameters between t h e  present  s tudy 
and those  o f  re fe rence  23 i n d i c a t e s  l a r g e r  va lues o f  t h e  mass parameter a r e  
r e q u i r e d  by t h e  present  a n a l y s i s  f o r  any g iven va lue o f  l oad  parameter. Th is  
r e s u l t s ,  i n  pa r t ,  f rom t h e  minimum gage c o n s t r a i n t s  ( f o r  t h e  lower  values o f  
l o a d  parameter) and f r om t h e  Tsai-Wu f a i l u r e  c r i t e r i o n  ( f o r  the  h i ghe r  values 
o f  l o a d  parameter)  used i n  t h e  p resen t  analys is .  

F a b r i c a t i o n  o f  Gr/PI panels.- Gr /PI  panels corresponding t o  a  Nx/L des ign  
va lue  o f  2.30 MPa (333 p s i )  and a  f u l l - s c a l e ,  s imply  supported panel l e n g t h  
o f  76,2 cm (30 i n .  ) were se lec ted  f o r  f a b r i c a t i o n  and t e s t  t o  determine t h e  
1  ocal  buckl  i n g  c h a r a c t e r i s t i c s  o f  t h e  panel so  The design p o i n t  i s  i n d i c a t e d  
by t h e  c i r c l e  i n  f i g u r e  10. The honeycomb core  sandwich panel s k i n  lamina tes  
a re  [+45/On/ T 451 HC/ +45/On/745IT and t he  s t i  f fened-sheet  panel s k i n  
1  ami na te  i s  [ (k45)2/0n/ (~45)2]T,  where t h e  number o f  O0 1  aminae, n, a r e  5, 
6, and 6  f o r  t h e  h a t - s t i f f e n e d  honeycomb-sandwich sk in ,  b l a d e - s t i f f e n e d  
honeycomb-sandwich s k i n  and b l a d e - s t i f f e n e d  sheet, r espec t i ve l y .  The va lues  
of n  are based on a  lamina th ickness  of  0.178 mm (0.007 in . ) .  The webs o f  
bo th  t h e  h a t  and b lade  s t i f f e n e r s  a re  balanced and symnetr ic  45O laminates. 
I n  t h e  design, O0 laminates a re  a l s o  l o c a t e d  a t  t h e  bo tom and t o  o f  t he  S 9 s t i f f e n e r s .  The honeycomb-core m a t e r i a l  i s  a  128 kg/m (8 l b m / f t  ) d e n s i t y  
g l  ass /po ly im i  de. 

SPF/DB T i  t a n i  um Panel s  

As mentioned p rev ious l y ,  severa l  f a b r i c a t i o n  and j o i n i n g  s tud ies  a r e  
b e i  ng conducted on SPF/DB t i t a n i  um s t i f f e n e d  and sandwich compression 
panels. I n  a d d i t i o n  t o  these  a c t i v i t i e s ,  a n a l y t i c a l  s t ud ies  are be ing  
conducted t o  develop p romis ing  SPF/DB t i t a n i u m  san'dwich panel c o n f i g u r a t i o n s  
and compare t h e i r  s t r u c t u r a l  e f f i c i e n c i e s .  Th is  s e c t i o n  descr ibes buck l  i ng 
a n a l y s i s  r e s u l t s  f rom these s tud ies  i n  which a  new SPF/DB t i t a n i u m  
or thogona l l y -cor ruga ted-core  sandwich panel c o n f i g u r a t i o n  i s  compared t o  



SPFIDB t i t a n i u m  square-ce l l - co re  and unidirectionally-corrugated-core 
sandwich panel c o n f i  g u r a t i  ons. 

The or thogonal  l y -cor ruga ted-core  sandwich panel c o n f i  g u r a t i  on i s  shown 
i n  f i g u r e  11, Th is  c o n f i g u r a t i o n  i s  f a b r i c a t e d  us ing  f o u r  l a y e r s  o f  t i t a n i u m  
a l l o y  sheet i n  which t h e  o u t e r  l a y e r s  a re  face  sheets and t h e  i n n e r  l a y e r s  
a re  core sheets. Du r i ng  t h e  s u p e r p l a s t i c  expansion process, t he  upper core  
sheet forms t h e  a r r a y  o f  i n v e r t e d  h o l l o w  pyramids shown i n  f i g u r e  11 and t h e  
lower  core sheet forms t h e  a r r a y  o f  u p r i g h t  h o l l o w  pyramidso The two se ts  o f  
pyramids become d i f f u s i o n  bonded t o  t h e  f ace  sheets and t o  each o the r  a t  t h e  
edges o f  t h e i r  t r i a n g u l a r  s ides d u r i n g  t h e  expansion process. D e t a i l s  o f  t h e  
core  sheet and s t o p o f f  ma te r i  a1 geometr ies be fo re  superpl  a s t i c  expansion and 
d e t a i l s  o f  sheet movement d u r i n g  t h e  expansion process are g i v e n , i n  
re fe rences  25 and 26, 

P r e l i m i n a r y  b u c k l i n g  r e s u l t s  f o r  t h e  t h r e e  panel c o n f i g u r a t i o n s  a r e  
shown i n  f i g u r e  12 i n  ,terms o f  t h e  b u c k l i n g  l o a d  parameter and panel aspect 
r a t i o .  The curves were ob ta ined  f o r  u n i a x i a l l y  loaded, s imply  supported 
panels  hav ing  constant  width,  depth and mass per  u n i t  length.  For  t h e  
r e s u l t s  shown i n  f i g u r e  12, t h e  s k i n  mass (cover  shee ts )  was h e l d  constant  a t  
46 percent  o f  t h e  t o t a l  panel mass. These r e s u l t s  i n d i c a t e  t h a t  
o r thogona l l y -cor ruga ted-core  sandwich panels have s t r u c t u r a l  e f f i c i e n c i e s  
comparable t o  those o f  square-ce l l  -core sandwich panel s  and these panel 
c o n f i g u r a t i o n s  a r e  more s t r u c t u r a l l y  e f f i c i e n t  than  u n i d i r e c t i o n a l  ly -  
corrugated-core sandwich panels.  

CONCLUDING REMARKS 

Experience ga ined d u r i n g  f a b r i c a t i o n  and j o i n i n g  s tud ies  o f  
a1 umi num-mat r i  x  composites l e d  t o  t he  recommendation o f  ti c l  ad Bsc/Al and 
b raz ing  as t h e  most s t r u c t u r a l l y  e f f i c i e n t  combinat ion o f  m a t e r i a l  and 
j o i n i n g  method f o r  use i n  a1 uminum-matrix s t i f f e n e d  compression panel s. I n  
add i t i on ,  these  s tud ies  i n d i c a t e d  t h a t  t h e  b u c k l i n g  behavior  o f  s t i f f e n e d  
panels i s  dependent upon t h e  method used t o  a t t a c h  t h e  s t i f f e n e r s  t o  t h e  s k i n  
and s t rong,  cont inuous j o i n t s  produce t h e  most s t r u c t u r a l l y  e f f i c i e n t  panels. 
It was a l s o  found t h a t  a  h o t  fo rming  process cou ld  be used s u c c e s s f u l l y  t o  
produce h i g h  s t r e n g t h  Bsc/Al , t i c l a d  Bsc/Al and B/A1 ha t  s t i f f e n e r s *  
However, present  h o t  and c o l d  fo rming  methods f o r  Bsc/Al , t i c l a d  Bsc/Al  and 
B/A1 s t i f f e n e r s  p r o h i b i t  t h e  use o f  ang le -p ly  laminates i n  t h e  s t i f f e n e r s .  

Resul t s  f r om Bsc/Al s t i f f e n e d  compression panel exper imental  s t u d i e s  
i n d i c a t e d  t h a t  t h e  b u c k l i n g  c h a r a c t e r i s t i c s  o f  these panels d i f f e r  f rom 
p r e d i c t i o n s  ob ta ined  us ing  l i n e a r  e l a s t i c  analyses because o f  t h e  t r ansve rse  
i n e l a s t i c  behavior  o f  t h e  u n i d i r e c t i o n a l  lamina te  used i n  t h e  s t i f f e n e r s .  
P re l  im inary  r e s u l t s  f rom t h e  s tudy on t i c l a d  Bsc/Al i n d i c a t e  reasonably good 
agreement between a n a l y t i c a l  and exper imenta l  r e s u l t s  i n  terms o f  mass and 
s t rength.  However, buck l  i n g  c h a r a c t e r i s t i c s  were no t  determined 
expe r imen ta l l y  f o r  these panel s  because broomi ng o f  t h e  hat  s t i f f e n e r s  
occurred p r i o r  t o  buck l  i ng. V isua l  examinat ion o f  t h e  t i c 1  ad Bsc/Al panels  
a f t e r  f a i l u r e  i n d i c a t e d  t h a t  t h e  t r ansve rse  i n e l a s t i c  behavior  i n  t he  
s t i f f e n e r s  was much l e s s  than  t h a t  observed i n  t h e  Bsc/Al panels, 



Ana lys is  o f  Gr /PI  s t i f f ened -compress ion  panels i n d i c a t e d  t h a t  t he  mass 
and s t r e n g t h  o f  G r / P I  panels  may be comparable t o  those f o r  t i c l a d  Bsc IA l  
panels. I n  add i t i on ,  ana l ys i s  o f  SPFIDB t i t a n i  um sandwich panel 
c o n f i g u r a t i o n s  i n d i c a t e s  t h a t  o r thogona l l y -cor ruga ted-core  sandwich panels  
have s t r u c t u r a l  e f f i c i e n c i e s  comparable t o  t h a t  o f  square-ce l l -core sandwich 
panel s. 
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TABLE I, - M a t e r i a l s  and Processes Used i n  Aluminum M a t r i x  Composite 
F a b r i c a t i o n  and J o i  n i  ng Study 

a F a b r i c a t i o n  process code: C = c o l d  formed; H= ho t  formed; and 
E = e u t e c t i c  bonded. 

b ~ o i n i n g  process code: 1 = spotwelded; 2 = bo l ted ;  3 = 
d i f f u s i o n  bonded; 4 = adhesive bonded; and 5 = brazed. 

JOINING  PROCESS^ 

1, 2, 3, 4 

1, 2, 3, 4 

1, 5 
-- - 

1, 5 

5 

SKIN MATERIAL 

B/A1 

T i  

Bsc/Al 
pp~~~~~ 

T i  

T ic1  ad Bsc/Al  

TABLE 11. - M a t e r i a l  P rope r t i es  used i n  BUCLASP 2 Analyses 

T i  t a n i  um: 

ST1 FFENER 

Young's modulus 121 GPa (17.6 x l o 6  p s i )  
Shear modulus ....................... 46.7 GPa (6.77 x l o 6  p s i )  
Poisson 's  r a t i o  .......................................... 0.30 

MATERIAL 

B /A1 

B /A1 

B sc/Al  

Bsc/Al  

T i c 1  ad Bsc/Al  

Metal -ma t r i x  composite: 

FABRICATION 
 PROCESS^ 

C, H, E 

C 9  H, E 

H 

H 

H 

Long i t ud ina l  Young's modul usa---------- 228 GPa (33.0 x 1 0 ~ ~ s i )  
Transverse Young's modulus------------- 131 GPa (19.0 x l o 6  p s i )  
Major  Po isson 's  r a t i o  - - - - - - - - - - - - - - - - - -&-- - - - - - - - - - - - - - - -  0.26 
Shear modulus ......................... 57.2 GPa (8.3 x l o 6  p s i  ) 

aDeterrnined f rom panel t e s t  data. 



Figure 1.- Typical panel conf igura t ion  used in f a b r i c a t i o n  and 
jo in ing  s t u d i e s .  Dimensions given i n  mi l l ime te r s  ( inches) .  

- BUCKLING 
- --  FAILURE 

%' 
t h  

- -- 

Figure 2.- Effec t  of jo in ing  processes on buckling and f a i l u r e  
s t r e s s e s  of t i tan ium skin-s t r inger  panels .  
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I OPTIMIZATION I 
PROGRAM 

I TITANIUM I I I 
S IMPLlFlED 1 BUCKLING 1 
ANALYSIS 

a PANEL CONFIGURATION DESCRIPTIONS 

HAT-STIFFENED SHEET PANEL 

HAT-STIFFENED HONEYCOMB-CORE SANDWICH PANEL 

BLADE-STIFFENED SHEET PANEL 

BLADE-ST IFFENED HONEYCOMB-CORE SANDWICH PANEL 

Figure  5.- S t i f f ened  panel  des ign  concepts examined i n  
p re sen t  a n a l y t i c a l  s tudy.  

1 1 0 1 1  1 1 1 , , , , , I  1 1 1 , 1 1 1 1  

.1 1 10 100 
Nx/L, MPa 

Figure  6 . -  Typica l  r e s u l t s  f r o m ' a n a l y t i c a l  s tudy  of 
f u l l - s c a l e  compression panels .  ( E ~ ) ~ ~ ~  is  t h e  
maximum l o n g i t u d i n a l  s t r a i n .  



l 0 O 0 I  s POTWELDED SPECIMEN RESULTS 
A DIFFUSION BONDED SPECIMEN RESULTS I 

OPTIMUM PANEL DES IGN 
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Figure 7.- Comparison between full-scale panel analysis and local 
buckling tests for hat-stiffened panels with BSC/AI skins and 
B/A1 stiffeners. 

(a) Skin failure. (b)'Stiffener failure. 

Figure 8.- Typical local buckling failure of panels with BSC/A~ skins 
and B/A1 stiffeners. 
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OPTIMUM PANEL DESIGN 

kglm 3 

Figure  9.- Comparison between f u l l - s c a l e  pane l  a n a l y s i s  and l o c a l  buckl ing 
t e s t  f o r  t i c l a d  Bsc/Al pane ls .  

POINT 

NxlL. MPa 

Figure  10.- Typica l  r e s u l t s  from a n a l y t i c a l  s tudy of f u l l - s c a l e  Gr/PI 
composite panels .  



r INVERTED PYRAMID  

Figure 11.- Geometry of SPF/DB orthogonally-corrugated-core 
sandwich panel. 
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Figure 12.- Buckling curves for SPF/DB titanium sandwich panels. 
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