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SE C T I O N  1

I N T R O DU C T I O N

R e c e n t  deve lopment s in m a te r i a l s  and s t r u c t u r e s  techn- Ilocy a a . -e

begun  to  push advanced  f i l a m e n t a r y  compos i t e s  out of the  ex c l u s i v e
domain  of r e s e a r c h  s tud i e s  and in to  s e c o n d a r y  s t r u c t u r a l  h a r dA ’a r e  in
aer o s p a c e  sys tems  and ot h er  u s 3 g e .  H a n d - i n - h a n d  w i th  t h e s e  d ev e l o p m e n t s
t h e r e  is a g r o w i ng  need for  r e l i ab l e  methods  for  s t r c - n~i t h  ar d  a S ] u r e
p red ic t  ion  unde r  comp lex loading e n v i r o n m e n t s .  U n t i l  r e c e n t  l y ,  t he  ene  r a l
s ubject of ma te r i a l  int c~t r i t y of f i l a n s en t a ~r v  c o m p o s i te s  has been a p p r o a c h e d
b y ei ther  one of two g e n e r a l  d i r e c t i on s .  - I On t h e  one h a n - I  t h e r e  have h o-n
microm charical de s c r i p t i on s  of f a i l u re  p r o c e s s e s .  N u m er o u s  s t u dI e s , bot h
e x p e r i m e n t a l  and ana l y t i ca l , have been  d i r e c t e d  at d e s c r i b i n ~ s in g le , indepen-
dent f a i l u r e  m e c h a n i s m s  such as m a t r i x / f i b e r  d li - n d i r c  , f i b e r  r u p t u r e , m a t r i x
decohes ion , f i be r  c r i pp l i n 2 ,  p l~’ d e l a m in a t i o n  and l u i nj n : t I S ed c e  e f f e c t s .  T h e s e
Lfl~’ es~ ig at i o n s  have  been s uc c e s s f u l  in p r o v i d i n e  use fu l  d e s i gn t o ols  f o r  p r e  -
d i e t i n g  f a i l u r e  when caused  by a s ing le mechanism El f t h e - t y p e  j u st  f l 1 ( n t i O ~~e 1].
The  p r a c t i c a l  l imi ta t ion  of t h i s  a p p ro a c h .  h w e v e r , l ies in ou r  i n a b i l i t y  to
combine  two or more  of t he s e  m e c h a n i s m s  i nt o  an analvi  i c a l  f r a m e w o r k
s uit a b l e  for  d e s c r i b i ng  more comp l e x - - a n d  r e a l i s t Jc - - f a i  l u r e  p r o c e s s e s.  The
Cur c h a n i s m  or mechan i sms  which  ~~o e e rn  f a i l u r e  depend  s t ron i t  ly
on the  stat e of s t r e s s  ( s t r a in ) in a p ly or Laminat e , and n o  ~oi ’oera L ph ys i c a l ly -  [
based  t h e o r y  has yet emerged  -.vhi ch s u b s u m e s  these  s e v e r a l  i so la ted  me . h-
a n i s m s .  Th is , m i c r o m e c h a n i c a l  f a i l u re  d e s ’ : r i p t i on s  appear  to  be lim ited in
p r i n c i p le  to  c i r c u m s t a n c e s  w h er e  a sin ~~le m e c h a n i s m  is known  a p r i o r i  to
do mina te  f a i l u r e  for  a r,t ive n s t ress  s ta te .

Th e s e c o n d  gene ra l  method which  has been used  “t as  been to c o O s t  “u c t  it

abs t r ac t  ma themat ica l  models  based  on the  concept  of l imit  s u r f a c e s , bo r rowed
or i g inal l y f r o m  c lass ica l  meta l  pl a s t i c i t y  t h e o r y .  U The approach  he re  is to
def ine  f a i l u r e  as the  v a r i i s h i n ~ of some pol y n o m i a l  s t r c — s  (or s t r a i n )  fu ’ -i. - t ion a l ,
most commonl y of q u a d r a t i c  for m .  Symmetry restrictions are  imposed ipm
t h e  f u n c t ional , and  the  c o e f f i c ie n t s arc ’  d e f i n e d  in t e t - t n s  c f  f a m i l i ar  t e n s i o n ,
c o m p r e s s i o n , and shea r  s t r e n g t h s .  In t h i s  w a y ,  a t e n so r i a l l y co r r e c t  mathema-
t i ca l  model can be c o n s t r u c t e d  which  p er m i t s  st  r en ,~t h  p r e d i c t i o n s  to  be made
for  g e n e r a l  s t r e s s  ( s t r a i n )  s t a t e s .  This app roach  s u f f e r s , h ow ev e r , in t h e
r es p e c t  tha t  the  mechan ic s  of t he  f a i l u r e  p r o c e s s e s  a re  s i d e s t e p p e d , w i t h  t h e
r e s e l l  that  p r e d i c t e d  f a i l u r e  loci  o n l y  approx imat e t r u  v a l u e s .

R e c e n  1y ~
2 1  a s - m e wh a ~ d i f f e r e n t  a p p r o a c h  to  f a i l u r e  p r e d i c t i o n  has  been

p r o p o s e d .  It has  b e e n  r e c o~~n i z e d  tha t  wha t  is n e e d e d  is ‘i ph y s i  all y d e t e c tab l e
e v e n t  or ph e n o men on  which  for eshad IW S f i n a l  f a i l u r e  in a l amina t ed  f i l a m en t a r y
coniposite. Su ch  a phenomenon might be likened t~~~ t h e  y ield p o in t  in  p o 1 v -
c r y s t a l l i n e  m e t a l s ;  d e f o r i i i s t  i on  w i t h i n  t hc-  y i e l d  po in t  is ide- a li v r e v - - r s i b l e  w i t h
no p -  r n i o n  enf  I i ’ t r n : I  c e. Onc”  t h e  y i e ld  p o i n t  is ‘ - u -  I - i l l - I , howeve r , p er rnanant

I,
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d e f o r m a t i o n  and d t i n a u e  ar e  d o n e  to the  m at e r i a l , r c - sa r d l c s s  of t h e  s t r e s s

(~~t r a i n t st a l e  c a u s i n c  t he  y ield p o i n t  e x ee ed ~~n c c .

In filamentary compo sit e laminates it has be en  su ~t u e s i  erA ~h at f i r s t

p ly failu re ~FPE’I mi tthl f o r m  t h e  ba s i s  fo r  a ph y s i c a l  t h e o r y  of i r r e v e r s i b l e

d a m a g e  va l i d  for  all s t r e s s  ( s t r a i n )  sta 4 es.  The FPF t h e o r y  says , in  e f f e c t ,

that  a ny  un~hinal ion •) f  s t r e s s e s  s u f f i c ient to c a u s e  local f a i l u r e  of some ply

in a laminate r- I n S t i t I l ’ es a c r i ti c a l  s t r e s s  s t a t e .  St ’e s s  s t a t e s  i n s u f f i c i e nt  to

c r eat e FPF caus e no p er m a n en t  damage of t he  l amina t e .  Comput at ional l y,

FPF is predicted oy u s i n - t  a laminated p late t ype of theory to compu’e the

st r e S s  (S t  :ain ) stat e w i t h i n  each p ly,  and h en  app ly in~i one o r m o r e

c n c p~r i c a L  f a i l u r e  c r i t e r ia  to  the  p lies.  Th i s  a p p r o a c h  has  the a d v a n t a g es

of a)  b e i n c  t e n s or i a l l y co n s i s t e n t  in app l y in~ to  comp lex s t r e s s  s t at e s ,

b )  b o r r o w i ng  f r o m  the  w e l l - d e v e l o p e d  nod y of l amina ted  p lat e t h e o r y ,  and

c 1 a l lowing  f rom one to  se v e r al  m i c r o m e c h a ni c a l  p ly f a i l u r e  modes  to  be

app l i cable  s imu l t aneousl y.

Tl’t FPF hypothesis has yet to be tested comprehensively. Little

a- :r ’t c - r j m e n t al  data  are  ava i l ab le  on the  f a i l u r e  c h a r a c te r i s t i c s  of l am i n a t e d

corn p - si t e s  u n d e r  static multiaxial loads. In the ca s e  of m ul t i ax i a l  fa t i gue

loads , dot  a a r e  a lmos t  n o n _ e x i s t e n t . Thus , in or d e r  to t e s t  t he  v a l i d L t y of

t h e  FPF a pp r o a c h , what is n ce d c d  f i r s t  is a r e l i a b l e  method of su b j e c t i n g  a

l am inat e to  a con t ro l l ed  mci lt i ax i al  loading st a t e .  Beyond I b i s , howeve r , an

e x p e r im e n t a l  t e c h n i q u e  is needed w h i c h  w i l l  enable  t h e  FPF e v e n t  to  he

d e t e c  t ed . Such  a t e c h n i q u e  should be s e n s i t i v e  to de t ec t ing  a local  p ly f a i l u r e

ec: e i a t  when t h e  ply is wh ’nin  the  l a m in a t e  t h i c k n e s s , for the  FPF event  w i l l  not

a lwa~ ( cr  on an o b s e r v a bl e  su r f a c e  p ly.

TI - ic ’ ob j e c t i v e  of t h i s  r n - c o i o c  r e s e a r c h  s tud y is to d e v e l o p  e x p e r i nie l  -

ta l  n c o c e d u r e s  ard a da ta  base  to  a ss e s s  t h e  v a l i d i t y  of FPF as a cr i t e r i o n  for

i n i t i a l  l a m in a t e  dc - - i t  r a d at  ion ar “ f a i l u r e ’ . The r i - s e a r c h  has  involved charac-
e r i z i  s i m p le l a m i n a t e s  u n d e r  b i a x i a l  loads , and deve lop ing an e x p e r i m e n t a l

m c ’ }~~- r I c  m i  y fo r  r h - t  ( ‘ I  inc FPF , f i r s t u nd e r  m m i n o t o n i  c , and later  unde r  c y c l i c  $

1 cad i n c .  ] h i  s i s  b e i r t ~ done  b y sub  ect in~ I ubular laminated specimens to

v a r i ou s  kn own s t r e s s  st a t e s .  The  s t r e s s  level  is c i ’ a du a l l v  i n c r e a s er t u n t i l

FPF  can  be d m 1  e l  ed. An e x p er i m e n t a l  t e c h n i q u e .  bo~~cd up on th e use  o f

- ‘ a - i t  ic e m i s s io n  instrument ation, was developed and is r e p o r t e d  h e r e i n .

S i n c e  t l l s  t e c h n i q u e  d i d  n u t  prov e f r u i t f u l , t h e  on e st i c a t o r s  a r e  develop ing
a l t e r n a t i v e -  111 ( 1 h od ol .om .t  ics ba sed  upon the  app l i ca t ion  of d ye penet r ant s and b y
r cp l i ’ - a t i o n  t e c h n i q ue s  in connec t ion  wIth lay - st crc- s is records of the specimen

I !  s’ - I - 5 S \ e l V  h i c } a c - r  s t r e s s  le, -e ls .  - l h e  r e s u l ts  of t h e s e  inveS t lea l ions w i l l
r ( !po t ’t -d l a t e r .

-
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SECTION II -- - -

M A T E R I A L  SYSTEM AND SPECIMEN F A B R I C A T I O N  - 
-

-

1. P rep reg  System

The mate r i a l  sys t em chosen  fo r  t h i s  r e s e a r c h  stud y was F ibe r i t e h y -E
1034C hi gh - t e m p e r a t u r e  g r a p h i t e/ e p o x y  p r e pr e e  t ape .  Th i s  p r e p r e g  sys t em
uses  Union  Carb ide ’ s T -300  f iber , and is c e r t i f i e d  to meet the  fo l lowing
F i ber i t e  p r o p e r t y  s p e c i f i c a t i o n s :  j

P r e p r e g  S p e c i f i c a t i o n s  N o m i n a l  Values

R e s i n  Content  4( 1’,

Volat i le  Cont ent tl , 5~~ _ ij

Pl y T h i c k n e s s  ( c u r e d )  . 005 inches

Gel Time at 340°l”  I I  m i n u t e s  -
‘
: - -

C om p o si t e  P roj 2 or t i e s

e n su e Stren~ th 2 3 5 .  0 2 0 0 .  0

Tens  ile Modulus  23 .  5 2 3 . 5  ii

F lexu ra~ t’t r e n g t h  2 70 . 0 22 0 .  0

F le x u r a l  M o d u l u s  2 3 . 0  23 ,  0

Shor t  Beam Shear  Str c - n e i h  1 6 . 0  9 . 5  - - -

Sp c ’ - i t i c  G r a v i t y  1 . u t ~)

FIb er Volume

T h i s  m a ter i a l  s~ s t e m  is in widc  u s e  at t h c  p r e s ent  t i m e .  It is
c u r r e n t ly bc~n~ used b~ ~~~~~ k w e l l  I n t e r n a t i on a l  in t h e  F a b r i c a t i o n  of t he  Space
Shut t le  pay load ba y doors , tut l)or ine l l  Dou.~las A s t r o n a u t i c s  in t h e  Space Sh,i ’ t l -
a f t  p r o p u l s i o n  s y s t e m  s t r u c t u re , and  oy Lock h eed Mi ss il es and  Space  D i v i s i o n
in the  ~ 4 T r i d e n t  l o t  or s ta g e  ~‘ r c I c t c m r c ’ , as wel l  as other  h a r d w a r e  and r e s e a r c h
p r o j e c t s .

‘I hese data w ’ r e  ob ta ined  f r o m  c o m p os i t  (‘S w h i c h  were  f ab r  cat ed iy s t a n d a r d
au t o c lave  t e c h n u ~ues  u si n g 100 psi  ~m a i  t m i n - n  ed pr essure. All strencth values are

rep or ted  in X 10 ps i  uni t s , all mod iii arc X I t ) ’ p s i .

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~ ~~~~~



- ~~~~~~~~~~ ~~~~~~ 
-
~~~~

- -
~~~ 

- ---=---- - - - - ~~~r-~ _. ,_ — - -‘ .‘.w--~ - -~~-- “ ~~~~‘ ~~~~~~~~~~~~~~~~~~~~~~ ‘ ~~~‘ 
-

2. Tube l-’abrieatiun

Four —p ly laminated tubes were fabrica’ ~-d , in thr .- d ifferen t 1a~ ‘ a ;
orientations , hu~ big a nom inal at er diameter of 1. 013 inc lic ~~, antI a trimmed

leng th of lb . 0 i n c h e s .  The t h r e e  l a v ’ap s  chosc -n  fo r  f a b r i c a t i o n  ant i  -
- est  w e rt - :

fl)J90 , and t j 4 5~- 4 s s

Pr ’ec:ssinc details have been g ive n e l s e w h e r e .  The prur- cd~~rc-
i n v o l v e s  f i t t i n g  a h - Il , w , peciorated mandrel with an ela stc ’n ’teric hiacUl -e r,
ari d t h e n  w r a p p i n e  t h e  prep rec t ape , t o e~ - t i n : r  wit h a p p r o p r i a te ‘.- ent and
b l e e d e r  n-i a te r  ia ls , a i’ und the m a n d r e l .  T h i s  a s sembly is t h e n  p laced i n s i d e
a sp li t  f e m a ic -  niold, ari d t he  n i o n d r e l  p r e s s ur i z e d  f r o m  w i t h i n  d o r i n ~ the c u r t -

c y c l e .  T h e  dc - t a i l s  of this proced i re  a r e  d e s c r i b e d  oy t he  fol1o’,~ a step s:

I )  P r~~p ar c  tc-mp l a tc -  fo r  I ayup .

2 )  La-gop p r e p r e~.t to  d e s i r e d  or i e nt al i o n .

3 1  Prepare mandrel b y app ly ing a ri-lease oat  of NiS — l 3 6 .

-1 1 Sp iral wrap Vent cloth o-;er iu a ’a d  r e t .

a .  Wi - op a t  eflon f i l m  p r -C fra r a t ed on 2 — i n c h  c e n t e r  over vent
cloth.

h. Spiral wrap one p ly of Ni oc hb m r g paper bLed er  over cot
film .

i t .  W i op  -one p l y of I X  1040 s e p a r a t o r  cloth over bleed er.

5 I P ‘all Ia y u p  o n t o  m a n d  r c I .

t I  T o n e  b - a b a  e n d s  of l a y u p  to  p r e v e n t  r e s i n  loss allowin g a p p r c : u i i n  i t e l y
4 — i n c h c ~~ of vent to extend h ey - m c i  i a yu p .

7 1 Place la yma p in fema lc ’  m o ld .  P l ace  mold in oven and proceed with
c u r e  c y c l e  ac cord in ,c to Fabr’ rit c sp ec ific at ion:
33 0 °  F’ (sp a- ime - n temper atur e ) b r  2 h- irs at 0Q p s i g ;  t h ~~n c i a - il

to  H (A ° 1-’ u n d e r  a b ov e  p re s  s u r e .

U p to n ow , about  30 t u b e s  h a ve  been t amb r ara t c- d. Due t o  t h e  c- -~I r e m a i c - l \

f r a g i le  n a t u r e  of t h e  1 — p l y ,  0 ’  t u b es , se v e n  v t i’ e d a n ’t a : e d  d u r i n g  r e i n c ’v a l  of

t h e  b l eede r  ant I  cent .  c l - t b  f r om  i n s i d e  t h e  s p e c im e n s .  f b i -s pr c a b l e i i i , h o w e v e r ,
has  b -er - , s- a l t e c! b y r i - p l a c i n g  t h e  o v i o n  t e n t  f i l n i  w i t h  a t e f l o n  f l u r o c a r b ~’n f i l m .
T h -  e f l on  f i l m  e r i s u r e ~ a bet~~-r r , - l , - o s e  b et w - c ”  t h e  v e n t  d c l i  and j l e ed er  p ly

t b - ms m aking it  p o ss i b l e  t o  r e r m i o v i t -  t h i t  v e n t  c l o t h  and b l t - , - ’ I e r  i-i s s t -p a r o l e units ,

w h i c h  t h e n  p l aces  less t r -m nsv c r se pc-ct stres s on the specim en.

-4
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Onc - a c t  i~~- i-  p robleni  ar e a  c o n c e r n i n g  L u b e  f a b r i c o t i  o c w  ~ s c - n c - O i l  c - r e d

in a - -h : ev i nu  a c l e a n  h,it t jo int in the 90 p li es c f  t h e  T 0 I ’ i ~~5 t u b e s .  h a r t - c

- 
t ubes  ‘v t - r e  r e j c - - ~ t o i l  0 cc - t o  t } a c -  v a  m o t i l e  wait thickiess a ’~ ‘ h e  a r ea

of t h e  ~ c- c- r l ap s  i n  t h e  i w ’  9 0 °  p l ie s .  ] h i s  p r o b l e i a wa s  cI n t i n a t c a c i  ‘
~~~ 

w r < ~p-

pin -r hi- ‘10 ° p l i e s  in on e  c u n t i n J a c i 5 ’~ii ece w i t : ,  t i l e  - C c r i a 4  ) ic Lr~~ ~n a 3 ( t )

sp ir ol w r a p  f r om  c-nd  tc  end of the s pc-c an en.

A f t e r  t h e  t ub e s  a re  f a b r i c a t e d  a n d  rroii:nc-d - a s a z c - , t h e y  m i a - a~~t be

t a b b e d  i n s i de  and oat  s i d e  at either e n d  f or  an~~a - ra ion into t h e  h y d r au l i c  s r a p

sy  —I - n c .  T h e  t a t t i c S  ha v e  a f i n i s h e d  l e n g I t :  a f  I 0 . 0 in c h e s , a n d  ? 5 i n c h  to~ t a t  s

a r e  p l a c e d  at  e i t h e r  e n d , Ic -a - - - c n
~~ a b o u t  5 .  0 in c h e s  of g a L e  l t - n g t e  f i t )  i a l

e f f ’  a r t s  at  t abb i i- g inr-otved p l a r  i ng  a c  et I a yu p  of g lass - cr NI ebb-arc paper

in  t i a c ,  t a b  a r c - a s , c u r i n g ,  a n d  z r a a c h i n i n k  t o  t ( a l e i ’ a f l -_ e. I h i s  a o r a c e d  i r e  p — o c t ’

t im e — c o n s i n a i n g  air !  e x p e n si v e , as W i - l i  as p a - o v a d a n ~ a ‘ ab  :‘ as  to  ci t

in  t h e  hoop d i r t - c t  i o n  1. 0 p er n i l t  t h e  c o f l i p en s a t i r a g f , , a t u r c -  -of r h c - ( a v d r a a1i~
c r i p  sy st c-n t o  f u n c t i o n  e f f e c t i v e l y -  Th e a - - I - r i - . - f f o r t s  w e r  ma d e  - a n e v e no

-In  i f l ip r a c e d  L a b b i n g  t e c l i n  iq~te.

E h L ) r a c  er l i re  c a r r e n t l y b e i n g  u sed  r , - s  - it s i ’ - u  ~~~~~~ ~~ i i i  f l ed

r e s i n  1-hi m 815 , os i ne  - c r i t i c  a-cent  U .  1- k r  i r a - s ~n il  2 ~ O -,v d i a ~~r ai i i ~ at t h c

tab ncold in e a p p a r a t u s .  B a s i c a l ly , th ~ ac he  a s  ~ ai i ’ :~~d d r - w : c w a r d  t 1 a ’ - a a - i ~~’ . a s~~ ) i t ,

c lo se - f i t t i m i ~ ou t e r  sleeve , u n t i l  t he  t a i b e  seat s and is a c r u r - o i e i ~ a l a r n e d  c - l - ccn-

t — i c a l ! y hetwc- a -’~ t h e  m a t t e r  s i c - c - c e  zi nC a ia anc i :- c- !  a ’ : s e r ’ t~ t h e se  t O n ~~ en t t~ -

c y l i n d e r s  f o r m  I ) ~~ ta~ - i,I f a r  b at  nea t  r e s i n .  Ti c- r e s i n  a s  t h e n  i n t r od u c e d

co u r t ’ 1 , an d  ‘h e n t a - c  t i b e  t’ eii a o ve c i  w i t h bot h tahs a n  one s p e c  i t t l c - ’ i  a - n d  in ;o l a r ~~ .

r - c i a c i r i n c  n o  f u r t h e r  -v  - - rk  t~~ h r a ’ - c lhe oa an t a -i l  m in c e .  T he  sp e ~~: f i c  t a b  p r c o  -

s i r i :  det ~~ i l s a r e  s u m i i m n a ’ i i e d  as  t o l ir a w s :

i t  t ape  n i t - n  is  s a n d e d  a nt i  w i p ed c l e a n  w i t h  M . K .  K .  a n  t a b  a r t - a

— 2 )  M o t d i s  p r e h e a t c - r i  t a  1 20 °  F-

~ t ) -~ , - s a n is m i x e d  t l t pon 8 1 5  a n d  2 O ~-~ of c u r : n :  ~j~~~~ fl l ~ - -

4 M a  \t  a c r e  is t h e n  li l a  cr 1 a n  O c  0 0 1 ) 1  a n d  :1_ - c u s  c d  - - , t i a l  - S il -

l s  r a i l  a . 1 0 .

5 ’  \1:~~i a r e  is t i c n p a - : r e d  a n - ’  i i  a i d , a n d  t u b e  i s  p la - - r i  a n t i -  n a tO x i e r e

1 r - i i l a i f l u i  m n l  1 i r e -  c-c anc p lete.

Sa t e -  s t e i) ~ r e p -al  c-a f o r  - a p p o s i t e  end - I t a l a

T i a r a - c -  t ab  s y s t  c - t i c s  ~~er c I n c - c l  us ing t h i s  ap p r - I ; o  ~~ , 7 o 1  d r y  glass , i m i ip r er --

~~0 t , - ’ I  w i t h  E~o’n 815  r , - s t n :  t I a r a  c p u - s  f I ’ ’  ) ‘ - 3i S a t h  p ly  w a l l  0/~~u / t ) ’

ori en t -a t i ’ n ; a-intl tI a r a - - n i i , - ~ - - I  ‘ 2 - - - 1:bor~ r i p e r  b l - , - d e r , i i a a ~ - r c  g a - a l a - i !  w i t h

l’~p~~i~i 815 i’ ,-s i n ,

.‘
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I- I t ’ P a ne l  t a b r a c al i - a c

- 
1- a c m  po ’~el s , a O e h  imac -za su n i tz g 1 1  in - tic s hr 4 iai a - h es , w er e  f a h r t c a t  C- cl

- ‘ c  p in- p ‘SaS 0 nia kin g c a a a i ~ i ‘ - i - t y p r S 1) c - c i i t a e ’ c~~. T h e  panels w e r e  p r o r a - s s c d

in a b ) an tcet  p~’~ s s  a i s i n g  c ! , ~ - s a n a  ~ a i n a -  - c d t  as w a s  u se d  an  t u b a  r a r e s s  -
-

~m n e  p it f vent cl a m t h (p e r 1 o’ a t~~- i i  -n  -in ch c e n t  e r s  t ar i d  one bl eeder p l y -. v a - r e

us-cd ‘n eithe r side nt lice l a y i p  a! c a — a n c  e l i ’ t .  ~l l i e  f ou r  i a y a l p s  t h o t  iv r c -  p m - -

- 
- o ar e d  V e n t  

- 
, [0 /  i 2 , / 0 a ~ , i ’m Th- ~ 4 5’  A f t e r  f i i hr : c : a , t  i on

t h e’ l a n i l  na ’  e i - i~ c( e ~~~~~~~~ ~. ~ m u m - i!  a~~c! s c~u a r  c - ’ ! .  an d  :cr ea~ t o  be  t abb ed  ~ c-r e
s a n !, ’- ) w i t h I t O  g r i t  sand paper cc ’ — a t  w ip e d  c l e a n  w t t ii N I i - : K  car a - . a - a  o ne .  A

‘ 

l I q u i d  a c l r i c - s i v c -  was  t h i n ap p l i a - d  0 b- a n (l ha ’ t a b s  - a n t o  t h e -  panc al . Th e- p a n e !
a tv a s  cut  in i a 3/ 4—in ch c i d e  t e n m l e  sp e c im e n s us i ’i c a d i a m ne - a: s l i t t i n g  -m d c - .

T h a :  t a b s , wh i r - li a m - c- b- n d e d  t o  t h e  l a m n i n - c I  ed 1 a-: a - l  b a - f - - r ca  ~ i t t  r _ t h e

~~~ s p~ - c i i i e n s  1r o m  t h e  pan t- I , were fctb r :a -it c - d af u n i r l i r t - a t  m o n a !  g l a s s  t a p e

- ~
- c a t c h  P ly  i O i ) - ’ — 3 0  E C ; l a s s .  3M  C o mp a n y i .  tl 1- c: t a p e  was  l a r m n a a i ed mb a

7 — p l y  s t r i p  ( O / a i ) t / O T  0 . 0 5 5  - i a ; c i i  t h i c k .  A f t , - r  c u r e , l ice s t r i p w a s

i i ii  a : h ir a - m i  i n t o  a 1- 1/2 - I n c h  w i d e  t ab  - t  r i p wi t h a 35 ° c-h an c b c r a l o n e  c a n e  s ida ’ .

4-

F’~po~~ i 1 ’ u l eh .  r n an a f a t a i r e d iv t i a c  J l v s a] D i v i a i u a n  f t h c -  f l - - -~t - r  em a t ’ ~t t i 0 f l .

- ( - — I n c h  0 - a i m a  e r , 1) . 025- - i n c h  t h i a  k , r i t a n a i f a c  t i m - a l  by  i- l g i n  D i am o n d  P ro d  t c t s

of 3 ( , t ,  ) t i - a f f  i t y  t i v d .  , I c i g i r - , I l l i n o i s .  
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P L Y  ( I { A P A ( T E R I Z A T I O ~ W I T H  ~ 1 h3I - ~S -~ hi 1) ( i f l t ’ I - O’t S

1. T c s ~ ~.I c ’ t I1Od~ a l ) L  a,-

J a i b a m l a r  s pe c i m e ns  wa - r e  t m - s t  r u n o en t e d  wi t h t w o  350  oh m ’ St r i r i  e a :e
ro s e t t e s  m o u n t e d  c r - t a t r a l l v  ( in t h e  t u b e .  180 : 1 , - g n a t - s  a n a r t .  lS zt -:h r u - t I l e

co n s i s t ed a a f  t N t - a -  s t r a i n  g at e s  o r a a -n t ed at ‘ , 45 , a n d  t O d c ’ g r c - - s  l o t t e  t c i l , a -

axis pro- ridin g f o r  n~e a s u n t i 1 m e r t  of a x i a l , h a - up , a nd s he - , r  ~t r a I n . 4 1

s i x  g o r e s  -a’c’re w i r e d  i n t o a swa tch a n g cir c : a i a t  w i t h  d o t  a d i s p lave ’ !  on a

d i e  it  J v o l t ’c~ ’ -t a - n  a n d  r e - c o r d e d  in  t a l ) , a l a t r f o r m  a .  Spe  & : i l n c n s  - a - ’ - e lco orl -d ,

za n d e r  lead c i a n t r o l , s h - a r t  of f a i l u r e -  t w o  (m ine s b e - f o r e  b a - i n c  br a k a  d u r a ’ z e
t h e  f i n a l  loading. Tm-~tin g was  d o n e  in  ‘n R I  E[~ l ro _ Ii a .ri ra - a Iac ITiaxial

N 1 i c l - i i ne  ec i aaatiDe d wit h t h e  s u r v a o - h v d r a t i l i e  g r : p  s v o l c ~r ii d c- v e l o p z d  , - a r l i e r

under Air Forc c- sponsorship. (4) ~ he ta-st s t  u p  i s  sh ea-n in l- a g ur e 3.

In i t i a l  t e s t i ng  was  dcc l a ve d  b y t c a -  p r a - i t a z a l  - a r e  r i l : - ’ ‘ar e  ‘I an  a n n a -zr  e n  an

s l e e v e  ( s ee  F i gure 4). W h e n  t h e  r H a c e n a c - n t  s l e c - v e  z i l s o  r u p t  t i r ed , ~ w a s
r l e c i d c a d t o  a i t u d i f y  t he  g r i p s ys t e m .  As  d e s c r i be d  in R~ l e n a - r e  e ~~, t h e

i g i n a l  p r o c e d u r e  f a a r  f a b r i c a t i n g  t h e  f l e e r  g r i t a  s le e v e  is a t i m e  eonsaifl ::n

(a nd  t h c - r , - - i ’ re  c o s t l y ) p r i a e s s.  B a s i c a l ly ,  t i e - - r i g u n a l  p r o c e d ur e -  r e q u i r e d
m olding t i a t :  s egm e n t e d  t a \ c - t  c l -  r e i t i k a i ’c i n g  s le ev e  in t h e  Acl i pr er i e p c a l y i : cr
m a t e r i a l , m a c h i n i ng  a s e a l - l i p  in each  end , and a s s e m bl i ng  w i ’  h an ti

r i n g  - - s e c t i o n a l  t u b i n g  a r r a ng e m en t  i n s i d e  to  e f f e c t . i n i t i a l  s e a l i n g  isc- e T i g u r e

5h  Ft--en  w i t } a  t h e  ‘‘0’’ r i n g  a r r a n g i ’ i t a ( r l  , h o w e v e r , t h e  i n i t i a l  s e a l  ‘ :as

aft er difficult t o a c h iev e .  To c o r r e c t  t h i s  p r o b l e m , t h  i t a o a m  ‘ sI c- a v e
m old  was re b ai il t t o  p r o vi d e  gr a v e s  i n s i d e  e a c h  end  of  t h e  f i n i s h e d  g r a p

sic-eve. These g r o v e s  a e c on m i a - d z t t c  g r a p h i t e - f i l l e d  t i - l i o n  s p r i n g - l o a d ed

high pr e s sure s ea l s  which a r e  ~~ - n m n a e ~~c i a [ ly  a v a i l a b l e .  - - ‘ T h i s  method

corn p le~ el y a ’ l a i i a i n ; a t ed t h e  n i a c i c i n i n c  op e r a t i o n ~a ’ a r l  t h e  cu n ap li - a Ime d ‘‘0’’

ring—s ec ti onal tubing arrangeflient. 1 lie onl y a s s , - t l ! l lv  lr t l\ - r i  w a s  i n S c - r i  i o n

of t h e  s i l l s  i n t o  he sic-ev a ’s , w h i c h  p r o v e d  t o  he a s i n a p le  o p e r a t i o n .  T h e

fina l- im a o di f icat ion m v- dy ed g r i n d i n g  I t o -  g r i p a s s  r i i b l v  S t  ill smaller t o
a c c o a i i t i a - - d , a t a -  t h e  n e w  s i l l S .  ‘V h c - n t e~~l i ng  was r e r a m n i e r l . l i c e f l a w  i n n e r

s i c - c - c a -  w or k e d  v t r ~ el I , a- l itiii na mt ing C i a -  p r a - - ~ i c c a i s ly  c - n e c a a n t er e d  m n i t i~~l

s e a l i ng  p r c m l m l a - m .

c; -au p - n ty p e  s p - c i m o a ’ - n s  a - r i - i n s t r a c i  - e n i e d  w i t h  w-  3 5 ( )  - s h i n  s t r a i n

g o c - e S  to  r i n - a s a i r e  ls n g i t u d i n a i  a n d  t r a n s v a - r s c  s t r a i n .  L a , n r a t m m d i ’ c :i l t c - n s i l e

loan i n g  w a s  d a m e  w i t h  arm In s t  r u n  ,‘vI a t l e l  2~ i C  t e n s i l e  t e s t  m a c h i n e - . Load—

v e r s u s  — s t r a i n  p lo t s w ere  r e t  - i r r i a - d  i s  I n c  ‘1 p l o t ) e rs  . l ) t t  am i n -  in b - - h

tubes and coup aans were ta t - ail ~,C-d and type d ‘it o a Hewlet t - l ’ : a - - k a r d  N t  - d e l

i’ z ’ l - S a - a l l1 n g in s- a-rin g C ’tiu pi v , ‘1 i c - t m  , C a l i f o r n i a .
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Figure 3 . Tubular Specimen Mounted in the Test Apparatus
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9830A e l ec t ron i c  data p ro cea ~sor for s t o r a g e  on r z ’~’gn e t i c  tape c a s s e t t e s ,
m a k i ng  la ter  r e t r i e v a l, r e d u c t i o n , and p lo t t i ng  on t i u c  p l o t t e r , a S i l i i l ) l C
t a s k .  ‘I he data s hown in the - A ppendix w~ere r educed  in th i s  m a n n e r .

2 . Pl y Cha r a c t e r i z a t i on  Using 1 ub e s

In o rder  to predict  f i r s t  p ly fa i lure  ( F P F )  b y use c a f  l amina ted  p la te
theory, the pl y proper t ies of the mat e r ial m u s t  f i r s t  be d e t e r m i n e d . F o u r t  ecu
r0 ’ tubes  were  t e s t ed  in uniaxial  loading to obta in  elastic modulus , l ’ ca i ~~s a a l a ’ S
r a t io , and ultimate streng th data. A s ummary of the tes t  resu l t s , as w e l l
as s t r e s s - s t r a i n  curves , are contained in the Appendix .

Four un id i rec t iona l , 4 -p l y tubes , d e s i g n a t e d  8 , 24 , 25 , and 3 1  w e r e
loaded in axial tens ion . N o  u l t imat e s t r e n g t h  da ta  w e r e  obta ined , as the
10 , 000-pound load capaci ty of the biaxial tes t ing machi ne would not have been

a s u f f i c i e n t  to cause  f a i l u r e  in the  spec imens .  The axial e l a s t i c  modulus , 
0

E was ca lcula ted  as the slope of an axial  s t r e s s - v e r s u s - a x i a l  s t r a i n  c u r v e:
xx

E ____

X X  L~~€
x

The principal  P oisson ’ s rat io , v , was  calculated f rom an axial s t r e s s  -

xv -versus -hoop s t ra in  curve and the e las t i c  modulus:

E
- —-~~~~~~-— = - ---~ --

- 

L~~~~ /~~~~~- €x y K

The average  proper t ies  thus obtained from these  four tubular specimens were :
e las t i c  modulus , E , of 1 9 . 3  x i0~ k s i , and a pr inci pal Po i s sons ’ s ra t io  of
0 . 3 5 .  

xx

+ 
A second set of f ive  un id i rec t iona l  4 - p ly tubes , des i gnated 9, 12 , 23 ,

~ 5 and 62 were  loaded b y interna l p ressure. Tubes 9, 12 , 23 , and 62 were
untabbed; that is, they had no end reinforcement . Tube number ~ 5 was tabbed.
Some d i f f e r e n c e  in modulus  da ta was observed .  The t e s t i n g  mach ine was

The subsc ript x refers to the fiber direction , and y is transverse to th c
fibe r dir ec t ion in the ply plane.

t
Tube n a i m a i n - r  25 was  t e s t e d  f i r s t  in axia l  t e n s i o n , later b y internal  p r e s s u r e .

13



modified slightly for this se r i e s  of t es t s , using low p r e s s u r e  (2 00  p s i )  air
instead of the hi gh pressure  ( 1 0 , 000 ps i )  hydraulic intensifier to load the

specimen. T his  was done to provide more accurate load control and
measurement at low loading pressures .  The e las t ic  modulus was
calculated in a similar manner as ~~~~ , and the minor Po isson t s ra t io ,

was calculated in the same manner as . Accura te  determinat ion of
was d i f f icu l t  due to inaccuracies  in measuring the smal l values of the

ind’uced axial  strain C~~~ . Despite  scatter in the dat a ( s e e  t he A ppendix ),
however , acceptable  va lues of 

~
‘)‘X 

were  found and were in accord with
values calculated from the other orth otropic elastic constants:  =

0 . 0 3 , and ~ ut 3~~5 k s i .

Five unidirec tional 4-p ly tubes , desi gnated t o as 11 , 14 , 20 , 54 , and
55 were tested in tors i on.  Tubes number 11 and 20 were  broken during the
f i rs t  loading cycle . Tube number 11 was inadvertentl y cracked when an
attempt was made to insert it int o the gri ps.  Tube number 20  was acciden-
tall y crushed in compress ion due to an error in controller operation. The
shear modu li G we re  ca lculated from the shear s t ress  -ve rsus - shear  strain

xycurve.

C =
xy Z~a y

An average shear modulus ~~~~ of 0.94 x ksi  and a shear stre ngth
Sxy of 11 . 1 ksi were obtained . A summary of the average p ly propert ies

is shown in Table 1.

3. Ply Characterizat ion Using Coupons

Thirteen flat coupon specimens , cut from the four differe nt laminat e

pane ls , were test ed in axial tension to provide dat a comparable to that measured

wi th  the tubular specimens. A data summary and the s t r e s s - s t r a in  curves
are presented in the Appe ndix. Average  p ly properties measured using
coupon spec im ens a re s hown in Table 2 .

4. D i scuss ion  of Unidi rec t ional  Ply P rope r t i e s

Table 3 is presented in order to compare dat a generat ed using coupons
wit h that generat ed using tubular spec imeiis . Certain tests are , of course ,
direct l y comparable , for examp le , internal p ressur iza t i on  of 0° tubes and

14
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tensile t est ing of 9 0°  coupons .  In o rde r  to compare  t en s i l e  t e s t s  of ±45°

coupons to dat a generate d with t o rs iona l l y loaded tube s , the pr ocedure

prop osed by Rosen  wa s used .~~
5
~

Table 1

Summary of A verage Ply Pr opert ies Mea sured Using [07
4 
Tubes

E 19.3 x l0~ ksi

E = 1.44 x l0~ ks i  5
ut 3 .5  ksi

yy y

G 0.94 x ~~~ k si  ~~~ = 1 1 .  1 k s i
xy xy

V . 35

= . 03

Tab le 2

Summary of Averag e Ply Properties 
Measured Using

Coupon Specimens

E 23. 0 x IO~ ksi gut 214 ksi
xy x

E 1.6 x ~~~ ksi ~~~ = 6.8 ksi

yy y

V .3 4
xy r

V = .03
yx

15
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Table 3

C~am p a r i s on  of A v e r a g e  Pl y P r op er t i e s  M e a s u r a  d

U s i ng  Tubes  and ( ; - c i p - : - in s  
-

P r o p e r t y  
~~~~~ 

Tube  Dat a Coup ’ n Dat a

E 19 .3  23. 0
xx

S~~ - -  214
K

V 0 . 3 5  g .3 4

E 1 . 4 4  1 . 6
y y

S~~ 3.5  6.8 [900
~ 8

V 0. 03 0 . 03
y-x

G 0.94 0.87
xy [~~45r
19

S 11 .1 10.8

Al l  st  r e n g t h  va lues  a r e  r e p o r t e d  in k s i  un i t s , all mod u l i  a r e  k s i .

R o s e n ’ s ana l y s i s  of [± 5~ coupon s r e s u l t s  in t he  fo l lowing  e x p r e s s i o n s :

C —~~-
_ —

xy 2 (~ -

us
xy 2

_ _ _ _ _ _



— - -

-\s  c al i  I ) t  C C I I  u i ’ -~~ri 1 able  3 , t he e l a s t i c  c on s t ai : t  a m e a su r e d  u s i n g

- t b - a , and i h a ~~ c n a c i s i r e d  u s i n g  coupons  a r e  in c l O a ~c ag r e~ n u - : t .  H -~-eve r ,
s ia n o .- d i f f e r - --n ce s  i n  t r an s v e r s e  aa t r n g r h s  do e-~ : i ~~ t .  T h e  v a r i a t i - - r .  n t r a n s -
v er  s t r e n g t h  S0t i i  - v be th e r a~~a alt of t h e  t h i c k n e s s  d i f f e r  e n c a
the twa cp ec - i n a a -al ; the statistical dis p--: -sion in s t r e n g t h  V a a a e ~~, p a r t i c u l a r l y

i n  unidirect iona l p ly o r - u p c - i- t es , is s tr angl y dependent ai p -i t specimen tl ~~ k-

n e s s .  R e d u c e d  st r e n g t h  values  m a y  also be a t t r i b u t e d  to long itud ina l  c r a ck i n -~
d u r i n g  spec imen  p r e p a r o t  ~n t e f l o n f l u o r o c a r b o n  f i l m  r e m - - al t r - - i i ~ I n n e r

s u r f a c e  or in  h a c i d l i r a g and i n s e r t i o n  in to  t h e  t es t  f a c i l i t y .  I a a as , sa t i a f a c -  t o r y

t r a n s v a - i - s e  at  r e l a t i t  dat a on t h i n , 0 °  t u b e s  w e r e  d i f f i c u l t  I i -  o b t a in .

\Vhen t e a t  ing ro ° ‘  t ubes  in t o r s i o n , it was  o a t  ed t h a t  c o : n - i d e n t  w th-
i n :t i a l  l o n g i t u d i n a l  sp l it t ir ~ t h e  t u b e  showed a sp i r a l  d i s t  -~a-ti -on r e s e m b l i n g  a
t o r s i o n a l  buck l ing  n i a a b . In or d e r  to  d e t e r m i n e  w h i t h e r  t o r s i - - n a l  b u c k l i n g
n i g ht ha expec t i-cl p r i o r  to the  Onset  of f a il u r e  with  t h i s  [0° 

~~ 

sp c - i I a o - : - a
buck l i n g  anal y s i a w a s  ~~ - d a - , The anal ys i s  drew t r o m n  t h e  r e s u l t s  of S i n i i l  s e — .
w 1 - -  stu d i - d  t h e  e l a s t i c  a~t a b i l i t y  of o r tho t rop ic  e las t i c  s h e l l s  c a - a : c  r g i - n e r a l
l o a d in g . The - a r t  h o t ro i c e las t ic  const a nt s g iven in Table I w e r e  u sed  to
p r e ( i i ( -t t h e  c r i t i c a l  t o r s i ona l  shear  s i n - r d  ii , c r ’ to  c r e a t e i n s t a b i lit y in a

tube with  a ~ i v e n  l e n g t h -- t n - r a d i u s  r a t i o  L !R . Tne  r e s u l t s of this ana lysis
a r e  show n in  Fi gu r e  r .  The c r i t i c a l  b u c k l i n g  s t r es s  is g iven  b y t h e  c-neelop e
of the  c u s p s  f- - a r  each of the n a - - a l e  n u m b e r s  n = 2 , 3 , 4 , . . . used  in t h e  anal y s i s .
Two  c u r v e s  a r e  g i v e n ;  the  up p e r  c u r v e  co r r e s p o n d s  to  the  f i r s t  a p p r o xi im - t i on
(~~~rj . ( 2 0 )  of R e f e r e n c e  6 ) ,  w h e r e a s  the lower c u r v e  c o rr e s p on d s  t o  i he  rn re
a c u a i r a t e sc~ u d  appro ’i m - t i O f l  (Eq.  ( 2 1)  of R e f e r e n c e  h i .  A-a can bc seen

f r o m  F i g u r e  1 , t he  t h e o r e t i c a l  b u c k l i n g  s t r e ng t h  of t h e  [0~~14 
) u he  for L / R

10 is n e a r l y 15 k s i , wa ll above the  approx imatel y 11 ksi tar siona l shear
s t r e n g t h  d e v el op e d  b y the  t u b e s .  These  r e s u l t s  indica te  that t o r s i o n a l
buck l ing  du c- not inf luence  a p p a r e n t  shear  s t r e n g t h  on t h e s e  t u b u l a r  spec imens .
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SECTION IV

E X P L O R A T O R Y  DETE CTION OF F IRST PLY FA IL U R E

1. Theore t i ca l  Es t ima tes  of Damage Enve lopes

In c o n d u c t i n g  exp l o r a t o ry  e x p e r i m e n t s  to  d e t e c t  f i r s t  p l y failur e - ERR I
it is v e r y  u s e f u l  to  n a v e  an anal y t i c a l  mode l that wi l l  p r e d i c t , at  l e a - i  ap p r a Y i -

matel y ,  when FPF can be expec t ed  to  deve lop  f o r  a p a r t i c u l a r  laminate u n d e r
a g iven load ing  state.  The  m e c h a n i c s  of t h e  FPF p r o c e s s  a r e -  r u t  vet  w e l l
unders tood  and any  m a t h e m a t i c a l  model bu i l t  upon an inadeq  at e  b a s e  of
emp i r i ca l  observa t ion  is , at best , specula t ive. 3~e v er t l : e l e s s , i t  is  us - f u l
to have  s u c h  a model  to  he l p e s t i m a t e  t h e  r e g i o n  of load w h e re  F’PF m a y  be
ex pected  to deve lop .

C u r r ent l y, l amina ted  plate t h e o r y  p rov ides  the  most  u s d a! and
e lemen tar a a o i ar o a c h  to  FPF est i m a t i o n .  The b a s i c  t h e - - n y  has  bet-n wel l
develope~~~~~~ and w ide ly used , and need not be repea ted  h e r e .  As usua l l y
app l ied , lami nate t h e o r y  provides  a l i nea r  e l a s t i c  ca icc i l a t ion of the  s t r e s s  st a t e s
in each ply of an ang le p iy l amina te .  A~~ide f ro m  t h e  l i n e a r  e l a s t i c  as , aini u t i on ,
t h i s  a p p r o a c h  t r e a t s  each p ly as a homogeneous or t h c a t o p ic l ay e r , and a s s u me s
t h at a l l  p lies defor m c o m p a t i b l y u n d e r  the action of t h e  app lied lo ads  ~ O that
t h e r e  is no in te rla rn inar  r e l a t ive  d i s p lace ment.

T h e r e  a re  t w o  m o d i f i c a t i o n s  of c o n v e n t i o n a l  l amina te-  t h e o r y  that  have
been s u g g e s t e d  as be ing  n e c e s s a r y  to  account  m or e  r e a l i s t i c a l ly f o r  s t r e s s e s
and d e f o r m a t i o n s  in l amin a t e- I  p l a t e s .  T i e  f i r s t  of t h e s e  is t h e  n o n l i n e a r
shear  ef fec t . Wh i l e  the  exteri s ion al s t r e s s  - a t  r a in  r e s p o n s e -  of h i g h n i t i d u lu s
composites  is u s u a l ly  near l y l inear  to  f a i l u r e , the  in-p lane shear  behavior  of
a p l y is  no rr ro - I lv  st r o n g ly non l inear . This  obse rva t ion  h a s  led s ev e r a l
i nves t i ga tors  - 2 to  mod if y conven t iona l  l amina ted  p late t h e - - r y  to  a cc ou n t
for  t h is  nonl inear  shear  e f f e c t .  E x p e r i e n c e  w ith  p rac t i ca l  ang l e - p l y lar-in n a te s ,
however , s ug g e s t s  t hat overal l  l a m i n a t e  r e sponse  t e n d s  to be s u r p r i s in g ly
l inea r  d e s p i t e  p ly n o n 1i n e a r i ty . (

~~
3
~

T h e  second r e s p e c t  in which  conven t iona l  laminat e t heo ry  has  been
modi fied is in the accom ena dat ion of in i t i a l  s t r e s s e s  due to  c u r i n g . T y p i c a l
e p a x y  r e s i n  c r n a i o s it e s  have  a cure  t e m p e r a t u r e  of 3 0 0 °  - 350°F .  Va n
the  f ab r i -  at ed a r t i c l e  is brought  f r o m  cu r e  t emperata irc- dow ra to ambien t , t h e

For th in  q u a s i - i s o t r o p ic , sy m m e t r i c  dra g I C  ply t u b e s  under  p u r e  ax ial  p r e s s u r e .
or t o r s i o n a l l o a d i n g  the  g e om e t r u  c o r r e c t i o n  to the  laminated p la t e  t h eory
to a c c o u n t  for  t h roug h - t h i c k n e s s  s t r e s s  v a r i a t i o n s  in tubes  is of o rde r  i ID ,

wh e r e  t is the  specimen t h i c k n ess  anu D is the  s p e ci m e n  d i a i i  c - i c r .  (~~ 8)

Since  t h i s  c o r r e c t i o n  is small (of o r d e r  2’~a f o r  t h e  tubes  used in the  p re sen t
p r o g r a m)  the  t e r me  ‘ p lat e a nd ‘t ub e ” are  used in terchangeably in d c - a c r i b t n g

the  membrane  de fo rma t ion  m echan ic s .
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SECTION V

RESU LTS AND CONCLUSIONS

Work done thus far on this  p rogram has resul ted in a capabilit y for
routine manufacture of th in -wa l l ed  graphi te /epoxy tubes of control led hig h

(65 - 70%) f iber volume. These  tubes have good dimensional  to lerance  in
both wall th ickness  and roundness .

A s imp ler end tabbing p rocedure  has been developed and used for
loading these tubular  spec imens  wit h h ydra ulic g r ips .  Success fu l  mold ing
of neat epoxy r e s in t abs , eliminating machining,  has reduced  the  t ime spent
between specimen manufact ur e and tes t ing  from several  weeks to a few days .

The ph ysical  ply p roper t i e s  of th i s  material  system have been measured
and co r r e lated with both tubular  and flat coupon specimens .  Ang le p ly laminates
were tested and verified wit h computed modulus values , using laminated
t h e o r y  and the piy p ro pert ies measur ed p rev iously.

Exp lorat o r y  r e sea rch  using acous t ic  emiss ion  has shown that t h i s  may
be a useful  tool in predic t ing  FPF. Initial result s provided onl y qua litative
result s , however , beca u se bot h speci me ns  f ailed ou t s ide  of t h e moni t or ed
gage sect ion.  Laminated plat e theory  predicted FPF in [0 / 9 0 1  tubes  at

a ap proximatel y 27 ksi axial stress. Acoustic emission activit y ~iid not
become evident unt il an axial stress level of 50 ksi was reached . Further
work needs to be done 0mm bot h anal yt ica l f a i l u r e  predict ion and on the acoustic
emission measurement  system it-u order t -i  r e so lv e this  d i f f e r e n c e .
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