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SUMMARY 

The buckling and f a i l u r e  c h a r a c t e r i s t i c s  of uns t i f f ened ,  blade-st i f fened,  and 
ha t - s t i f f ened  graphite-polyimide shear  panels are described. The p i c t u r e  frame shear  
test  is used t o  ob ta in  shear  s t r e s s - s t r a i n  d a t a  a t  room temperature and a t  316OC. 
The experimental  r e s u l t s  are compared with a l i n e a r  buckling a n a l y s i s ,  and the  speci-  
men f a i l u r e  modes are described. The e f f e c t  of the 316OC tes t  temperature on pane l  
behavior is  discussed. S i g n i f i c a n t  postbuckling shear  s t r e n g t h  w a s  observed f o r  t he  
uns t i f f ened  specimens. For a l l  specimens, f a i l u r e  w a s  caused by e i t h e r  a f i x t u r e -  
induced i n s t a b i l i t y  o r  by the  s t i f f e n e r s  debonding from the skin.  

INTRODUCTION 

Graphite-polyimide composites have t h e  same s t r e n g t h  and s t i f f n e s s  advantages of 
graphite-epoxy composites and have a g r e a t e r  working temperature range than any cur-  
r e n t l y  a v a i l a b l e  epoxy matrix system. One p a r t i c u l a r  a p p l i c a t i o n  f o r  a high- 
temperature, low-weight material is  the  a f t  body f l a p  of the  Space S h u t t l e  ( f i g .  1 ) .  
This paper desc r ibes  a prel iminary study of t he  buckling and f a i l u r e  c h a r a c t e r i s t i c s  
of graphite-polyimide shear  panels t e s t e d  a t  room temperature and a t  an e l eva ted  
temperature t y p i c a l  of t h e  s e r v i c e  environment f o r  t he  S h u t t l e  a f t  body f l ap .  

f 
The p i c t u r e  frame shear  t e s t  has been used t o  o b t a i n  shear  s t r e s s - s t r a i n  data 

f o r  s e v e r a l  composite s t r u c t u r e s  ( r e f s .  1 to  3 ) .  Although severe stress concentra- 
t i o n s  are developed i n  the  specimen corners  and i n  the  regions of load in t roduc t ion ,  
t h e  t e s t  i s  simple t o  use and r e s u l t s  i n  a uniform shear  stress state i n  t h e  c e n t e r  
of the t e s t  specimen. 

In  t h i s  study, t he  shear  s t r e s s - s t r a i n  behavior of uns t i f f ened ,  blade-st i f fened,  
and ha t - s t i f f ened  graphite-polyimide panels a t  both room temperature and 316OC are 
examined. A f ini te-element  a n a l y s i s  is  used t o  c a l c u l a t e  t h e  i n i t i a l  buckling loads 
f o r  each panel configurat ion.  Also, t h e  panel f a i l u r e  modes are described. F i n a l l y ,  
e f f e c t s  of a 316OC temperature on panel  behavior are discussed. 

SYMBOLS 

inplane shear  modulus, GPa 

shear  stress r e s u l t a n t ,  kN/m 

XY 

XY 

G 

N 

shear  stress r e s u l t a n t  a t  buckling, kN/m ( Nxy cr i  tica 1 

(Nxy) f a i l u r e  

P appl ied load, kN 

RT room temperature 

shea r  stress r e s u l t a n t  a t  f a i l u r e ,  kN/m 

shear  s t r a i n  
YXY 



shea r  s t r a i n  a t  buckling 

shear  s t r a i n  a t  f a i l u r e  

( yxy ) c r i t ica  1 

(yxy’ fa i lu re  

€1 €2 measured s t r a i n  

Subsc r ip t  : 

S symmetric 

EXPERIMENTAL INVESTIGATION 

This s e c t i o n  desc r ibes  t h e  test  specimens and the experimental  procedure used i n  
t h i s  study. The materials used i n  f a b r i c a t i o n  and t h e  specimen geometry are 
described. The procedures f o r  t he  tests conducted a t  room temperature and a t  316OC 
are discussed. 

Specimens 

Panels w e r e  f a b r i c a t e d  with e i t h e r  Celion’ 6000/PMR-15 (0.13 t o  0.16 mm per  p l y )  
or Celion 3000/PMR-I 5 (0.08 mm per p l y )  graphite-polyimide preimpregnated tape and 
t y p i c a l  specimens are shown i n  f i g u r e  2. A l l  specimens had s t a i n l e s s - s t e e l  r e i n -  
forcements secondari ly  bonded t o  the  edges of the composite s k i n  t o  he lp  introduce 
loads i n t o  the  panels.  
and FM-34 adhesives w e r e  used €or the room-temperature and t h e  316OC tests, respec- 
t i v e l y .  A l l  specimens w e r e  nominally 0.51 m long by 0.36 m wide, and d e t a i l s  of t h e  
specimen cross-sect ions are shown i n  f i g u r e  3. 

S t i f f e n e r s  w e r e  a l s o  secondar i ly  bonded t o  the skin.  EA 9342 
3 

Experimental Procedure 

Each specimen w a s  bo l t ed  t o  a s t a i n l e s s - s t e e l  picture-frame tes t  f i x t u r e  a t  room 
temperature and t e s t e d  i n  a hydraul ic  test  machine. The specimen-fixture assembly 
w a s  loaded through diagonal ly  opposi te  corners  i n  tension. A t y p i c a l  specimen i n  t h e  
tes t  f i x t u r e  i s  shown i n  f i g u r e  4 p r i o r  t o  t e s t i n g .  Quartz lamps were used t o  h e a t  
t h e  specimens t o  316OC, and t h e  lamps, f i x t u r e ,  and specimen w e r e  surrounded by g l a s s  
c l o t h  t o  minimize any e f f e c t s  of a i r  c u r r e n t s .  Upon reaching 316OC, the  specimen and 
f i x t u r e  w e r e  heated f o r  an a d d i t i o n a l  15 t o  20 minutes t o  achieve thermal equ i l ib -  
rium. Thermocouples a t  var ious loca t ions  on the  specimen recorded the  specimen t e m -  
pe ra tu re ,  and t h e  temperature v a r i a t i o n  i n  t h e  t es t  s e c t i o n  w a s  no more than f5OC. 
Electrical  resistance s t ra in-gage r o s e t t e s  w e r e  used t o  measure s t r a i n  d a t a ,  and 
changes i n  gage r e s i s t a n c e  due t o  temperature w e r e  accounted €or during d a t a  reduc- 
t i o n .  Unstiffened panels  had back-to-back r o s e t t e s  a t  s e v e r a l  l oca t ions ;  however, 
back-to-back r o s e t t e s  w e r e  n o t  used on t h e  s t i f f e n e d  panels .  

For tests a t  room temperature, t h e  m?ir&fringe technique w a s  used to  monitor 
out-of-plane d e f l e c t i o n s .  A t y p i c a l  moire-fringe p a t t e r n  of t h e  s k i n  buckling mode 

Celion: product of Celion Corporation. 
2 E A  934: 
3FM-34: 

product of Hysol Division, The Dexter Corporation. 
product of American Cyanamid Company. 
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p r i o r  t o  f a i l u r e  is shown i n  f i g u r e  5. 
t h e  e l eva ted  temperature tests. 

The moirg-fringe technique w a s  no t  used €or  

RESULTS AND DISCUSSION 

Shear stress r e s u l t a n t  and shear  s t r a i n  da t a  are descr ibed i n  t h i s  s e c t i o n .  
Experimental and a n a l y t i c a l  buckling d a t a  and the  d i f f e r e n c e s  between r e s u l t s  
obtained a t  room temperature and a t  316OC are discussed. Fa i lu re  da t a  are a l s o  d i s -  
cussed, and the  f a i l u r e  modes are described. 

Buckling Resul ts  

Experimental data.- Buckling d a t a  f o r  the uns t i f f ened  panels  are given i n  
t a b l e  1 .  The p o i n t  a t  which buckling occurred w a s  determined by the d a t a  from back- 
to-back s t r a i n  gages on t h e  panel. The appl ied load w a s  p l o t t e d  as a func t ion  of 
membrane s t r a i n ,  and the  load a t  t h e  i n i t i a l  change i n  t h e  s lope  of t h e  appl ied-  
load-membrane-strain curve w a s  used t o  de f ine  t h e  buckling load (e.g., f i g .  6 ) .  
S c a t t e r  i n  t he  buckling d a t a  may have been due t o  i n i t i a l  imperfections i n  t h e  speci-  
mens. Since s t r a i n  gages were appl ied t o  only one s i d e  of the  s t i f f e n e d  panels ,  
experimental  buckling d a t a  were n o t  obtained f o r  t hese  specimens. 

Analyt ical  r e s u l t s  .- A l i n e a r ,  e l a s t i c  f ini te-element  a n a l y s i s  w a s  performed t o  
p r e d i c t  buckling loads and mode shapes f o r  each specimen configurat ion.  The compos- 
i t e  specimen and the  metal t e s t  f i x t u r e  were d i s c r e t e l y  modeled and were mathemati- 
c a l l y  connected a t  co inc iden t  f ini te-element  nodes. 
obtained from re fe rences  4 t o  6, and the  p r o p e r t i e s  were assumed t o  be independent of 
test temperature. 

Material p r o p e r t i e s  w e r e  

P red ic t ed  buckling r e s u l t s  from the  f ini te-element  models f o r  a l l  panel  config- 
u r a t i o n s  are given i n  t a b l e  2. The p red ic t ed  g loba l  inplane shea r  moduli are also 
given f o r  comparison. The blade-st i f fened conf igu ra t ion  had t h e  h i g h e s t  shea r  stress 
r e s u l t a n t  a t  buckling f o r  t he  specimens s tud ied  a t  both tes t  temperatures because i t  
had t h e  t h i c k e s t  s k i n  ( f i g .  3 ) .  A l s o ,  s i g n i f i c a n t  d i f f e r e n c e s  between d a t a  a t  room 
temperature and a t  316OC f o r  each specimen conf igu ra t ion  were observed because of t h e  
mismatch of c o e f f i c i e n t s  of thermal expansion between t h e  composite panel  and the  
metal f i x t u r e .  The c o e f f i c i e n t  of thermal expansion f o r  s t a i n l e s s  steel i s  more than 
f o u r  t i m e s  t h a t  f o r  quas i - i so t rop ic  graphite-polyimide laminates.  This mismatch 
induces thermal stresses i n  the  test  specimens t h a t  cause the  p red ic t ed  buckling 
r e s u l t s  a t  316OC t o  be considerably lower than those a t  room temperature. 

In a d d i t i o n  to  the thermal stress state due to  the c o e f f i c i e n t  of thermal expan- 
s i o n  mismatch, the response of t he  ha t - s t i f f ened  panels  t e s t e d  a t  316OC w a s  a f f e c t e d  
by convection h e a t  t r a n s f e r  i n s i d e  the  s t i f f e n e r s .  Uecause a h a t  s t i f f e n e r  i s  a 
closed-sect ion s t i f f e n e r ,  only the  ou t s ide  su r face  of each s t i f f e n e r  could be heated. 
The i n s i d e  su r face  of each s t i f f e n e r  remained cooler  than the  ou t s ide  s u r f a c e  s i n c e  
h e a t  was convected away by a i r  c u r r e n t s  i n s i d e  the  s t i f f e n e r .  In this buckling anal-  
y s i s ,  the  temperature g r a d i e n t  through the s t i f f e n e r  w a l l s  w a s  assumed t o  be l i n e a r .  
The a n a l y s i s  showed t h a t  t h i s  g r a d i e n t  contr ibuted t o  the  lower buckling d a t a  €or the  
tests a t  316OC. 

Buckling mode shapes.- The a n a l y s i s  a l s o  p red ic t ed  t h e  mode shapes f o r  each 
panel a t  buckling. The p red ic t ed  r e s u l t s  a t  room temperature are discussed f i r s t .  
For the  uns t i f f ened  panels ,  t h e  a n a l y s i s  p red ic t ed  two half-waves f o r  t h e  lowest 
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buckl ing mode ( f i g .  71, w h i c h  agrees  with experiment as shown i n  f i g u r e  5 ( t h e  buck- 
l i n g  mode shape d i d  n o t  change during the  tes t ) .  The a n a l y s i s  p red ic t ed  a blade- 
r o l l i n g  mode f o r  t he  b lade-s t i f fened  panel  and a local or s h o r t  wavelength buckling 
mode i n  the  uns t i f f ened  region ( f i g .  8) between the reinforcements  and the  start  of 
t h e  s t i f f e n e d  s k i n  f o r  t h e  ha t - s t i f f ened  panel. 

The predic ted  mode shapes a t  316OC w e r e  also determined. The uns t i f f ened  and 
b lade-s t i f fened  panels  had g loba l  buckling modes of one half-wave and f i v e  h a l f -  
waves, r e spec t ive ly ,  o r i en ted  similar t o  the mode shape f o r  the uns t i f f ened  panel  
t e s t e d  a t  room temperature. The ha t - s t i f f ened  panel  buckled i n t o  the  same mode a t  
316OC as a t  room temperature. 

Comparison of experimental  and a n a l y t i c a l  r e su l t s . -  Typical  d a t a  f o r  shear  
stress r e s u l t a n t  p l o t t e d  a g a i n s t  shear  s t r a i n  f o r  uns t i f f ened ,  b lade-s t i f fened ,  and 
ha t - s t i f f ened  panels  are shown i n  f i g u r e s  9, 10, and 11,  r e spec t ive ly .  Predic ted  
buckling r e s u l t s  are also shown i n  the  f igu res .  For a l l  panels ,  t he  i n i t i a l  s lope  of  
t h e  experimental  curve agrees  with the  l i n e a r  ana lys i s .  For the uns t i f f ened  panels ,  
the  room-temperature buckling d a t a  and a n a l y t i c a l  r e s u l t s  ( t a b l e s  1 and 2)  agree. 
Differences between experimental  and a n a l y t i c a l  r e s u l t s  f o r  t he  tests a t  316OC may 
have been because of t he  thermal stress state a t  t h i s  temperature caused by the  m i s -  
match of c o e f f i c i e n t s  of thermal expansion (see s e c t i o n  "Analy t ica l  r e s u l t s " )  . For 
the  ha t - s t i f f ened  panels ,  the  d i f f e r e n c e  between room-temperature and 31 6OC r e s u l t s  
( f i g .  1 1 )  may be a t t r i b u t e d  to  the  nonuniform temperature d i s t r i b u t i o n  caused by 
convection h e a t  t r a n s f e r  discussed previously.  

F a i l u r e  Resul ts  

Shear stress r e s u l t a n t s  and shear  s t r a i n s  a t  f a i l u r e  a r e  given i n  t a b l e  3 f o r  
a l l  specimen conf igura t ions .  For a l l  conf igura t ions ,  t he  shear  stress r e s u l t a n t  a t  
f a i l u r e  w a s  h igher  than t h a t  a t  buckling. For the  uns t i f f ened  panels  t e s t e d  a t  room 
temperature and for a l l  panels  tested a t  316OC, t h e  buckling and f a i l u r e  loads were 
approximately an order  of magnitude or more a p a r t  i n d i c a t i n g  s i g n i f i c a n t  postbuckl ing 
shea r  s t r eng th .  As discussed  i n  t h i s  s ec t ion ,  the f a i l u r e  modes w e r e  a f f e c t e d  by the 
test technique; hence, t he  d a t a  i n  t a b l e  3 r ep resen t  a l o w e r  bound on the  panel  shea r  
s t r e n g t h s  

The mechanism of f a i l u r e  of the uns t i f f ened  panels  w a s  a f i x t u r e - i n i t i a t e d  
i n s t a b i l i t y  and is i l l u s t r a t e d  i n  f i g u r e  12. Because of specimen geometry and load- 
ing ,  a s t r i p  i n  the specimen cen te r  w a s  equiva len t ly  loaded i n  compression. F a i l u r e  
occurred when t h i s  s t r i p  buckled because of t he  inp lane  compressive loading. For the 
room-temperature tests, t h e  c a l c u l a t e d  buckling load f o r  t h i s  s t r i p  ( r e f .  7) w a s  
wi thin the  scatter of t he  specimen f a i l u r e  loads Fa i led  uns t i f fened  tes t  specimens 
are shown i n  f i g u r e  13. Figure 13 (a )  shows a f a i l u r e  i n  the specimen corner  a t  the  
reinforcement-skin i n t e r f a c e  which is a region of severe  stress concent ra t ions .  
Figure 13(b) shows a similar f a i l u r e  f o r  a specimen tested a t  316OC. The f a i l u r e  
da t a  obtained a t  316OC w e r e  lower than those obtained a t  room temperature ( t a b l e  3 )  . 
This  d i f f e rence  i n  f a i l u r e  r e s u l t s  may be because of t he  d i f f e r e n t  adhesives  used for 
specimen f a b r i c a t i o n .  The reinforcements disbonded from the  s k i n  a t  e l eva ted  temper- 
a t u r e  ( f i g .  1 3 ( b ) )  which increased  the width of t he  s t r i p  i n  compression. An 
i nc rease  i n  s t r i p  width of 10 t o  20 mm (depending on the  degree of disbonding) would 
r e s u l t  i n  s t r i p  buckling loads within t h e  scatter of the f a i l u r e  loads f o r  specimens 
t e s t e d  a t  31 6OC. 
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The f a i l u r e  mechanism f o r  t he  s t i f f e n e d  panels  is shown i n  f i g u r e  14. As a 
r e s u l t  of t he  buckling modes, s i g n i f i c a n t  inplane and out-of-plane stresses caused 
t h e  s t i f f e n e r s  to  disbond as i l l u s t r a t e d  i n  f i g u r e  14 (b ) .  This f a i l u r e  mechanism w a s  
independent of test temperature. Again, the  d i f f e r e n c e s  between the  s t i f f e n e d  pane l  
d a t a  obtained a t  room temperature and a t  316OC may be due t o  the d i f f e r e n t  adhesives  
used. 

CONCLUDING REMARKS 

The buckling and f a i l u r e  c h a r a c t e r i s t i c s  of uns t i f f ened ,  b lade-s t i f fened ,  and 
ha t - s t i f f ened  graphite-polyimide shear  panels  w e r e  examined a t  room temperature and 
a t  316OC. For the  conf igura t ions  s tud ied ,  t he  b lade-s t i f fened  panel  had the  h i g h e s t  
p red ic t ed  buckling shear  stress r e s u l t a n t  a t  both test temperatures because it had 
the  t h i c k e s t  skin.  A l s o ,  f o r  a l l  conf igura t ions ,  thermal stresses caused the pre- 
d i c t e d  buckling r e s u l t s  a t  316OC t o  be considerably l o w e r  than those a t  room tempera- 
tu re .  For the  uns t i f f ened  specimens, f a i l u r e  occurred a t  loads approximately a n  
order  of magnitude g r e a t e r  than the  i n i t i a l  buckling load i n d i c a t i n g  s i g n i f i c a n t  
postbuckl ing shear  s t r eng th ,  and the  f a i l u r e  w a s  due t o  a f ixture-induced i n s  t a b i  1- 
i t y .  F a i l u r e  of a l l  t he  s t i f f e n e d  panels  was i n i t i a t e d  by the  s t i f f e n e r s  debonding 
from the  sk ins .  

Langley Research Center 
Nat ional  Aeronautics and Space Administration 
Hampton, VA 23665 
March 23, 1983 
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TABLE 1.- EXPERIMENTAL BUCKLING DATA FOR UNSTIFFENED PANELS 

T e s t  temperature, 
OC ( Yxy ' c r i t i ca l  Specimen 

1 R T  0.00025 
2 R T  .00016 
3 R T  .00026 

4 316 ..OOOO 8 
5 316 .00005 
6 31 6 .00005 

(Nxy)cr i t ica l  m/m 
4.59 
3.94 
4.73 

1.26 
1.22 
1.15 

TABLE 2.- PREDICTED SHEAR MODULUS, S T R A I N ,  AND S T R E S S  RESULTANT AT BUCKLING 

(Nxy cr i t ica  1 
kN/m ( yxy c r i tica 1 G x y  Specimen Test temperature, 

configuration OC G P a  

U n s t i f f e n e d  R T  21.4 0.00020 4.9 
31 6 .00008 2 .o 

B l a d e  s t i f f e n e d  R T  24.3 .00385 135.6 
31 6 .00016 5.6 

H a t  s t i f fened  R T  24.3 .00161 48.0 
31 6 .00010 3 -0 . 
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Spe o i m e  n 
conf igu ra t ion  

Uns t i f  f ened 

Blade s t i f f e n e d  

H a t  s t i f f e n e d  

TABLE 3.- PANEL FAILURE DATA 

T e s t  temperature ,  
OC 

RT 
RT 
RT 
31 6 
316 
316 

RT 
RT 
RT 
316 
31 6 

RT 
RT 
RT 
31 6 
316 
316 

0.0024 
00022 
.0022 
.0015 
.0007 
.0016 

.0068 
.0072 
.0054 
-01 06 
.0076 

.0048 

.0032 
.0016 
.0027 
-0044 
.0047 

44.7 
44.0 
38.9 
30.3 
15.9 
21.5 

194.6 
201.4 
174.1 
301.6 
240.1 

65.1 
76.7 
49.7 
72.7 
84.9 
79.9 
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L-80-7232.1 
Figure 4.- T e s t  apparatus .  
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L-83-53 

Figure 5.- Moirg-fringe p a t t e r n  of uns t i f f ened  s k i n  buckling mode prior t o  f a i l u r e ,  
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Figure 7.- Pred ic ted  normalized out-of-plane-displacement w contours  f o r  lowest  
buckling mode. 
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