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AB STRACT 

A d i s c u s s i o n  of a n o n d e s t r u c t i v e  t e s t i n g  phi losophy f o r  f i b e r  compos i tes  

is p r e s e n t e d .  The p o s i t i o n  i s  t a k e n  t h a t  t h e  n o n d e s t r u c t i v e  test i n d i c a t i o n s  

must be  q u a n t i t a t i v e l y  c o r r e l a t e d  t o  t h e  r e q u i r e d  e n g i n e e r i n g  performance 

p r o p e r t i e s  of t h e  composi te  a r t i c l e .  The c u r r e n t l y  unknown d e f e c t  s t r u c t u r e  ' 

i n  many f i b e r  comp'osites is  d i s c u s s e d  w i t h  r e s p e c t  t o  n o n d e s t r u c t i v e  t e s t i n g .  

A few examples from t h e  l i t e r a t u r e  o f  t h e  above d e s c r i b e d  q u a n t i t a t i v e  

n n n d e s t r ~ . ~ r t i v e  t e s t i n g  of f i b e r  composi tes  a r e  p r e s e n t e d  from t h e  f i e l d s  of 

a c o u s t i c  e m i s s i o n  and u l t r a s o n i c s .  
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INTRODUCTION 

. A l l  e n g i n e e r i n g  s t r u c t u r e s  a r e  des igned  to, meet c e r t a i n  requ i rements  

i n  terms o f  l o a d ,  . d e f l e c t i o n ,  l i f e t i m e ,  e t c .  When h e  d e s i g n s  t h e  s t r u c t u r e ,  

t h e  d e s i g n e r  assumes c e r t a i n  v a l u e s  f o r  t h e  s t r e n g t h ,  modulus, f a t i g u e  l i f e ,  

e t c .  o f  t h e  m a t e r i a l .  These va1,ues a r e  based on c e r t a i n  mechanical  t e s t s '  

t h a t  were performed on t h e  m a t e r i a l  t y p e  t h a t  is  t o  b e  used i n  t h e  d e s i g n  o r  

on a c t u a l  p r o t o t y p e s  i n  c a s e s  where t h e o r e t i c a l  d e s i g n  i s  n o t  a d e q u a t e .  1 f  

t h e  d e s i g n e r  does  n o t  make m i s t a k e s ,  i f  t h e  s t r u c t u r e  i s  f a b r i c a t e d  t o  t h e  

des igned  geometry,  and i f  t h e  f l a w  o r  d e f e c t  s t r u c t u r e  ( i n c l u d e s  cypes ,  s i z e s ,  

o r i e n t a t i o n s ,  l o c a t i o n s  and number) i n  t h e  manufactured a r t i c l e  i s  t h e  same ' 

( o r  l e s s  d e t r i m e n t a l )  a s  i n  t h e  specimens used i n  t h e  mechan ica l  t e s t s ,  then  

t h e  a c t u a l  e n g i n e e r i n g  s t r u c t u r e  shou ld  meet a l l  n e c e s s a r y  s e r v i c e  r e q u i r e -  

ments w i t h o u t  at1 unexpected f  a i l . u r e .  

D e s i g n e r . m i s t a k e s  shou ld  be exposed and c o r r e c t e d  as a  r e s u i t  of p r o t o -  

type  t e s t i n g  t o  f a i l u r e . .  F u r t h e r ,  i.t i s  n o t  normal ly  a d i f f i c u l t  t a s k  t o  

s e e  t h a t  t h e  . s t r u c t u r e  .has  been f a b r i c a t e d  t o  t h e  des igned  geometry.  The 

key q u e s t i o n  h a s  t o  'do w i t h  f l a w s  o r  d e f e c t s  . i n  t h e  f i n i s h e d  s t r u c t u r e .  

Th i s  q u e s t i o n  i s  p a r t i c u l a r l y  impor tan t  f o r  f i b e r  composi tes  where,  d u r i n g  

t h e  s t r u c t u r a l  f a b r i c a t i o n  p rocedure ,  ' f i b e r  w i t h  a  g iven  f l a w  s t r u c t u r e  is  

combined d u r i n g  a  manufac tu r ing  p r o c e s s  w i t h  a  m a t r i x  w i t h  a n o t h e r  g i v e n  

f l aw s t r u c t u r e .  The r e s u l t .  i s  ;I composi te  a r t i c l e  which t h e n  has  a f l aw 
, . . . . . . . - -- - . 

s t r u c t u r e  t h a t  can be p i c t u r e d  a s  hav ing  t h r e e  components: ( 1 )  t h a t  a s s o c i -  

a t e d  w i t h  t h e  f i b e r s ;  (2)  t h a t  a s s o c i a t e d  w i t h  t h e  m a t r i x ;  and ( 3 )  t h a t  

which i s  i n h e r e n t l y  c r e a t e d  by t h e  manufac tu r ing  p r o c e s s  ( e . g . ,  damage t o  

f i b e r s ,  mis-a l igned f i b e r s ,  r e s i n  r i c h  o r  poor  r e g i o n s ,  uncured o r  over-  

cured r e g i o n s ,  e  t c .  ). 

Because i t  h a s  b e ~ n  recognized  t h a t  f l aw s t r u c t u r e s  always e x i s t  i n  a 

f i n i s h e d  composi te  a r t i c l e ,  v a r i o u s  approaches  'have been used t o  a s s u r e  t h e  

u s e r  t h a t  t h e . r e s u l t i n g  f l a w  s t r u c t u r e  is l e s s  s e v e r e  t h a n  i n  t h e  composi te  

upon which t h e  d e s i g n e r  ',s assumed p r o p e r t i e s  were  based .  O n e  pussiL1e 

approach t o  t r y  t o  c o n t r o l  t h e  problems of  f l a w  s t r u c t u r e  is  t o  set  s t r i c t  

s p e c i f i c a t i o n s  on t h e  a c c e p t a n c e  o f  t h e  raw f i b e r  and m a t r i x  m a t e r i a l s ,  and 

on t h e  manufac tu r ing  p r o c e s s .  A . f u r t h e r  s t e p  , i n  t h e  s o p h i s t i c a t i o n  of 
. 

a t t e m p t s  t o  c o n t r o l  t h e  r e s u l t s  of t h e  f l a w  s t r u c t u r e  i s ' t o  randomly s e l e c t  



a c e r t a i n  percentage of t h e  f i n i s h e d  composite a r t t c l e s  and t o  t e s t  them t o  

f a i l u r e  under t h e  des ign  c o n d i t i o n s .  .It  i s  presumed t h a t  i f  a l l  m a t e r i a l  
. and f a b r i c a t i o n  s p e c i f i c a t i o n s  a r e  m e t ,  and i f  each f a i l u r e  of t h e  randomly 

s e l e c t e d  a r t i c l e s  is  above des ign  l e v e l s ,  then t h e  rest of t h e  composite 

a r t i c l e s  w i l l . p e r f o r m  a s  expected.  

A f u r t h e r  s o p h i s t i c a t i o n  is t o  proof t e s t  each composite a r t i c l e  t o  o r  

above des ign  l e v e l s .  The weakness of t h i s  approach a s  w e l l  a s  a l l  t h e  o t h e r  . 

schemes l i s t e d  above i s  t h a t  no q u a n t i t a t i v e  in format ion  is obta ined  on t h e  

d e f e c t  s t r u c t u r e  of t h e  composite t h a t  w i l l  a l low one t o  s t a t e  d e f i n i t e l y  

whether o r  no t  t h e  composite a r t i c l e  w i l l  s u r v i v e  i t s  designed l i f e t i m e  o r  

i f  i n  f a c t  i t  w i l l  f a i l  t h e  next  t ime i t  is loaded t o  t h e  des ign  l e v e l .  

Another approach i s  t o  apply c e r t a i n  anomaly d e t e c t i o n  and l o c a t i o n  tech- 

n iques  t o  thB composite a r t i c l e  and then hypothes ize  t h a t  a s  long a s  t h e  
I anomaly s t r u c t u r e  ( t ype ,  l o c a t i o n ,  s i z e ,  number, and o r i e n t a t i o n )  i s  below 

a  c e r t a i n  a r b i t r a r i l y  def ined  l e v e l ,  then  t h e  composite a r t i c l e  w i l l  s u r v i v e  

i t s  intended l i f e t i m e  a t  des ign  loads .  The problem w i t h  t h i s  approach i s  

t h a t  o f t e n  t h e  anomalies t h a t  a r e  de t ec t ed  do n o t  c o n t r o l  the  f a i l u r e  of 

t he  composite a r t i c l e ,  b u t  i n s t e a d ,  t h e  f a i l u r e  is c o n t r o l l e d  by some 
. 

unknown o r  undetected d e f e c t  s t r u c t u r e .  This  s i t u a t i o n  is  no t  l i k e  most 

meta l  s t r u c t u r e s  where w e  know t h e  b a s i c  d e f e c t  we a r e  looking f o r  is a  c r ack ,  

and once t h i s  d e f e c t  s t r u c t u r e  has  been de'termined by nondes t ruc t ive  tests, 

then us ing  t h e  accepted and exper imenta l ly  based i d e a s  of  f r a c t u r e  mechanics, 

t h e  expected performance of t he  meta l  a r t i d l e  u n d e r . u s e  cond i t i ons  can be  

c a l c u l a t e d .  

S ince  t h e  ,above mentioned approaches t o  c o n t r o l  t h e  r e s u l t s  of d e f e c t s  

i n  f i b e r  composites have d i f f i c u l t i e s  a s s o c i a t e d  w i t h  them, va r ious  i d e a l  

nondes t ruc t ive  t e s t s  (NDT) have been proposed. We s'uggest t h a t  t h e  i d e a l  

NDT ( i . e . ,  one  which does no t  impai r  t h e  u se fu lnes s  of  t h e  composite a r t i c l e )  

i s  one t h a t  has  t h e  fo l lowing  c h a r a c t e r i s t i c  f o r  each composite a r t i c l e .  The 

r equ i r ed  engineer ing  performance p r o p e r t i e s  ( e .  g . ,  s t r e n g t h ,  f a t i g u e  l i f e ,  

e t c . )  should be  q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  d e f e c t  s t r u c t u r e  determined 

by NDT of t he  composite a r t i c l e .  W e  w i l l  r e f e r  t o  t h i s  i d e a l  t e s t  a s  a  

q u a n t i t a t i v e  NDT technique.  (For  a  gene ra l  d i s cus s ion  of q u a n t i t a t i v e  NDT 

s e e  Ref. [ I ] . )  This  r e l a t i o n  may be  e i t h e r  a  d i r e c t  exper imenta l ly  based 



r e l a t i o n s h i p  determined by doing d e s t r u c t i v e  t e s t i n g  a f t e r  nondes t ruc t ive ly  

measuring t h e  f law s t r u c t u r e  of a  subse t  of  the  composite i t e m s ,  o r  may be 

based on an  a n a l y t i c a l  c a l c u l a t i o n  (us ing  an exper imenta l ly  v e r i f i e d  theory)  

t h a t  r e l a t e s  t h e  nondes t ruc t ive ly  determined f law s t r u c t u r e  t o  t h e  r equ i r ed  

engineer ing  des ign  p r o p e r t i e s .  

The nex t  s e c t i o n s  of  t h i s  paper d i s c u s s  i n  more d e t a i l  some of t h e  above 

i d e a s ,  a f t e r  which some s p e c i f i c  r e sea rch  work i s  examined t h a t  meets t h e  

s t anda rds  of t h e  above def ined  i d e a l  NDT. 

UNKNOWN FLAW STRUCTURES I N  COMPOSITES 

A s  a l l uded  t o  i n  t h k . 1 n t r o d u c t i o n  of t h i s  pape r ,  one of t he  main d i f f  i- 

c u l t i e s  i n  NDT o f  composites is t h a t  i t  has  no t  y e t  been e s t a b l i s h e d  what 

some of t h e  key f laws  a r e  f o r  which they must be  inspec ted .  This  s i t u a t i o n  

i s  i l 1 u s t r a t e d . b ~  t h e  fo l lowing  example. A s e r i e s  of macroscopica l ly  

i d e n t i c a l  composite lamina tes  can be f a b r i c a t e d  and then  in spec t ed  w i t h  a l l  

t he  p o s s i b l e  a p p l i c a b l e  convent iona l  NDT techniques .  The f i r s t  s u r p r i s i n g  

r e s u l t  when t h e s e  lamina tes  a r e  t e s t e d  t o f a i l u r e i s  t h a t  o f t e n  t h e  f a i l u r e  i s  

no t  c o n t r o l l e d  by t h e  anomalies t h a t  a r e  discovered du r ing  t h e  NDT testing?y3 

Secondly, i f  macroscopical ly  i d e n t i c a l  l amina tes  wi thout  d e t e c t e d  anomalies 

a r e  t e s t e d  t o  f a i l u r e ,  t h e r e  i s  o f t e n  a  wide v a r i a t i o n  i n  t h e  experimental  

f a i l u r e  s t r e s s e s .  2'3 Thus, t h e  conclusion seems t o  be  t h a t  t h e r e  i s  a  s ig-  

n i f i c a n t  d e f e c t  s t r u c t u r e  p re sen t  i n  composite a r t i c l e s ,  b u t  w e  do ,no t  know 

what t h e  d e f e c t  s t r u c t u r e  i s  o r  how t o  nondes t ruc t ive ly  c h a r a c t e r i z e  i t .  

'Bccouoc o f .  t h i s  unknown d e f e c t  striicturp., NDT of composite a r t i c l e s  is 

o f t e n  an  inspec. t ion of workmanship' r a t h e r  than assessment of whether d e f e c t s  

a r e  which w i l l  'prevent  t h e  composite a r t i c l e  from e x h i b i t i n g  i t s  
' 

r equ i r ed  engineer ing  p r o p e r t i e s .  S ince  w e  do no t  know t h i s  d e f e c t  s t r u c t u r e  

o r  how i t  grows t o  r e s u l t  i n  macroscopic f a i l u r e  of t h e  composite a r t i c l e ,  

i t  i s  n o t  any easy t a s k  t o  develop a  q u a n t i t a t i v e  NDT technique  f o r  composi tes .  

Thus, w e  b e l i e v e  i t  is  extremely important  t h a t  combined s t u d i e s  of composite 

m i c r o f a i l u r e  mechanisms of corresponding NDT i n s p e c t i o n  c a p a b i l i t i e s  ( t o  

I . i n s p e c t  f o r  t h e  " rea l"  d e f e c t s  which i n i t i a l l y  e x i s t  and grow du r ing  t h e  

f a i l u r e  process)  be  undertaken. . I n  f a c t ,  wi thout  such a combined s tudy ,  i t  

may be  d i f f i c u l t  t o  s tudy  m i c r o f a i l u r e  mechanisms i n  composites because one 



would be unable t o  c h a r a c t e r i z e  t h e  s e v e r i t y  of t he  growing d e f e c t s .  This 

l a t t e r  s i t u a t i o n  would be  equ iva l en t  t o  s tudy ing  f r a c t u r e  i n  meta l s  wi thout  

I being  a b l e  t o  keep t r a c i  of t h e  c r ack  s i z e s .  A f r u i t f u l  s tudy  procedure Ly 
be t o  q u a n t i t a t i v e l y  measure a  c e r t a i n  d e f e c t  s t r u c t u r e  i n  s e v e r a l  specimens, 

and then d e s t r u c t i v e l y  test t h e s e  specimens and a t tempt  t o  c o r r e l a t e  t h e  

measured d e f e c t  s e v e r i t y  w i t h  t h e  f a i l u r e  s t r e s s e s .  

The s o l u t i o n  of  t h i s  unknown d e f e c t  problem would probably do two 

th ings  which would enhance t h e  use of composites.  F i r s t ,  knowledge of t h i s  

f law s t r u c t u r e  may r e s u l t  i n  t h e  a b i l i t y  t o  l e s s e n  t h e  s e v e r i t y  of t h e s e  

f laws by d i f f e r e n t  p rocess ing  or  I a b r i c a t i o n  techniques .  Second, knowledge 

o f  t h i s  f law s t r u c t u r e  and an a s s o c i a t e d  q u a n t i t a t i v e  NDT technique would 

a l low one t o  s e p a r a t e  t h e  composite a r t i c l e s  which do no t  pos se s s  t h e r e q u i r e d  

engineer ing  p r o p e r t i e s .  Thus, i t  would n o t  be necessary  t o  fo l l ow  t h e  c u r r e n t  

p r a c t i c e  of conse rva t ive ly  des ign ing  around t h e  r e l a t i v e l y  h igh  c o e f f i c i e n t  

o f  v a r i a t i o n  of composites.  By way of comparison, t h i s  same l a r g e  c o e f f i c i e n t  

of v a r i a t i o n  would o f t e n  be p re sen t  i n  macroscopical ly  i d e n t i c a l  m e t a l l i c  

s t r u c t u r e s  i f  i t  were not  f o r  t h e  theory  of f r a c t u r e  mechanics and NDT c rack  

d e t e c t i o n  c a p a b i l i t i e s .  

DEFECTS AND THE1 R QUANTITATIVE MEASUREMENT 

A t y p i c a l  composite a r t i c l e  has  a  very ex t ens ive  anomaly s t r u c t u r e .  By 

t h i s  t e r m  w e  mean a l l  d e v i a t i o n s  from t h e  normal, r e g u l a r ,  o r  i d e a l  p a t t e r n  

of t h e  cond i t i on  of t h e  a r t i c l e .  The sma l l e r  t h e , s c a l e  on which t h e  s t r u c t u r e  

' i s  inspec ted ,  t h e  g r e a t e r  w i l l  be t h e  de t ec t ed  anomaly s t r u c t u r e .  We w i l l  

c a l l  t h e  s u b s e t  of t h e  anomaly s t r u c t u r e  which l i m i t s  t h e  intended use  .of 

t h e  composite a r t i c l e  t h e  d e f e c t  s t r u c t u r e .  I t  i s  only t h i s  d e f e c t  s t r u c t u r e  

which i n t e r e s t s  us because i t  a f f e c t s  t h e  engineer ing  p r o p e r t i e s  of t h e  

a r t i c l e  with r e s p e c t  t o  i t s  intended use.  The main t a s k  of q u a n t i t a t i v e  NDT 

L i s  t o  measure t h i s  d e f e c t  s t r u c t u r e  and then  t o  use  t h e s e  r e s u l t s  t o  d e t e r -  

mine t h e  expected o r  p r e d i c t e d  engineer ing  performance of  t h e  a r t i c l e .  When 

. t h e  p red i c t ed  performance has  been determined, a  d e c i s i o n  can be  made 

a s  t o  whether o r  not  t h e  a r t i c l e  should be  pu t  i n  s e r v i c e ;  and i f  i t  i s  put 

, i n t o  s e r v i c e ,  f o r  how long  and what p o s s i b l e  subsequent NDT i n s p e c t i o n  

i n t e r v a l s  should be.  



We have requi-red our NDT t o  be  q u a n t i t a t i v e .  That means f o r  a  composite 

a r t i c l e  t h a t  i s ,  f o r  example, r equ i r ed  t o  s u r v i v e  a  given load ,  t h e  NDT w i l l  

p r e d i c t  ' a  s t r e n g t h  of  X newtons f o r  t h e  composi'te a r t i c l e .  With a  q u a l i t a -  

. t i v e  IODT, i t  is n o t  p o s s i b l e  t o  make a  p r e d i c t i o n  of t h e  a c t u a l  s t r e n g t h  of 

a  p a r t ;  i n s t e a d ,  a  r a t h e r  a r b i t r a r y  s t anda rd  i s  set  up t o  d e f i n e  a  "good" v s  

a  "bad" p a r t . .  . Thus, a  q u a l i t a t i v e  NDT can a c t u a l l y  r e s u l t  i n  t h e  c l a s s i f i c a -  

t i o n  "good" of  a  p a r t  w i th  i n s u f f i c i e n t  s t r e n g t h  wh i l e  r e j e c t i n g  an  a r t i c l e  

w i t h  s u f f i c i e n t  s t r e n g t h .  Most o f t e n  t h e  e r r o r  is  t h e  l a t t e r  case  s i n c e  

. des igne r s ,  r e a l f z i n g . t h e  l i m i t a t i o n s  of  q u a l i t a t i v e  NDT, tend t o  be  over- 

conserva t ive  i n  t h e i r  des igns .  Both of t h e s e  mis takes  i n  p r e d i c t i n g  t h e  

performance o f  a  composite can be  c o s t l y .  

Shown i n  F ig .  1 a r e  t h e  s t e p s  w e  propose i n  t h e  development of  a  quant i -  

t a t i v e  NDT f o r  a  composite a r t i c l e  o r  specimens. S t ep  1 i s  t h e  a p p l i c a t i o n  

of  a p p r o p r i a t e  NDT"to t h e  composite a r t i c l e .  S tep  2 is t h e  e s t ab l i shmen t  of  

a  c o r r e l a t i o n  between t h e  recorded NDT obse rva t ions  and t h e  q u a n t i f i e d  d e f e c t  

s t r u c t u r e .  This  s t e p  may r e q u i r e  an  independent measureuient of t h e  d e f e c t  

s t r u c t u r e .  Step 3 is  t h e  e s t ab l i shmen t  of a  c o r r e l a t i o n  between t h e  r equ i r ed  

eng inee r ing  performance p r o p e r t i e s  and t h e  q u a n t i f i e d  d e f e c t  s t r u c t u r e .  Often,  

t h i s  s t e p  r e q u i r e s  d e s t r u c t i v e  e v a l u a t i o n  o f  t h e  composite a r t i c l e s  w i t h  t h e  

q u a n t i f i e d  d e f e c t  s t r u c t u r e .  This  r e l a t i o n s h i p  could a l s o  be  determined from 

t h e o r e t i c a l  cons ide ra t i ons  upon development of t h e  r equ i r ed  exper imenta l ly  

v e r i f i e d  t h e o r e t i c a l  model. Step' 4 uses  t h e  two c o r r e l a t i o n s  e s t a b l i s h e d  t o  

o b t a i n  a  d i r e c t  c o r r e l a t i o n  between NDT measurements and r e q u i r e d  eng inee r ing  

performance . Af ter t h i s  s t e p ,  a p p r o p r i a t e  acceptance and r e j e c t i o n  c r i t e r i a  

can be  e s t a b l i s h e d .  It should h e  nnted t h a t  i t  may be poSSPble t o  s k i p  s t e p  2 

and s t i l l  develop a  s u c c e s s f u l  q u a n t i t a t i v e  NDT. But t h e  u se  of  such a n  

approach would be  l i m i t e d  t o  a  s p e c i f i c  composite a r t i c l e  and would be  a  

f o r t u n a t e  development. except  f o r  NDT techniques  such as a c o u s t i c  emission.  

EXAMPLES 0F.QUANTITATIVE NDT FOR FIBER COMPOSITES 

A r e l a t i v e l y  thorough sea rch  of t h e  l i t e r a t u r e  has '  r evea l ed  few examples 

o f . t h e  i d e a l  q u a n t i t a t i v e  NDT we have proposed f o r  f i b e r  composites.  Of t h e  

seven different  examples we found, only  two r e f e r  t o  a c t u a l  u s e f u l  
, , 



composite s t r u c t u r e s ,  and only one of t hese  i s  a n  a c t u a l  product ion  NDT 

a p p l i c a t i o n .  The o t h e r  ca ses  r e f e r  t o  what would be  b e t t e r  termed composite 

t e s t  specimens. In  t h i s  ' search we have not included those  r e f  e rences t  where 

a r t i f i c i a l  macroscopic anomalies,  which might occur  dur ing  process ing  and 

f a b r i c a t i o n ,  were introduced i n t o  composite a r t i c l e s  which were then 
* 

inspec ted  by NDT methods and then d e s t r u c t i v e l y  t e s t e d .  The reason  we have 

n o t  included these  r e s u l t s  is t h a t  t hese  a r t i f i c i a l  anomalies a s  o f t e n  a s  
4 

no t  d id  n o t  c o n t r o l  t h e  f a i l u r e  of t h e  p a r t  when i t  w a s  d e s t r u c t i v e l y  t e s t e d  

and i n  f a c t  t h e r e  w e r e  weak p a r t s  t h a t  f a i l e d  below des ign  l e v e l s  i n  t h e s e  

t e s t s  due t o  n a t u r a l  b u t  unknown d e f e c t s  ( s ee ,  f o r  example, .Ref. [ 4 ] ) .  

The f i r s t  two examples use  t h e  NDT technique c a l l e d  a c o u s t i c  emission. 

The f i r s t  example i s  work by Green, e t  a l .  [5]  i n  1962, and t h e  second is 

work by Je s sen ,  e t  a l .  [ 6 ]  i n  1975 ( s e e  Figs.  2  and 3 ) .  I n  both  cases ,  an 

experimental  c o r r e l a t i o n  was obtained between t h e  a c o u s t i c  emission generated 

dur ing  a  proof t e s t  of a  f i lament  wound f iber lepoxy rocke t  motor ca se  and t h e  

b u r s t  p r e s s u r e  of t he  rocke t  motor case .  The e a r l y  work is f o r  a c t u a l  pro- 

duc t ion .  The more r e c e n t  work is  f o r  pre-product ion samples. I n  bo th  of 

these  cases  t h e  a c t u a l  d e f e c t  s t r u c t u r e  is  no t  determined. 

The remaining examples use t h e  NDT technique c a l l e d  u l t r a s o n i c s .  The 

f i r s t  two examples concern void con ten t  a s  t h e  d e f e c t  s t r u c t u r e .  In  both 

cases  a  c o r r e l a t i o n  between u l t r a s o n i c  a t t e n u a t i o n  and t h e  void con ten t  was 

obta ined .  Then a c o r r e l a t i o n  between void con ten t  and in t e r l amina r  shea r  

was ob ta ined . .  These c o r r e l a t i o n s  were used t o  o b t a i n  a  c o r r e l a t i o n  between 

the  a t t e n u a t i o n  and t h e  in t e r l amina r  shea r  s t r e n g t h  a s  i n  t h e  sequence out- 

I,i.ned i n  Fig. 1. Hand [7 ]  i n  1965 r e p o r t e d t h i s  s u c c e s s f u l  work f o r  f i lament  

wound g lass lepoxy,  and Stone,  e t  a l .  [ a ]  i n 1 9 7 5 r e p o r t e d  s u c c e s s f u l  r e s u l t s .  

f o r  carbon f ibe ' r  r e in fo rced  p l a s t i c  ( s e e  Figs.  4 and 5 ) .  These r e s u l t s  a r e  

not f o r  composite a r t i c l e s  b u t  f o r c o m p o s i t e  specimens. But they do show 

t h a t  such techniques have h igh  promi'se of success  i n  a c t u a l  product ion 

L composite a r t i c l e s  i f  t h e s e  a r t i c l e s  f a i l  due t o  i n t e r l amina r  shear  s t r e s s e s .  

The next  two examples aga in  d id  not  determine t h e  a c t u a l  d e f e c t  s t r u c t u r e  

b u t  i n s t e a d  obta ined  a  d i r e c t  c o r r e l a t i o n  between u l t r a s o n i c  measurements and 

c e r t a i n  mechanical p r o p e r t i e s .  The work by Has t ings ,  e t  a 1  [3]  i n  1973 



obta ined  r e s u l t s  f o r  boron/epoxy specimens r a t h e r  than a c t u a l  p roduct ion  corn-. 

p o s i t e  a r t i c l e s .  One c o r r e l a t i o n  obta ined  was between t h e  u l t r a s o n i c  modulus 

( a s  c a l c u l a t e d  from u l t r a son ic '  v e l o c i t y  measurements) and t h e  t e n s i l e  modulus 

( s e e  Fig.  6 ) .  The o t h e r  c o r r e l a t i o n  obta ined  was between t h e  u l t r a s o n i c  

modulus and t e n s i l e  s t r e n g t h  ( s ee  Fig.  7 ) .  Hence, f o r  t h e s e  s imple t e n s i l e  

specimens, measurement of t h e  u l t r a s o n i c  v e l o c i t y  would a l low p r e d i c t i o n  o f  

t h e  t e n s i l e  modulus and t h e  t e n s i l e  s t r e n g t h .  

The l a s t  example by P a d i l l a  e t  a l .  [ 9 ]  i n  1975 concerned a  c o r r e l a t i o n  . 

between t h e  t e n s i l e  s t r e n g t h  of s t r a n d s  of g r a p h i t e  r e i n f o r c e d  aluminum and 

t h e  i n t e g r a t e d ' v o l t a g e  of t h e  s i g n a l  picked up by a  r e c e i v e r  t r ansduce r  

from an  u l t r a s o n i c  p u l s e  from a' t r a n s m i t t i n g  t r ansduce r  (see F ig .  8). Again, 

t h e s e  r e s u l t s  a r e  f o r  a .  s imple  specimen r a t h e r  than a  composite product ion 

a r t i c l e  . 

CONCLUSIONS 

1. Fiber  composites o f t e n  f a i l  due t o  an unknown d e f e c t  s t r u c t u r e .  

2. Research should be undertaken t h a t  combines s t u d i e s  t o  determine t h e  

unknown d e f e c t  s t r u c t u r e  of  ~ o m p o s i t e s  and n o n d e s t r u c t i i e  tests t h a t  w i l l  

'measure t h i s  d e f e c t  s t r u c t u r e .  

3 .  Q u a n t i t a t i v e  nondes t ruc t ive  t e s t s  which w i l l  a l low p r e d i c t i o n s  of 

engineer fng  performance p r o p e r t i e s  a r e  r equ i r ed  f o r  f i b e r  composites.  
. . 

4 .  Cur ren t ly ,  t h e r e  a r e  a lmost  no q u a n t i t a t i v e  nondes t ruc t ive  tests f o r  

f i b e r  composite a r t i c l e s .  
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Fig.. 2. Acoustic emission 
acce le ra t ion  amplitude vs  b u r s t  
pressure  f o r  the  glass/epoxy 
composite rocket  chamber from 
Fig. 11 of Ref. [5]. 

0 
1462 1588 169.4 i80 196.6 . 
Burst pressure,percenloge of proof pressure \ .  

Fig. 3. Burst  pressure  a s  a  per- 
centage of opera t ing  pressure  vs  
K A P ,  Fig. 8 from Ref. [ 6 ] .  KAP 
i s  a pressure  d i f fe rence  defined 
from t h e  acous t i c  emission d a t a  
taken on the  Kevlar/epoxy com- 
p o s i t e  rocket  chamber. 
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Fig. 4. Interlaminar shear  
I0,W s t r e n g t h  vs u l t r a s o n i c  at tenua- 

t i o n  f o r  glasslepoxy f i lament  
.. wound specimens from Fig. 5 of 

Ref. [7 ] .  
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. . Alfenuotion coefficient a [dBntm-'l 

Fig;. 5 .  Interlaminar shear strength vs ultrasonic 
attenuation coefficient and void content 
for graphite/epoxy composite specimens 
from Fig. 1'2 of Ref. [8 ] .  
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I 
, . 

. . F i g .  6.    ensile modulus vs average ultrasonic modulus 
for boron/epoxy composite spccimeno f rm 

, Fig.' 6 of Ref. [3] .  



Fig. 7 .  Ultrasonic modulus 
vs  t e n s i l e  strength for 
boron/epoxy composite from 
Fig. 10 of Ref. [ 3 ] .  

Fig. 8 .  Integrated voltage 
( o f .  ultrasoni c puloc recelved 
a t  1 . 5  inches from transmitter 
transducer) vs  tene.ile:,strength 

(as a percentage of rule  of 
mixture) for composite straild 
of graphite rein£ orced alum- 
inum from Fig. 20 of Ref. [ 9 , ] .  
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