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MECHANICAL PROPERTIES CHARACTERIZATION OF COMPOSITE SANDWICH 

MATERIALS INTENDED FOR SPACE ANTENNA APPLICATIONS 

Kenneth zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ .  Bowles and Raymond D. Vannucci 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center  
C1 eve 1 and, Ohio 441 35 

SUMMARY 

The composite m a t e r i a l  proposed for use i n  t h e  Advanced Communications 
Technology S a t e l l i t e  (ACTS) Program c o n t a i n s  a new, high-modulus g r a p h i t e  f i b e r  
as t h e  re in fo rcemen t .  A s tudy  was conducted t o  measure c e r t a i n  mechanical  
p r o p e r t i e s  o f  t h e  new f i b e r - r e i n f o r c e d  m a t e r i a l  as w e l l  as o f  a composi te- faced 
aluminum honeycomb sandwich s t r u c t u r e .  P r o p e r t i e s  were measured a t  -157, 22, 
and 121 O C .  Complete c h a r a c t e r i z a t i o n  o f  t h i s  m a t e r i a l  was n o t  i n tended .  

L o n g i t u d i n a l  t e n s i l e ,  p ic ture- f rame shear, short-beam shear, and f l e x u r a l  
Uni -  t e s t s  were performed on specimens of t h e  composite face-sheet  m a t e r i a l s .  

d i r e c t i o n a l ,  c r o s s - p l i e d ,  and q u a s i - i s o t r o p i c  f i b e r  composi te p l y  l ayup  des igns 
were f a b r i c a t e d  and t e s t e d .  These des igns had been s t u d i e d  by u s i n g  N A S A ' s  
I n t e g r a t e d  Composite Analyzer  ( I C A N )  computer program. F l e x u r a l  t e s t s  were 
conducted on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC~6Oo/OoIs composite-faced sandwich s t r u c t u r e  m a t e r i a l .  R e s i s t -  
an te  s t r a i n  gages were used t o  measure s t r a i n s  i n  t h e  t e n s i l e ,  p i c t u r e - f r a m e ,  
and sandwich f l e x u r a l  t e s t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The sandwich f l e x u r a l  s t r e n g t h  was l i m i t e d  by t h e  co re  s t r e n g t h  a t  -157 
and 22 O C .  The adhesive bond s t r e n g t h  was t h e  l i m i t i n g  f a c t o r  a t  121 O C .  

Adhesive mechanical p r o p e r t i e s  a r e  r e f l e c t e d  i n  sandwich s t r u c t u r e  f l e x u r a l  
p r o p e r t i e s  when t h e  span-to-depth r a t i o  i s  g r e a t  enough to  a l l o w  a s i g n i f i c a n t  
shear e f f e c t  on t h e  l o a d - d e f l e c t i o n  behav io r  o f  t h e  sandwich beam. Most meas- 
u red  p r o p e r t i e s  agreed s a t i s f a c t o r i l y  w i t h  t h e  p r o p e r t i e s  p r e d i c t e d  by ICAN.  

INTRODUCTION 

A common use for composites i n  space has been as antenna r e f l e c t o r  s t r u c -  
t u r e s .  An antenna s t r u c t u r e  i s  we igh t  c r i t i c a l  and r e q u i r e s  h i g h  s t i f f n e s s  and 
dimensional  s t a b i l i t y  o v e r  a temperature range o f  -157 t o  121 O C .  One such 
s t r u c t u r e  i s  under development for  t h e  Advanced Communications Technology 
S a t e l l i t e  (ACTS).  The s tudy  r e p o r t e d  h e r e i n  i s  concerned w i t h  c h a r a c t e r i z i n g  
t h e  m a t e r i a l s  proposed as components for t h i s  s t r u c t u r e .  A polymer-matr ix ,  
g r a p h i t e - f i b e r - r e i n f o r c e d  composite sandwich s t r u c t u r e  was s e l e c t e d  t o  meet t h e  
genera l  antenna requi rements.  An u l t ra-h igh-modulus g r a p h i t e  f i b e r  (Thornel  
P-75 p i tch-based f i b e r )  was chosen as t h e  r e i n f o r c e m e n t  for  t h e  sandwich f a c e  
sheets.  These f i b e r s  a r e  n o r m a l l y  c h a r a c t e r i z e d  by low thermal expansion v a l -  
ues. The w e i g h t - c r i t i c a l  requ i remen t  was met by u s i n g  sandwich c o n s t r u c t i o n  
w i t h  t h i n  composite f a c e  sheets .  Aluminum honeycomb i s  g e n e r a l l y  used as t h e  
sandwich co re  ( r e f .  1)  because i t  possesses d e s i r a b l e  p r o p e r t i e s  such as 



(1 )  S a t i s f a c t o r y  shear p r o p e r t i e s  

(2 )  High thermal c o n d u c t i v i t y  t h a t  a l l o w s  gobd t r a n s f e r  o f  hea t  from one 
f a c e  sheet t o  t h e  o t h e r  

(3 )  Easy f o r m a b i l i t y  and m a c h i n a b i l i t y  

(4)  S u f f i c i e n t  e l e c t r i c a l  c o n d u c t i v i t y  t o  meet grounding requ i remen ts  

The polymer m a t r i x  i s  a h igh- temperature epoxy known as F i b e r i t e  934, s u i t a b l e  
f o r  use t o  177 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC. 

s i v e  a r e  t a b u l a t e d  i n  t a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 .  
P r o p e r t i e s  o f  t h e  t h r e e  sandwich c o n s t i t u e n t s  and t h e  adhe- 

A computer program has been developed a t  t h e  Lewis Research Center  t o  con- 
f i r m  t h e  s t r u c t u r a l  des ign  da ta .  C a l l e d  I n t e g r a t e d  Composite Analyzer  ( I C A N )  
( r e f .  21, i t  analyzes and des igns f i b e r  composite s t r u c t u r e s .  The d a t a  gener- 
a t e d  by t h i s  computer program were compared w i t h  d a t a  from a s e r i e s  o f  mechan- 
i c a l  t e s t s  a t  -157, 22, and 121 O C .  A m a t r i x  of t h e  t e s t  program i s  g i v e n  i n  
t a b l e  11. The t e s t  b a t t e r y ,  t h e  r e s u l t s ,  and o b s e r v a t i o n s  a r e  d i scussed  
h e r e i n .  
i n g  the  course o f  t h l s  work, t h e  m a t e r i a l s  t e s t e d  were n o t  changed because t h e  
major  o b j e c t i v e  o f  t h i s  work was t o  c o n f i r m  I C A N  p r e d i c t i o n s .  
measured d a t a  a r e  compared w i t h  I C A N  p r e d i c t i o n s .  

A l though t h e  m a t e r i a l s  s e l e c t e d  f o r  t h e  ACTS program were changed dur-  

Some o f  t h e  

SYMBOLS 

C t h i c k n e s s  o f  honeycomb co re  

D f l e x u r a l  r i g i d i t y  

E f face-sheet  modulus 

E l l  t Young's modulus 

G 

GC 
1 

h 

L 

Q* 

P 

0 

Tg 

t f 

A 

shear modulus 

shear modulus of honeycomb co re  

d i s t a n c e  between face-sheet  c e n t r o i d s  ( t  + c )  

span 

sandwich c r i t i c a l  l e n g t h  

f l e x u r a l  l o a d  

shear s t i f f n e s  s 

g l a s s  t r a n s i t i o n  temperature 

face-sheet th i ckness  

t o t a l  beam d e f  1 e c t  i on 
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011, f  f l e x u r a  

011 ,t t e n s i l e  

s r a t i o  

s t r e n g t h ,  1 1  d i r e c t i o n  

s t r e n g t h ,  11 d i r e c t i o n  

T shear s t r e n g t h  

MATERIALS AND FABRICATION PROCEDURES 

The laminated composi te sheet m a t e r i a l s  eva lua ted  i n  t h i s  i n v e s t i g a t i o n  
were f a b r i c a t e d  from 0.013-cm (0.005- in.)  and 0.0063-cm (0.0025- in.)  t h i c k  
P-75/934 epoxy u n i d i r e c t i o n a l  p rep reg  tape.  The laminates were g i v e n  a f i n a l  
a u t o c l a v e  cu re  a t  177 O C  under 6 . 9 ~ 1 0 3  Pa (100 p s i )  for 2 h r  acco rd ing  t o  t h e  
m a n u f a c t u r e r ' s  recommended p rocess ing  procedure.  The f i b e r  c o n t e n t  o f  t h e  
cured lam ina tes  was 62 t o  63 v o l  %. The p r o p e r t i e s  of t h e  c o n s t i t u e n t  mate- 
r i a l s  a r e  presented i n  t a b l e  I. F i b e r  p r o p e r t i e s  were assumed to  remain con- 
s t a n t  o v e r  t h e  temperature range s tud ied ,  and changes i n  m a t r i x  p r o p e r t i e s  were 
computed by subprograms b u i l t  i n t o  I C A N .  

Both u n i d i r e c t i o n a l  and a n g l e - p l i e d  laminates from 4 to  8 p l i e s  t h i c k  

Sandwich panels  were prepared by u s i n g  a room- 
( t a b l e  11) were f a b r i c a t e d  and t e s t e d  for t e n s i l e ,  f l e x u r e ,  shear, and sho r t -  
beam shear p r o p e r t i e s .  
t empera tu re -cu r ing  epoxy adhesive (McCann 580-5) bond cured C=60°/Ools f a c e  
sheets t o  0.64-cm (0.25- in . )  t h i c k  aluminum honeycomb (Hexcel 114-5052-0.0007) 
w i t h  a d e n s i t y  o f  0.026 g/cm3 and a 0.64-cm (0.25- in . )  c e l l  s i z e .  The proper-  
t i e s  o f  t h e  adhesive and t h e  honeycomb a re  g i v e n  i n  t a b l e  I. 
adhesive was cured a t  room temperature,  t h e  measured Tg was 177 OC.  Tests  
on s i n g l e  lap-shear aluminum specimens ( t a b l e  111) showed t h a t  t h e  adhesive 
r e t a i n e d  60 p e r c e n t  o f  i t s  room-temperature lap-shear s t r e n g t h  a t  121 OC.  The 
specimens measured 2.5 cm (1.0 i n . )  wide by 17.8 cm ( 7 . 0  i n . )  l o n g  by 0.32 cm 
(0.125 i n . )  t h i c k .  The o v e r l a p  was 1.3 cm (0.5 i n . ) .  

A l though t h e  

TEST METHODS 

T e n s i l e  Tests 

A l l  t e n s i l e  t e s t s  were conducted on s t r a i g h t - s i d e d  coupons measur ing 
25.0 cm (10.0 i n . )  l o n g  by 1.3 cm (0.5 i n . )  wide by approx ima te l y  0.23 cm 
(0.09 i n . )  t h i c k .  The ends were tabbed w i t h  f i b e r g l a s s - r e i n f o r c e d  tabs  6.4 cm 
(2.5 i n . )  l o n g  by 0.10 cm (0.04 i n . )  t h i c k .  A l l  t e n s i l e  specimens were i n s t r u -  
mented w i t h  back-to-back s t r a i n  gages i n  b o t h  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  
d i r e c t i o n s .  The s t r a i n s  were measured by u s i n g  a network o f  s i g n a l  c o n d i t i o n -  
e r s  and a m p l i f i e r  b r i d g e s .  The s t r a i n  d a t a  were conf i rmed by a s e r i e s  o f  t e s t s  
t h a t  measured t h e  i n i t i a l  modul i  and Po isson ' s  r a t i o s  on a Budd p o r t a b l e  s t r a i n  
i n d i c a t o r  w i t h  a s w i t c h  and balance u n i t .  The specimens were s t r e s s e d  w i t h  an 
I n s t r o n  t e n s i l e  t e s t  machine (model 1125). A l l  t e s t s  w e r e  r u n  a t  a s t r a i n  r a t e  
o f  0.13 cm/min (0.05 i n . / m i n > .  
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P i  cture-Frame T e s t s  

The p i c tu re - f rame t e s t  was s e l e c t e d  to measure shear p r o p e r t i e s  because 
( 1 )  t he  t e s t  i n v o l v e s  i n -p lane  shear p r o p e r t i e s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(2.) t h e  in -p lane l o a d  i s  
p laced  u n i f o r m l y  on t h e  edges, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  t h e  t e s t  can be adapted for  d i f f e r e n t  tem- 
pe ra tu res ,  and (4 )  t he  shear p r o p e r t i e s  a re  measured on a panel r a t h e r  than  a 
smal l  specimen. The specimens ( f i g .  1 )  were ins t rumented w i t h  s t r a i n  gages 
(back t o  back) a t  t he  p o i n t s  i n d i c a t e d .  They were mounted i n  these p o s i t i o n s  
t o  mon i to r  t he  specimen for  any b u c k l i n g  t h a t  m igh t  occur  d u r i n g  l o a d i n g  and 
t o  map the  s t r a i n s  across i t .  The t e s t s  were r u n  a t  a s t r a i n  r a t e  of 
0.13 cm/min (0.05 i n . / m i n ) .  

-Sandwich F l e x u r a l  Tests 

Three-po in t  f l e x u r a l  t e s t s  were conducted on specimens o f  t h e  composite 
sandwich s t r u c t u r e  measuring 25.4 cm (10.0 i n . )  l o n g  by 5.1 cm (2 .0  i n . )  wide 
by approx ima te l y  0.64 (0.25 i n . )  t h i c k .  
(1 .0  i n . )  wide by 5.1 cm (2.0 i n . )  l o n g  by 0.64 cm (0.25 i n . )  t h i c k  were used 
a t  t he  p o i n t  o f  l o a d i n g  and a t  t h e  two suppor t  p o i n t s  t o  preven t  l o c a l i z e d  com- 
p r e s s i v e  f a i l u r e  a t  these p o i n t s .  
i n  f i g u r e  2. A d i a l  gage under t h e  p o i n t  of l o a d i n g  was used t o  measure t h e  
d e f l e c t i o n s .  The crosshead speed was a d j u s t e d  to  g i v e  a su r face  f i b e r  s t r a i n  
r a t e  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.13 cm/min (0.05 l n . /m in) .  A s e r i e s  o f  t e s t s  were run  t o  f a i l u r e  on 
specimens w i t h  a 25.4-cm (10 .0- in . )  span. 
u s i n g  f i v e  d i f f e r e n t  spans t o  measure t h e  f l e x u r a l  p r o p e r t i e s  o f  t he  sandwich 
s t r u c t u r e s .  These t e s t s  were n o t  r u n  t o  f a i l u r e .  

Load spreaders measur ivg 2.54 cm 

S t r a i n  gages were bonded a t  t h e  s i t e s  shown 

Another s e r i e s  o f  t e s t s  were r u n  

Composite Three-Point  Bend Tests 

Both s tandard  f l e x u r a l  and short-beam shear t e s t s  were conducted on u n i -  
d i r e c t i o n a l  P-75/934 composite specimens as desc r ibed  i n  ASTM D-790 and 
ASTM D-2344, r e s p e c t i v e l y .  The span-to-depth r a t i o  for  t h e  short-beam shear 
t e s t s  was 5. The cen te r  l o a d i n g  r a t e  for b o t h  t e s t s  was 0.13 cm/min 
(0.05 i n . / m i n ) .  T e s t i n g  was done a t  a l l  t h r e e  temperatures.  

RESULTS 

T e n s i l e  Tests 

The r e s u l t s  o f  the  t e n s i l e  t e s t s  are  presented  i n  t a b l e  I V .  The f a i l u r e  
s t resses ,  f a i l u r e  s t r a i n s ,  e l a s t i c  modu l i ,  and Po isson ' s  r a t i o s  a re  t a b u l a t e d  
f o r  each p l y  l ayup  scheme a t  t he  t h r e e  t e s t  temperatures.  T y p i c a l  f a i l u r e  
f r a c t u r e s  are  shown i n  f i g u r e  3. The f a c t  t h a t  t h e  breaks were across  t h e  
w i d t h  o f  t he  specimens and away from t h e  end tabs  i n d i c a t e d  r e l i a b l e  t e s t  
r e s u l t s .  The measured room-temperature t e n s i l e  p r o p e r t i e s  a re  i n  good agree- 
ment w i t h  those c a l c u l a t e d  from t h e  I C A N  program ( t a b l e  V I .  C a l c u l a t e d  va lues  
of s t r e n g t h  and moduli  a t  t h e  two extreme temperatures d i f f e r e d  from t h e  room-  
temperature values by l e s s  than 1 percen t  and a r e  n o t  i nc luded  i n  t h e  t a b l e .  
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Sandwich Three-Point-Bend Tests  

Two d i f f e r e n t  s e t s  o f  sandwich s t r u c t u r e  specimens, b o t h  w i t h  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(=6Oo/O0), p l y  l ayup  scheme, were t e s t e d  i n  t h r e e - p o i n t  bending. The t h i c k  
composite f a c e  sheets were made from 0.013-cm (0.005- in.)  t h i c k  p rep reg  and 
measured 0.089 cm (0.035 i n . )  i n  t h i c k n e s s .  The t h i n  composi te f a c e  sheets 
w e r e  prepared from 0.0064-cm (0.0025- in.)  t h i c k  p rep reg  ( s i x  p l i e s )  and meas- 
u red  0.028 cm (0.011 i n . )  i n  th i ckness .  A s  can be seen from t h e  d a t a  i n  
t a b l e  V I ,  t h e  maximum s t r e s s e s  i n  t h e  f a c e  sheets o f  t h e  t h i c k  specimens were 
between 72 and 89 MPa (10 and 13 k s i ) .  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI V  l i s t s  t h e  room-temperature 
f a i l u r e  s t r e n g t h  o f  t h e  C+60/0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO I s  t h i c k  composi tes as 331 MPa (48 k s i ) .  The 
f a c e  sheets were s t ressed  t o  o n l y  25 p e r c e n t  o f  t h e i r  f a i l u r e  s t r e s s .  The 
f a i l u r e s  i n  t h e  sandwich specimens o c c u r r e d  e i t h e r  by  c r i p p l i n g  i n  t h e  aluminum 
honeycomb i t s e l f  or by debonding i n  t h e  adhesivelhoneycomb i n t e r f a c e .  The 
c r i p p l i n g  f a i l u r e s  appeared t o  be e i t h e r  t h e  c r u s h i n g  o f  t h e  honeycomb under 
the  l o a d  spreader ( f i g .  4 )  or a shear t y p e  o f  compressive f a i l u r e  near  t h e  sup- 
p o r t  pads ( f i g .  5). These f a i l u r e s  o c c u r r e d  a t  t h e  two lower  temperatures.  
A t  121 OC,  t he  f a i l u r e  o c c u r r e d  a t  t h e  honeycomblface-sheet i n t e r f a c e  a t  t h e  
ends o f  t h e  sandwich specimens. The s t r e s s e s  w i t h i n  t h e  t h i n  composi te f a c e  
sheets were h i g h e r ,  a lmost  132 MPa (19 k s i ) ,  and f a i l u r e  s t i l l  o c c u r r e d  w i t h i n  
t h e  honeycomb. The s t r e s s  l e v e l s  w i t h i n  t h e  f a c e  sheets were s t i l l  w e l l  below 
t h e  f a i l u r e  s t r e s s .  S t r a i n  d a t a  from t h e  gages on b o t h  su r faces  o f  t h e  speci -  
mens i n d i c a t e d  t h a t  no t w i s t i n g  or unusual d e f o r m a t i o n  o c c u r r e d  d u r i n g  t e s t i n g .  

When a beam i s  d e f l e c t e d  under t h r e e - p o i n t  l o a d i n g  by a c e n t r a l  l o a d  
t ransve rse  to  i t s  t h i c k n e s s ,  t h e  r e l a t i o n s h i p  between t h e  d e f l e c t i o n  and t h e  
l o a d  i s  

PL3 PL A ; . -  
48D + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 ( 1 )  

The f irst t e r m  on t h e  r i g h t  s i d e  o f  t h e  e q u a t i o n  denotes t h e  amount o f  t h e  
d e f l e c t i o n  t h a t  i s  caused by t h e  bending r e a c t i o n  o f  t h e  beam. The second te rm 
on t h e  r i g h t  denotes t h a t  p a r t  o f  t h e  t o t a l  d e f l e c t i o n  t h a t  i s  caused by t h e  
shear r e a c t i o n .  Upon r e a r r a n g i n g ,  t h e  e q u a t i o n  becomes 

A L2 1 
PL - 48D + @ 
- - -  ( 2 )  

I f  one measures beam d e f l e c t i o n s  a t  d i f f e r e n t  loads w h i l e  v a r y i n g  t h e  span, t h e  
d a t a  can then be p l o t t e d  on r e c t a n g u l a r  paper i n  t h e  form o f  A/PL a g a i n s t  
L2, w i t h  t h e  s lope 1/48D and t h e  i n t e r c e p t  1/4Q. E i g h t  measurements were 
made a t  f i v e  spans r a n g i n g  from 15.2 t o  27.9 cm (6 .0  t o  11.0 i n . ) .  
were  f i t t e d  t o  a l i n e a r  curve by r e g r e s s i o n  a n a l y s i s  f o r  each specimen a t  t h e  
t h r e e  temperatures.  

The p o i n t s  

The f l e x u r a l  r i g i d i t y  and the  shear s t i f f n e s s  can a l s o  be c a l c u l a t e d  from 
t h e  f o l l o w i n g  two equa t ions :  

Ef tf h2 
D =  
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Q = hGc (4)  

The measured and c a l c u l a t e d  va lues  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD agreed a t  a l l  t h r e e  temperatures for  
b o t h  types of composi te sandwiches. The o n l y  measured va lues n o t  i n  agreement 
w i t h  c a l c u l a t e d  va lues were those of Q a t  121 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC. 

Us ing  t h e  measured face-sheet  modul i  from t a b l e  VI  i n  equa t ion  (31, we 
c a l c u l a t e d  t h e  f l e x u r a l  r i g i d i t y  o f  t h e  t h i c k -  and th in - faced  sandwiches to  be 
42.8 MPa/cm (15.8 k s i I i n . 1  and 23.6 MPa/cm (8.7 k s i I i n . 1 ,  r e s p e c t i v e l y .  S ince 
t h e  c a l c u l a t i o n  i n c l u d e d  o n l y  t h e  f l e x u r a l  modulus o f  t h e  composite, no s t g n i f -  
i c a n t  change was expected i n  t h e  va lues  o f  0 o v e r  t h e  temperature range 
s t u d i e d .  The bending modul i  from t a b l e  VI  agree w i t h  Young's modul i  i n  
t a b l e  I V .  
t han  Young's modulus. 

One would n o r m a l l y  expect  t h e  bending modulus t o  be s l i g h t l y  lower  

The c a l c u l a t i o n  o f  Q, as shown i n  e q u a t i o n  (41, i s  q u i t e  s imple.  By 
u s i n g  t h e  shear modulus va lue  of 75.8 kPa (11 p s i )  from t a b l e  I, t h e  shear 
s t i f f n e s s e s  can e a s i l y  be c a l c u l a t e d .  
for  t h e  t h i n - f a c e d  sandwich and 8.4 MPa/cm (3.1 k s i / i n . >  f o r  t h e  t h i c k - f a c e d  
sandwich. The agreement i s  good except  for  t h e  va lues of Q measured a t  
121 OC. 

The va lues a re  5.7 MPa/cm (2 .9  k s i j i n . 1  

The va lues  f o r  the c r i t i c a l  l e n g t h s  Q* w e r e  c a l c u l a t e d  from t h e  
r e l a t i o n s h i p  ( r e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 )  

112 
Q* = 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(i) 

Composite Three-Point-Bend Tests 

(5) 

The r e s u l t s  o f  t h e  short-beam shear t e s t s  and t h e  three-point -bend ( f l e x -  
u r a l )  t e s t s  a r e  presented i n  t a b l e  V I I .  
were observed i n  any o f  t h e  f a i l e d  short-beam shear specimens. A l l  f l e x u r a l  
specimen f a i l u r e s  were caused by f i b e r  breakage on t h e  specimen s u r f a c e  under 
tens  i o n .  

No b e a r i n g  or compressive f a i l u r e s  

Picture-Frame Tests 

The p i c t u r e - f r a m e  t e s t s  consumed a major  p o r t i o n  o f  t h e  t o t a l  t e s t  t ime .  
For t h e  t e s t s  a t  121  OC,  t h e  metal  p i c t u r e  frame was i n i t i a l l y  bonded to  t h e  
composite w i t h  a 177 O C  c u r i n g  adhesive.  The d i f f e r e n c e s  i n  thermal expansion 
between the  meta l  frame and t h e  composi te specimen caused the  sample t o  " o i l  
can'' w i t h i n  t h e  frame d u r i n g  t h e  cooldown from t h e  cure temperature t o  room 
temperature.  The h igh- temperature-cur ing adhesive was rep laced  w i t h  a room- 
temperature-cur ing adhesive for  t h e  specimen t e s t e d  a t  room temperature.  
121 O C  t e s t i n g  was repeated w i t h  t h e  metal  p i c t u r e  frame b o l t e d  t o  t h e  t e s t  
specimen. The f i n a l  t o r q u i n g  o f  t h e  b o l t s  was done a t  t h e  t e s t  temperature.  
The low-temperature t e s t i n g  was done w i t h  t h e  metal  p i c t u r e  frame b o l t e d  t o  t h e  
t e s t  specimen. One p o s s i b l e  means of e l i m i n a t i n g  t h e  problems caused by t h e  
d i f f e r e n c e  i n  t h e  c o e f f i c i e n t  o f  thermal expansion va lues between t h e  specimen 
and t h e  p i c t u r e  frame may be to  make the  specimen and t h e  p i c t u r e  frame i n t o  

The 
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one i n t e g r a l  u n i t  from t h e  composi te m a t e r i a l  b e i n g  t e s t e d .  T h i s  may cause 
problems i n  f a b r i c a t i o n  and l o a d  t r a n s f e r ,  b u t  these problems may be s o l v a b l e .  

When t h i s  t e s t  f i x t u r e  was used w i t h  s t r a i n  gages, t h e  s t r a i n  measurement 
v a r i e d  from t h e  co rne r  o f  t h e  specimen inward toward t h e  c e n t e r  a l o n g  t h e  h o r i -  
z o n t a l  ( compress i ve l y  loaded) d i a g o n a l .  A t  t h e  c e n t e r ,  t h e  t e n s i l e  s t r a i n  ( i n  
l i n e  w i t h  t h e  load,  f i g .  1)  and t h e  compression s t r a i n  were a lmost  i d e n t i c a l .  
The suggested p o s i t i o n i n g  of s t r a i n  gages or a compressometer i s  about  one- 
t h i r d  o f  t h e  d iagonal  from t h e  end ( r e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ) .  ASTM D-2719 recommends p o s i t i o n -  
i n g  t h e  s t ra in -measur ing  dev i ce  a long  t h e  t e n s i o n  d i a g o n a l .  T h i s  measures 
s t r a i n  d a t a  t h a t  a r e  n u m e r i c a l l y  e q u i v a l e n t  to  t h e  compressive s t r a i n  d a t a  a t  
t h e  specimen c e n t e r .  The shear modul i  r e p o r t e d  h e r e i n  ( t a b l e  VI111 were ca lcu-  
l a t e d  from t h e  s t r a i n s  measured a t  t h e  specimen c e n t e r .  The t e n s i o n  d iagona l  
of t h e  p i c t u r e - f r a m e  specimen i s  des igna ted  as t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOo d i r e c t i o n .  A f a i l e d  
specimen i s  shown i n  f i g u r e  6. The f a i l u r e  i s  a v e r t i c a l  break i n  l i n e  w i t h  
t h e  l oad  a x i s .  T h i s  f a i l u r e  mode was caused by a compressive f a i l u r e  o f  t h e  
60° f i b e r s .  

DISCUSSION 

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

Both t h e  t e n s i l e  and f l e x u r a l  p r o p e r t i e s  measured on t h e  f a c e  sheets o f  
t h e  sandwich s t r u c t u r e s  were f i b e r  dependent and c o r r e l a t e d  we1 1 w i t h  c a l c u l a t e  
p r o p e r t i e s  from t h e  program I C A N  and w i t h  each o t h e r .  The p r o p e r t i e s  o f  t h e  
C=60/Ools face-sheet m a t e r i a l  used i n  t h i s  s tudy  were l a r g e  enough t o  cause 
t h e  specimen to  f a i l  e i t h e r  i n  t h e  honeycomb or i n  t h e  adhesive i n t e r f a c e .  
Th is  made t h e  bonding o f  t h e  f a c e  sheets t o  t h e  aluminum honeycomb a c r i t i c a l  
s tep  i n  f a b r i c a t i n g  t h e  ACTS honeycomb s t r u c t u r e  used i n  t h i s  s tudy .  

Composite Three-Point-Bend Tests 

The two composite three-point -bend t e s t s  appeared t o  show t r e n d s  c o n t r a r y  
t o  those expected from l a m i n a t e  t h e o r y .  The data,  shown i n  t a b l e  V I I ,  
i n d i c a t e d  t h a t  t h e  f l e x u r a l  p r o p e r t i e s  were temperature dependent. From 
exper ience,  a l i m i t e d  amount o f  m a t r i x  dependence i s  n o r m a l l y  observed i n  
po lymer-matr ix  composite f l e x u r e  t e s t  r e s u l t s .  These measured d a t a  a r e  i n  
agreement w i t h  p u b l i s h e d  vendor da ta .  
t o  f i b e r  breakage on t h e  t e n s i l e  s u r f a c e .  

A l l  f a i l u r e s  were determined t o  be due 

The shear s t r e n g t h  d a t a  from t h e  short-beam shear t e s t s  d i d  n o t  show a 
s t r o n g  temperature dependence, which would be apparent  f o r  a matr ix-dependent 
p r o p e r t y .  A l l  specimens f a i l e d  i n  shear a t  a l l  temperatures.  No b e a r i n g  f a i l -  
ures w e r e  observed. 
39 kPa (5.7 k s i )  o v e r  t h e  278 deg C temperature range.  We cannot e x p l a i n  why 
m a t r i x  e f f e c t s  w e r e  suggested i n  t h e  f l e x u r a l  d a t a  b u t  n o t  i n  t h e  short-beam 
shear data.  Both se ts  o f  specimens were machined from t h e  same composi te 
panel .  

C a l c u l a t e d  va lues from I C A N  do show a s i g n i f i c a n t  d rop  o f  
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Picture-Frame Tests  

L i t t l e  i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  d e s c r i b i n g  t h e  d e t a i l s  and i n t e r -  
p r e t i n g  t h e  r e s u l t s  o f  p i c t u r e - f r a m e  shear t e s t s . .  The most e x t e n s i v e  t r e a t m e n t  
i s  presented i n  r e f e r e n c e  5, which suggests a l a c k  o f  agreement between t h e  
i n v e s t i g a t o r s  c i t e d .  T h i s  i n v e s t i g a t i o n  showed t h a t  t h e  compressive s t r a i n  was 
n o t  u n i f o r m  across t h e  h o r i z o n t a l  d iagona l  o f  t h e  t e s t  specimen shown i n  
f i g u r e  1. An a n a l y s i s  o f  t h e  p i c t u r e - f r a m e  t e s t  i s  needed to  determine t h e  
s t r e s s  d i s t r i b u t i o n  w i t h i n  t h e  t e s t  specimen as w e l l  as t h e  s t r a i n  d i s t r i b u t i o n  
a l o n g  t h e  compression d iagona l .  An a n a l y s i s  model has been developed a t  Lewis, 
b u t  t h e  d e t a i l e d  r e s u l t s  a r e  n o t  y e t  a v a i l a b l e .  

The room-temperature d a t a  measured u s i n g  t h e  p i c t u r e - f r a m e  shear t e s t  were 
i n  good agreement w i t h  those p r e d i c t e d  by t h e  I C A N  program. 
shear modulus for  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC+6Oo/OoIs composi t e  m a t e r i a l  o v e r  t h e  temperature 
range -157 t o  121 O C  were measured by t h e  p i c t u r e - f r a m e  t e s t .  
shear modulus i s  s i g n i f i c a n t l y  i n f l u e n c e d  by t h e  m a t r i x  shear modulus. 
p r o p e r t y  would be expected t o  be i n f l u e n c e d  by temperature,  dec reas ing  as t h e  
temperature i nc reases .  
e r a l  compari son. 
composi te specimens. The s t r a i n  was 0.1 pe rcen t  a t  a c y c l e  o f  1 rad /sec .  The 
r e s u l t s  i n d i c a t e d  no n o t i c e a b l e  change i n  t h e  dynamic shear modul i  o f  t h e  
C+6Oo/OoIs specimen o v e r  t h e  temperature range -157 t o  121 O C .  

what more d e t a i l .  A l l  f a i l u r e s  were compressive f a i l u r e s  a l o n g  t h e  t e n s i o n  
d iagona l  o f  t h e  specimen ( t h e  a x i s  o f  l o a d i n g ) .  One t e s t  was r u n  on a specimen 
t h a t  was bonded t o  t h e  metal  frame w i t h  an adhesive cured a t  room temperature.  
The t e s t  was conducted a t  -157 OC. The c o o l i n g  t o  179 deg C below t h e  cu re  
temperature caused t h e  specimen t o  " o i l  can" w i t h i n  t h e  metal  f rame. That t e s t  
r e s u l t e d  i n  a f l e x u r a l  f a i l u r e  p a r a l l e l  t o  t h e  t e n s i o n  d iagona l  b u t  o f f s e t  
about  h a l f w a y  between t h e  d iagonal  and t h e  s i d e  co rne r .  A l though  o n l y  one t e s t  
was run ,  t h a t  r e s u l t ,  a long  w i t h  t h e  s t r a i n  gage d a t a  i n d i c a t i n g  t h a t  no o i l  
canning o c c u r r e d  i n  t h e  o t h e r  t e s t s ,  i n d i c a t e s  t h a t  t h e  c o e f f i c i e n t  o f  thermal  
expansion mismatch between t h e  composite and t h e  metal  frame was o f  no conse- 
quence i n  these t e s t s .  None o f  t h e  f a i l u r e s  were o f f s e t  from t h e  t e n s i o n  
d iagona l  . 

No changes i n  t h e  

The composite 
T h i s  

Another t y p e  o f  modulus measurement was chosen for  gen- 
Dynamic shear modul i measurements were made on C~6Oo/OoIs  

The f a i l u r e  mode i n  t h e  p i c t u r e - f r a m e  t e s t s  should be e x p l a i n e d  i n  some- 

Sandwich Three-Point-Bend Tests 

The f l e x u r a l  t e s t s  o f  t h e  sandwich s t r u c t u r e s  c o n t r i b u t e d  s i g n i f i c a n t l y  
t o  t h e  i n f o r m a t i o n  gleaned from t h i s  s tudy .  A s e r i e s  o f  low- load t e s t s  were 
conducted t o  measure t h e  f l e x u r a l  r i g i d i t y  D and t h e  shear s t i f f n e s s  Q of 
t h e  sandwich pane ls .  Those p r o p e r t i e s  can determine t h e  dimensional  r e q u i r e -  
ments f o r  c o n t r o l l i n g  t h e  r e a c t i o n  o f  t h e  honeycomb sandwich to  t r a n s v e r s e  
l o a d i n g .  These low- load f l e x u r a l  t e s t s  a l s o  conf i rmed t h e  m o d u l i .  As 
expected, t h e  f l e x u r a l  modulus was r e l a t i v e l y  i n s e n s i t i v e  t o  temperature v a r i a -  
t i o n s  because t h e  m a t r i x  modulus was so much lower than t h e  f i b e r  modulus. 

The shear s t i f f n e s s  determined by m u l t i p l y i n g  t h e  core modulus by t h e  d i s -  

The modu- 

tance between t h e  c e n t r o i d s  o f  t h e  sandwich f a c e  sheets was r e l a t i v e l y  
unchanged between -157 and 22 OC. A t  121 O C ,  however, t h e  shear s t i f f n e s s  
dropped t o  approx ima te l y  45 pe rcen t  o f  i t s  room-temperature va lue .  
l u s  o f  t h e  aluminum co re  was 75.8 kPa ( 1 1  p s i ) ,  from t a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI .  Young's modulus 
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o f  t h e  5052 aluminum a l l o y  a t  121 O C  was about  t h e  same as i t s  room-temperature 
va lue  ( a c c o r d i n g  t o  t h e  ALCOA aluminum handbook (1959, p.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30)). I t  can be 
i n f e r r e d  from t a b l e  V I 1 1  t h a t  t h e  shear modulus o f  t h e  [=6Oo/OoIs composite 
does n o t  change w i t h  i n c r e a s i n g  temperature.  As p r e v i o u s l y  no ted  ( i n  t h e  sec- 
t i o n  M a t e r i a l s  and F a b r i c a t i o n  Procedures),  t h e  epoxy adhesive used t o  bond t h e  
f a c e  sheets t o  t h e  aluminum honeycomb r e t a i n e d  approx ima te l y  60 p e r c e n t  o f  i t s  
room-temperature mechanical s t r e n g t h  a t  121 OC. T h i s  change i n  t h e  mechanical 
p r o p e r t i e s  o f  t h e  adhesive c o u l d  e x p l a i n  t h e  v a r i a b i l i t y  of t h e  shear s t i f f -  
ness. O f  t h e  t h r e e  sandwich c o n s t i t u e n t s ,  t h e  adhesive i s  t h e  o n l y  m a t e r i a l  
known t o  e x h i b i t  a decrease I n  mechanical  p r o p e r t i e s  a t  121 O C .  

Under these t e s t  c o n d i t i o n s ,  t h e  c o n t r i b u t i o n  o f  t h e  developed shear 
f o r c e s  t o  t h e  d e f l e c t i o n  o f  t h e  sandwich s t r u c t u r e  was l a r g e .  Shear ing con- 
t r i b u t e d  about t w o - t h i r d s  o f  t h e  t o t a l  d e f l e c t i o n  o f  t h e  sandwich m a t e r i a l  w i t h  
t h e  t h i c k e r  f a c e  sheets.  For t h e  t h i n n e r - f a c e d  sandwich, t h i s  va lue  decreased 
t o  approx ima te l y  55 p e r c e n t .  
minimum l e n g t h s  needed to  e l i m i n a t e  shear ing  e f f e c t s .  The s t r o n g  e f f e c t  o f  t he  
shear ing  s t r e s s e s  on t h e  s t r u c t u r e s  i s  r e f l e c t e d  i n  t h e  f a i l u r e  modes desc r ibed  
p r e v i o u s l y .  

The c r i t i c a l  l e n g t h s  l i s t e d  i n  t a b l e  V I  are  t h e  

SUMMARY OF RESULTS 

A s tudy  of t h e  mechanical p r o p e r t i e s  o f  composi te sandwich m a t e r i a l s  
i n tended  for  antenna a p p l i c a t i o n s  on t h e  Advanced Communications Technology 
S a t e l l i t e  (ACTS) l e d  t o  t h e  f o l l o w i n g  conc lus ions :  

1 .  The I C A N  program appears t o  be e f f e c t i v e  i n  p r e d i c t i n g  b o t h  f l b e r -  
dominated and matr ix-dominated mechanical p r o p e r t i e s  o f  composite m a t e r i a l s .  

2. The p i c tu re - f rame t e s t  can be used to measure shear p r o p e r t i e s  t h a t  a r e  
i n  l i n e  w i t h  p r e d i c t e d  va lues and a l s o  t o  determine whether t h e  r e s u l t i n g  f a i l -  
u r e  modes a re  those p r e d i c t e d .  I t  i s  recommended t h a t  a d e t a i l e d  a n a l y s i s  o f  
t h e  t e s t  be made t o  c l a r i f y  c o n f l i c t i n g  i n f o r m a t i o n  found i n  t h e  l i t e r a t u r e .  
Those who m igh t  want t o  use t h i s  t e s t  as a p a r t  o f  a standard c h a r a c t e r i z a t i o n  
program migh t  cons ide r  combining t h e  specimen and t h e  l o a d i n g  frame i n t o  one 
u n i t  u s i n g  one c o n s t r u c t i o n  m a t e r i a l .  
about t h e  e f f e c t s  o f  d i f f e r e n c e s  i n  t h e  c o e f f i c i e n t s  o f  thermal expansion. 
However, t h e  problem o f  i n t r o d u c i n g  t h e  l o a d  i n t o  t h e  u n i t  may be too g r e a t .  

Th i s  would e l i m i n a t e  t h e  n a t u r a l  concern 

3. The sandwich f l e x u r a l  t e s t s  h i g h l i g h t  t h e  s i g n i f i c a n c e  o f  t h e  mechani- 
c a l  p r o p e r t i e s  o f  t h e  adhesive i n  produc ing  a composi te sandwich s t r u c t u r e  t h a t  
e x h i b i t s  a l l  t h e  i n tended  p r o p e r t i e s .  The mechanical  p r o p e r t i e s  of t h e  adhe- 
s i v e  a r e  e s p e c i a l l y  i m p o r t a n t  i n  s t r u c t u r e s  w i t h  s h o r t  span-to-thickness 
r a t i o s ,  where the  shear s t i f f n e s s  c o n t r i b u t e s  t o  t h e  magnitude o f  t h e  beam or 
panel d e f l e c t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 .  The sandwich composite f l e x u r a l  t e s t s  employed span l e n g t h s  l e s s  than  
t h e  c r i t i c a l  l eng ths  o f  t h e  two types o f  sandwiches used i n  t h i s  s tudy .  Th is  
produced f a i l u r e  mechanisms t h a t  were c o n t r o l l e d  by shear r e a c t i o n s  i n  t h e  
honeycomb and t h e  adhesive.  A t  span l e n g t h s  g r e a t e r  than t h e  c r i t i c a l  l e n g t h s ,  
t h e  f a i l u r e  modes would be expected t o  be f l e x u r e  c o n t r o l l e d .  
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TABLE I. - MATERIAL PROPERTIES 

Thornel P-75 
carbon fiber 

at 22 OC 

McCann 580-5 
epoxy adhes i ve 

at 24 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOC 

Fiberite 934 
epoxy resin 

at 24 OC 

6 5 ~ 1 0 ~  

Hexcel 5052 
hexagonal 
a1 mi nun 
honeycurb 

Property 

Coefficient of  thermal 
expansion, ppm/OC: 

In the 1 d!rectjona 
In the 2 directiona 

Canpression strength, MPa (ksi) 
Stabi 1 i zed canpress!on 

strength, MPa (ksi) 
Canpress i on modu 1 us 

(stabi 1 i zed), kPa (psi) 
Crushing streggth, kPa (psi) 
Density, g/an (lblin.3) 
Filament diameter, m (in.) 
Plate shear modulus, kPa (psi) 
Plate shear strength, kPa (psi) 
Poisson's ratio: 

In the 1 directiona 
In the two directiona 

Shear modulus, GPa (Msi) 
Shear strength, MPa !ksi) 
Tensile failure strain, percent 
Tensile modulus, GPa (Msl) 
Tensile strength, MPa (ksi) 

-1.3 102.6 
10.0 

690 (100) 103.4 (15.0) 0.586 (0.085) 
0.655 (0.095) 

137.9 (20.0) 

278.5 (40.0) 
0.026 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0.0009) 2.0 (0.07,] 

lOxlO-6 (3.9~10- 
1.44 (0.052) 

75.8 (11.0) 
344.8 (50.0) 

0.2 
0.25 

0.71 (0.1) 
55.2 (8.0) 

2.7 
2.07 (0.3) 
55.2 (8.0) 

1.3 (0.185) 
89.6 (13.0) 

3.9 (0.57) 
103.4 (15.0) 

1.0g.2 
- 

0.4 
520 (75) 

1551 (225) 

d l  direction and 2 direction refer to axial d *ection and radial ( rection, respectively. 
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TABLE 11. - ACTS MATERIAL TEST MATRIX 

[Tenperatures: -157, 22, and 121 "C.1 

-157 22 

Type o f  test  

121 

Tensi 1 e 

22.9 (3.320) 
22.1 (3.200) 
21.4 (3.100) - -_ -- _------ 

Flexure 

Short-beam shear 

Picture frame 

23.0 (3.340) 13.7 (1.985) 
23.5 (3.410) 13.2 (1.985) 
22.1 (3.200) 11.9 (1.725) 
22.8 (3.310) 13.7 (1.990) 

Sandwich f lexure 

Property 

Nllmber 
o f  tests 

5 

5 

5 

2 

3 

Ply layup (laminate configuration) 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

I Ply layup I Desired property 

[00i8 

Young's modulus, E l l s t ;  

tens i le  strength, q 1 , t ;  

Poisson's ra t i o ,  v 

Flexural strength, q 1 , f  

Interlaminar shear strength 

Shear modulus, G; shear 

Flexural r i g i d i t y ,  D; shear 

strength, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 

st i f fness,  Q 

[Oo/900 Is [+600/001~ 

Tenperature, O C  

TABLE 111. - LAP-SHEAR STRENGTH OF HcCANN 580-5 EPOXY ADHESIVE 

938+1.2 
(136T4.2 

0.0030 
284+1.2 

(45.2+T.2) 
6. 300 

Lap-shear strength, 
MPa (ks i )  

1020+6.0 397+4.8 
(14820.9) (57.5+0.7) 

0.0030 OT0020 
329+1.3 172+1.0 

(47.7d.2) (25d.  1) 
6.334 3.030 

Arithmetic mean, 
HPa (ksi) 

Fai lure stress, 
HPa hi) 

Fai lure s t ra in  
Young's zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmdulus 

Ell GPa (?si) 
Poissbn's ra t i o .  v 

Standard dev i a t  i on, 
HPa (ks i )  

848+5.1 
(12320.7) 

0.0020 
353+2.0 

(51.2+0.3) 
6.304 

Property Ply layup (laminate configuration) I 

TABLE I V .  - TENSILE PROPERTIES FOR P-75/934 L M I N A T E S  MEASURED AT DIFFERENT TEMPERATURES 

c00i8 

ICAN 

I [oo/9001s [+600/00], 

Experimental 1 ICAN Experimental zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ICAN 

I -157 22 I 121 I -157 22 

415+3.1 
(6020.4) 

0.0030 
1524.9 

(22+0.1) 
6 .040 

121 I -157 I 22 

TABLE V. - ROOPI-TEHPERATURE MATERIAL PROPERTIES FOR P-75/934 LAMINATES 

342+1.7 

HPa (ksi)  
Fai lure s t ra in  
Elast ic  modulus, 

GPa (Msi) 

~ 

Experimental 

938 (136) 

0.0030 
284 (41.2) 

0.300 

I I I I 

862 (125) I 415 (60) I 476 (69) 1 311 (48) I 324 (47) 

0.0030 1 0.0028 1 0.0030 1 0.0031 I 0.0030 1 
311 (45.2) 152 (22.0) 158 (23.0) 109 (15.8) 109 (15.8) 

0.260 0.040 0.009 0.309 0.320 
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TABLE V I .  - FLEXURAL PROPERTIES OF [+60°/00]s SANDWICH STRUCTURE 

[Poisson's ra t io ,  0.3.1 

Property Thick face sheet Thin face sheet I I 

132.4+8.3 
( 19.2+T. 2) 
105.8+6.2 

( 1 5.320.9) 

24.9 (9.2) 

7.55 (2.8) 
46.2 (18.2) 

Temperature, O C  

-157 1 22 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 121 I -157 

68.3+11.9 
(9.971.7) 
99.3+4.8 

( 1 4 . 4 g .  7 1 

24.4 (9.0) 

3.6 (1.3) 
66.6 (26.0) 

Face-sheet stress a t  
fa i lure,  MPa Jksi) 

Face-sheet bending 
modulus, GPa (Msi) 

Flexural r i g i d i t y ,  MPa/an 
(ksi /i n , I  

Shear st i f fness, MPa/an 
(ksi /i n . ) 

C r i t i c a l  length, an (in.) 

Three-poi n t  bend: 
-157 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo c  
22 oc 

121 O C  

75.2+4.8 
(10.9+0.7) 

67.6+2.8 
(9.850.4) 

37.7 (13.8) 

6.8 (2.5) 
59.7 (23.5) 

689+9.9 100+1.4 721 104.6 
77g+35 11375.1 719 104.4 
633x24 92z3.5 718 104.2 

88.8+11.9 
(12.9T1.7) 
105.5+5.9 

( 15.3.a. 8) 

38.8 (14.3) 

7.55 (2.8) 
57.7 (22.7) 

Shear property 

I n i t i a l  modulus, GPa (Msi) 
Shear streFgth, MPa (ksi )  
Shear s t ra in  a t  fa i lure,  percent 

71.7+7.6 
(10.4+T.1) 
100.6+3.4 

(14.6g.5) 

38.5 (14.2) 

3.85 (1.4) 
80.3 (31.6) 

Test temperature, O C  

-157 22 121 

Observed ICAN 

37.7 (5.47) 37.2 (5.4) 40.7 (15.9) 37.2 (5.4) 
89.6 (13.0) 134.5 (19.5) (126.8) (18.4) 116.2 (16.9) 
----------- 0.47 _-____--___-- 0.46 

121.4+13.8 
( 17.672.0) 

89.6+0.7 
(13.050.1) 

24.2 (8.9) 

7.9 (2.9) 
44.4 (17.5) 

TABLE V I I .  - UNIDIRECTIONAL P-75/934 LAMINATE 

STRENGTHS 

tenperature 
Strength 

Short-beam shear: 

22 I 121 
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LOAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V 

MOUNTED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 
LOAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0' DIRECTION) 

FIGURE 1. - SCHEMATIC OF PICTURE-FRAME SHEAR TEST 
SPECINEN. (DIMENSIONS ARE I N  CENTIMETERS (INCHES).) 

0.64 
( 0 . 2 5 )  

I 

,-LOAD SPREADER, 2.54X5.1X0.64 STRAIN GAGE: 
LONGITUDINAL- ._ - 

lL 

AND TRANSVERSE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 

SUPPORT SUPPORT 
LOAD LOAD 
SPREADER SPREADER 

FIGURE 2. - SCHEMATIC OF COMPOSITE SANDWICH FLEXURAL TEST SPECIEN AND FIXTURE. (DIMENSIONS ARE I N  
CENTIMETERS ( INCHES), ) 
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FIGURE 3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- TENSILE SPECIMENS. 

FIGURE 4. - CRIPPLING FAILURE BY LOCALIZED CRUSHING UNDER LOAD SPREADER. 

14 



/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

FIGURE 5. - CRIPPLING FAILURE NEAR SUPPORT PADS. 

FIGURE 6. - FAILED SPECIMEN FROM PICTURE-FRAME SHEAR TEST. FRACTURE FROM COM- 
PRESSIVE FAILURE IS I N  DIRECTION OF TENSILE LOAD. 
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l a y u p  des igns  were f a b r i c a t e d  and t e s t e d .  

g r a t e d  Composite Ana lyze r  (ICAN) computer program. 

composi te- faced sandwich s t r u c t u r e  m a t e r i a l .  

i n  t h e  t e n s i l e ,  p i c tu re - f rame,  and sandwich f l e x u r a l  t e s t s .  The sandwich f l e x u r a l  s t r e n g t h  was 

l i m i t e d  by t h e  core  s t r e n g t h  a t  -157 and 22 "C. 

a t  121 "C. Adhesive mechanical  p r o p e r t i e s  a r e  r e f l e c t e d  i n  sandwich s t r u c t u r e  f l e x u r a l  p r o p e r t i e s  
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d e f l e c t i o n  behav io r  o f  t h e  sandwich beam. Most measured p r o p e r t i e s  agreed s a t i s f a c t o r i l y  w i t h  t h e  

p r o p e r t i e s  p r e d i c t e d  by ICAN. 

A s t u d y  was conducted t o  

These des igns  had been s t u d i e d  by u s i n g  NASA's I n t e -  

F l e x u r a l  t e s t s  were conducted on [k.6O0/4"] 

Res is tance  s t r a i n  gages were used t o  measure s t r a i n s  

The adhes ive  bond s t r e n g t h  was t h e  l i m i t i n g  f a c t o r  


