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N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n  

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

7he most impor tan t  r e s u l t  o f  t h i s  work was t h e  demonst ra t ion  t h a t  acousto-  
u l t r a s o n i c  (AU) energy i n t roduced  i n t o  a laminated  g r a p h i t e / r e s i n  propagates by 
two modes th rough t h e  s t r u c t u r e .  The f i r s t  mode, a long t h e  g r a p h i t e  f i b e r s ,  i s  

u3 t h e  f a s t e r .  The second mode, through t h e  r e s i n  m a t r i x ,  bes ides be ing  s lower  i s  
h pr) 

a l s o  more s t r o n g l y  a t tenua ted  a t  t h e  h i g h e r  f requenc ies .  
I was accompl ished by ana lyz ing  the  t i m e  and f requency domain o f  t h e  composi te AU 

s i g n a l  and comparing them t o  t h e  same f o r  a nea t  r e s i n  specimen o f  t h e  same 
chemis t ry  and geometry as t h e  composite m a t r i x .  

0 
Th is  demonst ra t ion  

W 

The s e p a r a t i o n  o f  t h e  f requency spec t ra  o f  p r o p a g a t i o n  modes was accom- 
p l i s h e d  on a broad sca le .  
accompl ished by va r ious  geomet r ica l  s t r a t e g i e s .  It was shown t h a t  t h e  m u l t i -  
tude o f  narrow peaks assoc ia ted  w i t h  AU spec t ra  a r e  t h e  e f f e c t  o f  t h e  many 
pu lse  a r r i v a l s  i n  t h e  s i g n a l .  D i f fe rences  between p u l s e  a r r i v a l s  leads t o  
c h a r a c t e r i s t i c  t imes and i n t e r f e r e n c e  peaks i n  t h e  spectrum. The shape and 
d i s t r i b u t i o n  o f  t h e  peaks i s  m a i n l y  determined by t h e  c o n d i t i o n  o f  nonnormal 
r e f l e c t i o n s  o f  r a y  paths.  Nonnormal r e f l e c t i o n s  causes t h e  c h a r a c t e r i s t i c  
t i m e s  t o  n o t  be s imp ly  r e l a t e d  and changes d i s c r e t e  t i m e s  t o  d i s t r i b u t i o n s  o f  
t imes.  
a c t e r i s t i c  t imes.  

Ana lys is  o f  t h e  f i n e  s t r u c t u r e  o f  AU spec t ra  was 

A cepst rum a n a l y s i s  was employed which can be u s e f u l  i n  d e t e c t i n g  char -  

Ana lys i s  o f  p ropagat ion  modes can be accomplished w h i l e  i g n o r i n g  t h e  f i n e  
s t r u c t u r e .  I f  t h e  f i n e  s t r u c t u r e  o f  an AU s i g n a l  i s  t o  be s tud ied ,  however, 
i t  i s  necessary t o  be aware o f  poss ib le  c o n t r i b u t i o n s  f r o m  unwanted sources 
such as m u l t i p l e  r e f l e c t i o n s  i n  d r y  coup lan t  pads. 

INTHODUCl  10N 

It has been e s t a b l i s h e d  t h a t  the stress-wave f a c t o r  (SWF) c a l c u l a t e d  f r o m  
a c o u s t o - u l t r a s o n i c  (AU) s i g n a l s  i s  s e n s i t i v e  t o  mechanical  p r o p e r t i e s  i n  com- 
p o s i t e  s t r u c t u r e s  ( r e f s .  1 t o  13) .  I n  p a r t i c u l a r ,  i t  was shown ( r e f .  1 )  t h a t  
SWF was s e n s i t i v e  t o  i n t e r l a m i n a r  shear  s t r e n g t h  (ISS) i n  g raph i te /epoxy .  

More r e c e n t  s t u d i e s  have shown t h a t  a n a l y s i s  o f  AU wave p r o p a g a t i o n  paths 
i n  r e l a t i v e l y  t h i c k  specimens taken from f i l a m e n t  wound composite (FWC) s t r u c -  
t u r e s  i s  u s e f u l  f o r  p r e d i c t i n g  ISS ( r e f s .  14 and 1 5 ) .  Th is  a n a l y s i s  l e d  t o  t h e  
p r e d i c t i o n  t h a t  t he  r e l a t i o n  between SWF and ISS would be s t r o n g e s t  i n  c e r t a i n  
p a r t i t i o n s  o f  t h e  AU s i g n a l  i n  t h e  t ime domain. The p r o p a g a t i o n  pa th  a n a l y s i s  
c o r r e c t l y  p r e d i c t e d ,  f o r  the m a t e r i a l  and geometry under c o n s i d e r a t i o n ,  t h a t  
s i g n a l s  a r r i v i n g  about 15 t o  20 p s  i n t o  t h e  waveform would c a r r y  t h e  l e a s t  
ambiguous i n f o r m a t i o n  on laminar  i n t e r f a c e s .  

l h e  a n a l y s i s  i n  re fe rences  14 and 1 5  a l s o  i nc luded  frequency domain p a r t i -  
t i o n i n g .  The r a y  pa th  model employed c o r r e c t l y  i d e n t i f i e d  t ime  segments o f  



i n t e r e s t ,  b u t  made no p r e d i c t i o n s  about  f requency.  It was e v i d e n t  f r o m  t h i s  
work, however, t h a t  t h e r e  was dependence on frequency. Indeed, p a r t i t i o n i n g  
o f  t h e  f requency domain seemed a t  l e a s t  as u s e f u l  as t h a t  o f  t h e  t i m e  domain 
i n  r e v e a l i n g  good c o r r e l a t i o n  between SWF and I S S .  
t h e r e f o r e ,  t o  examine f a c t o r s  t h a t  may shape t h e  f requency spectrum o f  compos- 
i t e  AU waveforms. 

It seems a p p r o p r i a t e ,  

The most s t r i k i n g  f i n d i n g  i n  t h e  p r e s e n t  work i s  t h e  i d e n t i f i c a t i o n  o f  
p a r t i c u l a r  propagat ion pa ths  i n  a g raph i te /epoxy  panel  by comparison o f  t h e  AU 
s i g n a l  w i t h  t h a t  c o l l e c t e d  i n  an o t h e r w i s e  s i m i l a r  panel  composed o f  t h e  epoxy 
r e s i n  a lone .  
source o f  o t h e r  fea tu res  t h a t  a r e  commonly encountered w i t h  AU s i g n a l s .  

Beyond t h i s ,  t h e  r e s t  o f  t h i s  paper a t tempts  t o  i d e n t i f y  t h e  

ANALY S IS 

A t t e n u a t i o n  E f f e c t s  

It i s  ev iden t  t h a t  many f a c t o r s  a r e  i n v o l v e d  i n  t h e  shaping o f  an AU f r e -  
The two most obv ious a r e  t h e  response o f  t h e  t ransducers  and 

M a t e r i a l s  t e n d  t o  a t t e n u a t e  
quency spectrum. 
t h e  a t t e n u a t i n g  c h a r a c t e r i s t i c s  o f  t h e  composite. 
h i g h  f requency u l t r a s o n i c  waves more t h a n  low f requency waves ( r e f .  16, p.  89) .  
The a t t e n u a t i n g  e f f e c t  i s  e s p e c i a l l y  s t r o n g  i n  f i b e r / p o l y m e r  composi tes.  
t h i s  reason one expects t h a t  t h e  o u t p u t  spectrum ob ta ined  a t  t h e  r e c e i v i n g  
t r a n s d u c e r  w i l l  cen te r  a t  a l ower  f requency t h a n  t h e  i n p u t  spectrum i n t r o d u c e d  
by t h e  sending transducer.  

F o r  

M u l t i p l e  Path E f f e c t s  

It has been p o i n t e d  o u t  ( r e f .  16) t h a t  l a y e r e d  i n t e r f a c e s  a l o n g  an u l t r a -  
son ic  r a y  p a t h  g ive r i s e  t o  m u l t i p l e  a r r i v a l  t imes  f o r  p r o p a g a t i n g  waves. 
l h e s e  produce i n t e r f e r e n c e  e f f e c t s  t h a t  appear as peaks i n  t h e  f requency spec- 
t rum. Another  source o f  t h e  same k i n d  o f  i n t e r f e r e n c e  e f f e c t s  i s  t h e  a r r i v a l  
o f  s i g n a l s  f r o m  along d i f f e r e n t  p ropaga t ion  paths ( r e f .  1 7 ) .  

I n  each o f  these i n t e r f e r e n c e  e f f e c t s  a l l  t h e  s i g n a l  a r r i v a l s  a t  t h e  
r e c e i v e r  a r e  f r o m  a conimon i n p u t  p u l s e .  Extremes (peaks o r  t r o u g h s ) ,  i n  t h e  
spectrum w i l l  be centered a t  f requenc ies ,  f ,  where f i s  r e l a t e d  t o  t h e  c h a r -  
a c t e r i s t i c  t ime ,  T, between t h e  a r r i v a l s  as: 

n 1 ’ 7  
and a l s o  as:  

(n + ;) 
f T =  

Where n i s  an i n t e g e r  (see appendix A ) .  I f  e q u a t i o n  (1 )  produces a maximum 
then  equa t ion  ( 2 )  w i l l  be minimum. 
reve rsed  depending on t h e  phase r e l a t i o n  between t h e  pu lses .  

as t h e  f requency spectrum i s  o b t a i n e d  by t a k i n g  t h e  magnitude of  t h e  F o u r i e r  

The maximum-minimum c o n d i t i o n s  can be 

l h e  i n t e r f e r e n c e  e f f e c t s  a r e  o s c i l l a t i o n s  i n  t h e  f requency domain. J u s t  

L 



t r a n s f o r m  o f  t h e  o r i g i n a l  t i m e  domain s i g n a l ,  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  
spectrum can be used t o  o b t a i n  a f u n c t i o n  sometimes c a l l e d  t h e  cepstrum. 
cepstrum w i l l  e x h i b i t  resonance a t  t h e  c h a r a c t e r i s t i c  t imes  T. T h i s  may be 
u s e f u l  i n  i d e n t i f y i n g  c h a r a c t e r i s t i c  t imes. 

T h i s  

EXPERIMENTAL 

M a t e r i a l s  

AU s i g n a l s  were c o l l e c t e d  on a 0.25 cm t h i c k ,  30 by 30 cm, 26 p l y ,  
g raph i te /epoxy  r e s i n  panel .  
m e r i z a t i o n  o f  monomeric r e a c t a n t s  (PMR-15) w i t h  t h e  e s t e r  o f  p y r o m e l l i t i c  
d i a n h y d r i d e  ( P M D t  e s t e r ) .  
t a t i o n s  o f  C e l i o n  6000 u n f i n i s h e d ,  7 Vrn diameter ,  f i b e r .  AU s i g n a l s  were a l s o  
c o l l e c t e d  on a 0.25 cm t h i c k ,  30 by 30 cm, PMR pu re  r e s i n  panel  o f  t h e  same 
c h e m i s t r y  as desc r ibed  composi te m a t r i x .  

The r e s i n  m a t r i x  was 1500 m o l e c u l a r  w e i g h t  p o l y -  

The g r a p h i t e  lay-up was a l t e r n a t e  0/90 degree o r i e n -  

S i g n a l s  were a l s o  c o l l e c t e d  on a 0.88 cm t h i c k ,  app rox ima te l y  12  by  8 cm, 
specimen o f  l u c i t e .  
response c h a r a c t e r i s t i c  o f  graphi te /epoxy w i t h o u t  t h e  presence o f  i n t e r n a l  
r e f l e c t i o n s  a t  lamina boundr ies.  

The l u c i t e  was used t o  s i m u l a t e  some o f  t h e  u l t r a s o n i c  

Acous to -U l t rason ic  System and Procedures 

I n  these  exper iments AU s i g n a l s  were c o l l e c t e d ,  d i g i t i z e d ,  and s t o r e d  on 
d i s c .  A b l o c k  diagram o f  t h e  d a t a  process ing system i s  shown i n  f i g u r e  1.  
Two 2.25 MHz c e n t e r  f requency broad band t ransducers  were used w i t h  0.17 cm 
t h i c k  s i l c o n e  rubber  d r y  coup lan t  pads and approx ima te l y  9 N/cm2 p ressu re .  
The t ransducers  were t h e  immersion type w i t h  w e a r p l a t e  faces.  
a r e  t h e  same as f o r  p rev ious  work repo r ted  i n  r e f e r e n c e  1 5 .  An e x t e n s i v e  spec- 
t r a l  a n a l y s i s  was performed w i t h  t h e  a i d  o f  t h e  f a s t  F o u r i e r  t r a n s f o r m  (T -FT)  
a l g o r i t h m .  Th is  a n a l y s i s  i n c l u d e d  c a l c u l a t i o n  o f  f requency s p e c t r a  f o r  s e g -  
ments o f  t h e  t i m e  domain s i g n a l .  The F F 1  was performed on t h e  Hanning w i n -  
dowed segment ( r e f .  1 8 ) .  
a r t i f i c i a l  f requency components t h a t  are observed when a s imp le  r e c t a n g u l a r  
window i s  used t o  g a t e  t h e  segment o f  i n t e r e s t .  

The c o n d i t i o n s  

The purpose o f  t h e  Hannirig window i s  t o  suppress 

I h e  d a t a  r e p o r t e d  here f rom t h e  composite and t h e  r e s i n  panel  were 
a c q u i r e d  by p:acing t h e  AU t ransducers  a t  a p o i n t  a t  about  t h e  c e n t e r  o f  one 
s i d e  o f  t h e  30 by  30 cm panels .  
a t  o t h e r  p o s i t i o n s  on t h e  panels .  

l h i s  was found t o  be t y p i c a l  o f  da ta  a c q u i r e d  

Besides t h e  AU da ta  on t h e  composite panels,  waveform da ta  was a l s o  c o l -  
l e c t e d  w i t h  va r ious  o t h e r  t r a n s d u c e r  c o n f i g u r a t i o n s .  
used t o  compare da ta  f rom th rough- t ransmiss ion  s i g n a l s  a t  normal i n c i d e n c e  t o  
th rough  t r a n s m i s s i o n  w i t h  o f f - s e t  t ransducers and t o  t h e  AU c o n f i g u r a t i o n .  
W i t h ' t h e  l u c i t e  specimen, immersion type 1 MHz broad band sender and r e c e i v e r  
were used. The 1 MHz t r ansducers  on l u c i t e  produced a f requency range t h a t  
s i m u l a t e d  t h a t  o f  a p a i r  o f  2.25 MHz t ransducers w i t h  t h e  a t t e n u a t i n g  e f f e c t  
o f  a t y p i c a l  y raph i te /epoxy  r e s i n  composite. Gel l i q u i d  c o u p l a n t  was used 
w i t h  t h e  1 MHz t r ansducer ,  l u c i  t e  specimen exper iments.  

These geometr ies were 
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RESULTS 

AU Comparison o f  Graphite/Epoxy Composite w i t h  Pure Epoxy Resin 

F i g u r e  2 presents t y p i c a l  AU d a t a  f o r  t h e  g raph i te /epoxy  panel  and a l s o  
f o r  t h e  panel  o f  t h e  epoxy a lone.  F igu res  2(a) and ( b )  a r e  t i m e  domain s i g -  
n a l s .  F i g u r e  2(a) i n d i c a t e s  f o u r  p a r t i t i o n s  o f  i n t e r e s t  i n  t h e  composite s i g -  
n a l  marked A ,  €3, C ,  and D .  The s i g n a l  f o r  t h e  r e s i n  i n  f i g u r e  2 (b )  i s  marked 
w i t h  t h e  same p a r t i t i o n s .  F igu res  2 ( c )  and ( d )  a r e  t h e  f requency s p e c t r a  o f  
f i g u r e s  2 (a )  and ( b ) ,  r e s p e c t i v e l y .  F igu res  2 ( e )  t h rough  ( 1 )  a r e  t h e  Hanning 
windowed p a r t i t i o n s  o f  t h e  f o u r  t i m e  domain s i g n a l s  f rom b o t h  specimens. P a r -  
t i t i o n  A i s  2 t o  17 p s ,  €3 i s  17 t o  24 ps ,  C i s  24 t o  48 p s ,  and D i s  48 t o  
100 p s .  

Stud ies  w i t h  I - u c i t e  and 1 MHz l r a n s d u c e r s  

F i g u r e  3 i l l u s t r a t e s  t h e  geometry employed f o r  one s e r i e s  o f  t h rough  
t r a n s m i s s i o n  experiments performed on a l u c i t e  panel  w i t h  two 1 MHz t r a n s -  
ducers.  I n  t h i s  case the t ransducers  a r e  l i n e d  up f a c e  t o  face  so t h a t  t h e  
u l t r a s o n i c  r a y  paths t h a t  pass th rough  t h e  l u c i t e  a r r i v e  a t  t h e  r e c e i v i n g  
t r a n s d u c e r  a t  normal i nc idence .  

F i g u r e  4 i s  a s e r i e s  o f  t h rough  t r a n s m i s s i o n  s i g n a l s  c o l l e c t e d  i n  t h i s  
manner. l h e  column o f  f i g u r e s  on t h e  l e f t  c o n t a i n s  t h e  t i m e  domain s i g n a l s ,  
t h e  second column c o n t a i n s  t h e  f requency spectrum o f  s i g n a l s ,  and t h e  l a s t  c o l -  
umn shows t h e  cepstrum. I n  f i g u r e  4 ( a )  t h e  d i g i t i z e r  t i m e  base d e l a y  has been 
s e t  t o  c a p t u r e  on ly  t h e  f i r s t  p u l s e  f rom t h e  sender. D i r e c t l y  below i n  f i g u r e  
4 ( c )  t h e  d e l a y  i s  changed t o  c a p t u r e  t h e  f i r s t  p u l s e  p l u s  t h e  f i r s t  echo. 
Below t h a t  i n  f i g u r e  4 ( f )  two echos a r e  i n c l u d e d  so t h a t  a t o t a l  o f  t h r e e  s i g -  
n a l s  a r e  captured. 
a l l  t h e  d e t e c t a b l e  pu l ses  a r e  b rough t  on t h e  screen and captured.  

F i n a l l y  a t  t h e  bot tom o f  t h e  f i r s t  column i n  f i g u r e  4 ( i )  

I n  t h e  n e x t  s e t  o f  exper iments t h e  geometry o f  f i g u r e  3 i s  a l t e r e d  as 
i n d i c a t e d  i n  f i g u r e  5. l h e  r e c e i v i n g  t r a n s d u c e r  has been moved f rom t h e  f a c e  
t o  face c o n f i g u r a t i o n  such t h a t  a d i r e c t  u l t r a s o n i c  r a y  p a t h  connec t ing  t h e  
c e n t e r s  o f  t h e  wear p l a t e s  w i l l  make approx ima te l y  a 71' a n g l e  w i t h  t h e  normal 
t o  t h e  c o n t a c t  p lane. 

F i g u r e  6 shows waveforms c o l l e c t e d  w i t h  t h i s  arrangement.  I n  f i g u r e s  
6(a)  and ( b )  t h e  d i g i t i z e r  t i m e  base has been s e t  t o  c a p t u r e  o n l y  t h e  f i r s t  
p u l s e  f rom t h e  sender. I n  f i g u r e s  6 ( c )  t o  ( e )  a l l  t h e  d e t e c t a b l e  pu l ses  a r e  
b rough t  on screen and captured.  The fo rma t  o f  t h e  p r e s e n t d t i o n  i s  t h e  same as 
i n  f i g u r e  4; t h e  f i r s t  column shows t h e  t i m e  domain s i g n a l ,  t h e  second column 
shows t h e  frequency spectrum, and t h e  l a s t  column shows t h e  cepstrum. 

The t ransducer  arrangement i n  f i g u r e  7 was used f o r  t h e  a c o u s t o - u l t r a s o n i c  
r e s u l t s  i n  f i g u r e  8. As w i t h  p rev ious  f i g u r e s ,  8 ( a )  shows t h e  t i m e  domain, 
8(b3 shows t h e  spectrum, and 8 ( c )  shows t h e  cepstrum. 

F i g u r e  9 data were c o l l e c t e d  w i t h  l u c i t e  and t h e  normal i n c i d e n c e  arrange-  
ment s i m i l a r  t o  t h a t  shown i n  f i g u r e  3. l h i s  t i m e ,  however, one o f  t h e  l i q u i d  
c o u p l a n t  con tac ts  i s  rep laced  by a 0.17 cm t h i c k  s i l i c o n e  rubber  pad. l h i s  
pad was t y p i c a l  o f  t h e  k i n d  used on b o t h  t ransducers  i n  e a r l i e r  AU work w i t h  
g raph i te /epoxy  r e s i n  composi tes.  
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DISCUSSION 

A n a l y s i s  o f  AU Spectra on Graphite/Epoxy and Pure Epoxy Resin 

The t i m e  domain r e p r e s e n t a t i o n  of  an AU s i g n a l  i s  t h e  s u p e r p o s i t i o n  o f  
many p u l s e  a r r i v a l s  a t  t h e  r e c e i v i n g  t ransducer .  
t imes  among these pulses leads t o  t h e  l o n g  t i m e  span a s s o c i a t e d  w i t h  t h e  s i g -  
n a l .  It seems l i k e l y  t h a t  d i f f e r e n t  t ime segments may have d i f f e r e n t  s p e c t r a .  
V i s u a l  i n s p e c t i o n  of  t h e  AU s i g n a l  o f t e n  suggests a dominance by r e l a t i v e l y  
h i g h  f requency components near  t h e  beginning w i t h  a p r o g r e s s i o n  t o  l o w e r  f r e -  
quency dominance towards t h e  end. This m i g h t  be exp la ined  by c o n s i d e r i n g  t h e  
e f f e c t  o f  a t t e n u a t i o n .  H ighe r  frequency waves a r e  a t t e n u a t e d  more t h a n  lower  
f requency waves. Any wave t h a t  t r a v e l s  a l o n g  p a t h  l e n g t h  w i t h  a g i v e n  r a t e  
o f  a t t e n u a t i o n  w i l l  be more a f f e c t e d  by t h i s  than  an o t h e r w i s e  s i m i l a r  wave 
t r a v e l i n g  a s h o r t e r  path.  

The wide range o f  t r a v e l  

Some AU s i g n a l s ,  however, suggest sha rpe r  changes i n  f requency dominance 
t h a n  seems l i k e l y  f rom a t t e n u a t i o n  alone. T h i s  i s  t h e  case w i t h  t h e  waveform 
p resen ted  i n  f i g u r e  2 ( a ) .  It e x h i b i t s  what c o u l d  be as many as f o u r  independ-  
e n t  f requency d i s t r i b u t i o n s .  F i g u r e  2(c) i n d i c a t e s  low f requency peaks a t  0.3 
and 0.5 MHz, and two h i g h  f requency peaks a t  about 1.0 and 1 . 5  MHz. The l e f t  
hand member o f  each o f  t h e  p a i r s  o f  f i g u r e s  2(e)  t o  ( k )  show t h e  s p e c t r a  o f  
Hanning windowed p a r t i t i o n  o f  t h e  t i m e  domain o f  t h e  composi te.  F igu res  2 (e )  
and ( 9 )  i n d i c a t e  t h a t  t h e  2 t o  1 7  ps and t h e  1 7  t o  24 ps p a r t i t i o n s  have 
a lmost  t h e  same spectrum. l h e y  a r e  very s t r o n g  i n  t h e  1.0 and t h e  1.5 MHz 
peaks. F i g u r e  2 ( k )  shows t h a t  t h e  48 t o  100 ps  p a r t i t i o n  i s  s t r o n g  i n  t h e  low 
f requency  peaks. The i n t e r m e d i a t e  p a r t i t i o n  o f  24 t o  48 ps i s  shown i n  F i g u r e  
2 ( i )  t o  be a t r a n s i t i o n  r e g i o n .  Th is  r e s u l t  suggests a t  l e a s t  two modes, o r  
two mode types o f  p ropaga t ion  i n  t h i s  m a t e r i a l .  One mode passes th rough  t h e  
specimen i n  a s h o r t  t i m e  and r e t a i n s  f requenc ies  up t o  t h e  1.5 MHz r e g i o n .  
l h e  o t h e r  takes r e l a t i v e l y  l o n g  and loses f requenc ies  above about  0.5 MHz. 
l h e  composi te t o t a l  AU s i g n a l ,  ( f i g s .  2 ( a )  and ( c ) ) ,  does n o t  by i t s e l f  g i v e  
c l e a r  i n f o r m a t i o n  concern ing t h e  nature o f  t hese  two t ypes  o f  p ropaga t ion .  

The r i g h t  hand member o f  each p a i r  o f  graphs i n  f i g u r e  2 i s  an i d e n t i c a l  
a n a l y s i s  as t h e  l e f t  member except t h a t  i t  i s  w' l th t h e  0 . 2 5  cm t h i c k  PMH epoxy 
r e s i n  panel .  It i s  a specimen w i t h  no g r a p h i t e  f i b e r  s t r u c t u r e .  Whal i s  most 
c l e a r  i n  t h e  s e t  o f  graphs i s  t h e  absence o f  t h e  h i g h  f requency,  e a r l y  a r r i v a l  
waves. l h i s  i s  e v i d e n t  by comparing f i g u r e  2 (b )  t o  2(a)  and then  comparing 
f i g u r e  2(d)  t o  2 ( c ) .  One i s  l e d  t o  i n f e r  t h a t  t h e  h i g h  frequency, e a r l y  a r r i -  
v a l  mode i n  t h e  composite i s  due t o  propagat ion on t h e  g r a p h i t e  f i b e r s .  

F o r  comparison w i t h  t h e  composite, t h e  r e s i n  AU s i g n a l  has been analyzed 
i n  terms o f  t h e  same, Hanning windowed, t i m e  p a r t i t i o n s .  Note t h a t  t h e  b u l k  
o f  t h e  s i g n a l  comes i n  t h e  24 t o  48 pm p a r t i t i o n  o f  f i g u r e  2 ( j ) .  As w i t h  t h e  
composi te  i n  f i g u r e  2 ( i )  i t  appears t o  e x h i b i t  a bimodal low f requency d i s t r i -  
b u t i o n .  U n l i k e  f i g u r e  2 ( i )  t h e r e  i s  l i t t l e  h i g h  f requency component. l h e  s i m -  
i l a r i t y  between t h e  spec t ra  o f  t h e  r e s i n  and t h e  low f requency components i n  
t h e  'composi te i n f e r s  t h a t  t h e  low frequency response i n  t h e  g r a p h i t e - e p o x y  i s  
due t o  p ropaga t ion  th rough  i t s  epoxy r e s i n  component where t h e  a t t e n u a t i o n  i s  
h i g h  and t h e  u l t r a s o n i c  v e l o c i t y  i s  l o w  r e l a t i v e  t o  t h e  f i b e r  component. 
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Propagat ion Model f o r  Composites 

F i g u r e  10 i l l u s t r a t e s  a p l a u s i b l e  p ropaga t ion  model f o r  t h e  f i g u r e  2 
r e s u l t s .  
t h e  s imp le  case w i t h  t h e  de tec ted  s i g n a l  b e i n g  shaped by t h e  specimen o n l y  
th rough  a t t e n u a t i o n  o f  PMR and m u l t i p l e  r e f l e c t i o n  a t  t h e  su r faces  o f  t h e  
pane l .  

F igu re  l O ( a )  rep resen ts  p ropaga t ion  th rough  t h e  pu re  r e s i n .  T h i s  i s  

F i g u r e  10(b) rep resen ts  t h e  laminated composi te panel .  The r e s i n  p a t h  i s  
s t i l l  p r e s e n t  bu t  now t h e r e  i s  an a d d i t i o n a l  mode due t o  t h e  f i b e r  l a y e r s .  
T h i s  mode may t r a v e l  on t h e  f i b e r s ,  p o s s i b l y  as t r a n s v e r s e  waves. Another pos -  
s i b i l i t y  i s  t h a t  t h e  f i b e r  l a y e r s  p r o v i d e  a d d i t i o n a l  r e f l e c t i n g  p lanes making 
t h e  l a y e r s  a c t  as wave guides f o r  t h e  h i g h  f requency mode. 
u l t r a s o n i c  energy must g e t  f rom t h e  sending t r a n s d u c e r  t o  t h e  f i b e r  l a y e r s  by 
f i r s t  pass ing  through t h e  r e s i n .  It was no ted  d u r i n g  these  exper iments t h a t  
t o u c h i n g  t h e  panel s u r f a c e  between t h e  t ransducers  w i t h  an energy abso rb ing  
medium s t r o n g l y  d i m i n i s h e d  t h e  r e s i n  mode o f  p ropaga t ion ,  b u t  had l i t t l e  
e f f e c t  on t h e  h i g h  f requency component. Thus i t  seems t h a t  once t h e  u l t r a -  
son ic  energy gets i n t o  t h e  f i b e r  l a y e r s ,  t h e  b u l k  o f  t h e  h i g h  f requency eneryy 
t r a v e l s  a l o n g  t h e  f i b e r s  w i t h  some r e - r a d i a t i o n  o c c u r r i n g  a l o n g  t h e  way. 

E i t h e r  way, t h e  

Comparison o f  f i g u r e s  2 ( a )  and ( b )  shows t h a t  t h e  r e s i n  mode, p a r t i t i o n  
D ,  p e r s i s t s  longer  i n  t h e  composi te than  i n  t h e  r e s i n  a lone .  T h i s  mode i s  
s t i l l  p r e s e n t  out  t o  100 pm f o r  t h e  composite, b u t  i s  e s s e n t i a l l y  gone by 
70 pm f o r  t h e  neat  r e s i n .  T h i s  seems t o  i m p l y  t h a t  t h e  h i g h  f requency mode, 
w h i l e  propagat ing i n t e r n a l l y ,  tends t o  r a d i a t e  energy t o  t h e  r e s i n  a long  t h e  
way thus  enhancing t h e  l a t t e r  i n t e n s i t y .  Note i n  f i g u r e  2 ( e )  t h a t  t h e  spec-  
t r u m  f o r  t h e  2 l o  1 7  pm p a r t i t i o n  has a low f requency p a r t  t h a t  i s  i n  t h e  
r e g i o n  o f  t h e  48 t o  100 pm spectrum o f  f i g u r e  2 ( k ) .  7he f i b e r s  do c a r r y  low 
frequency waves and r e - r a d i a t e  them t o  t h e  r e s i n .  F i g u r e  10 a t tempts  t o  i l l u s -  
t r a t e  these ideas. 

Not a l l  graphi te /epoxy s t r u c t u r e s  may e x h i b i t  as sharp a t i m e  domain d i s -  
t i n c t i o n  o f  propagat ion modes as t h i s  one. It seems l i k e l y ,  however, t h a t  i n  
p r i n c i p l e  t h e  same p ropaga t ion  modes e x i s t  i n  a l l  g raph i te /epoxy  s t r u c t u r e s .  
Specimen geometry, e s p e c i a l l y  t h i c k n e s s ,  can e f f e c t  t h e i r  r e l a t i v e  impor tance.  
Fo r  example i t  has been shown t h a t  v e r y  t h i n  specimens w i l l  be dominated by 
s u r f a c e  waves ( r e f .  7 ) .  Awareness o f  t h e  p r e s e n t  r e s u l t s  may be u s e f u l  i n  a n a -  
l y z i n g  o t h e r  geometries. 

Other C f f e c t s  on t h e  AU Spectra of  Graphi te/Epoxy Resin 

The a n a l y s i s  o f  AU s p e c t r a  i n  f i g u r e  2 was c a r r i e d  o u t  w i t h  a t t e n t i o n  t o  
t h e  o v e r a l l  s t r u c t u r e  i n  terms of  ma jo r  peaks i n  t h e  f requency spectrum. What 
was i g n o r e d  was a f i n e  s t r u c t u r e  of  s p i k e  l i k e  peaks which i s  e s p e c i a l l y  o b v i -  
ous i n  t h e  spect ra o f  f i g u r e s  2 ( c )  and ( d ) .  The exper iments d iscussed n e x t  
a r e  an i n v e s t i g a t i o n  of f a c t o r s  t h a t  m i g h t  produce t h e  f i n e  s t r u c t u r e .  

f i g u r e  2 t h e  a t t e n u a t i o n  e f f e c t s  of  t h e  specimens i s  q u i t e  e v i d e n t .  The broad 
t r a n s d u c e r  resonance a t  2.25 MHz i s  n o t  a t  a l l  v i s i b l e  i n  t h e  AU spec t ra .  l h e  
specimen AU spect ra a r e  l a r g e  i n  v a r i o u s  f requency regimes. The regimes depend 
upon which m a t e r i a l  i s  examined, b u t  i n  each case t h e y  a r e  w e l l  below 2.25 MHz.  

I f  we examine t h e  AU s p e c t r a  of t h e  composi te and t h e  PMR epoxy r e s i n  i n  
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The o v e r a l l  s h i f t  t o  l ower  f requencies i s  expected on t h e  b a s i s  o f  a t t e n u a -  
t i o n .  What i s  n o t  exp la ined  i s  t h e  presence o f  many sp i kes  i n  t h e  spec t ra .  
N e i t h e r  t h e  t ransducer  response n o r  c l a s s i c a l  a t t e n u a t i o n  t h e o r y  can e x p l a i n  
t h i s .  However, i t  can be understood through examinat ion o f  t h e  e f f e c t s  o f  
t r a n s d u c e r  p o s i t i o n i n g  and o f  d r y  couplants  on AU waveforms. 

E f f e c t s  o f  Transducer P o s i t i o n i n g  

F i g u r e s  4, 6, 8, and 9 show waveforms c o l l e c t e d  w i t h  two immersion type,  
1 MHZ, broad band t ransducers .  

f -or  f i g u r e  4 t h e  t ransducers  were  i n  a f a c e  t o  face  th rough  t r a n s m i s s i o n  
c o n f i g u r a t i o n .  I n  f i g u r e  4 (a )  t h e  t ime d e l a y  has been s e t  t G  d i g i t i z e  o n l y  
t h e  f i r s t  p u l s e  t h a t  comes through.  The spectrum i n  f i g u r e  4 (b )  approximates 
a s l i g h t l y  skewed Gaussian d i s t r i b u t i o n  peaking near  1 M H z .  The column o f  
f i g u r e s  4 ( c ) ,  ( f ) ,  and (I) show cases where p r o g r e s s i v e l y  more echos a r e  added 
t o  t h e  cap tu red  s i g n a l .  I n  f i g u r e  4 ( c )  t h e  t i m e  d e l a y  has been a d j u s t e d  t o  
d i g i t i z e  t h e  i n i t i a l  a r r i v a l  p l u s  t h e  f i r s t  echo. F i g u r e  4 ( f )  c o n t a i n s  t h e  
i n i t i a l  a r r i v a l  p l u s  two echos and f i g u r e  4 ( i )  c o n t a i n s  a l l  t h e  d e t e c t a b l e  
a r r i v a l s .  The c e n t e r  column o f  f i g u r e  4 shows t h e  e f f e c t  o f  m u l t i p l e  a r r i v a l s  
on t h e  spectrum. l h e  s p e c t r a  d i s p l a y  i n t e r f e r e n c e  peaks t h a t  a r e  r e m i n i s c e n t  
o f  t h e  s p i k e s  i n  t h e  AU s p e c t r a  discussed e a r l i e r .  

The i n t e r p r e t a t i o n  o f  t h e  peaks i s  s i m p l e s t  w i t h  t h e  case o f  j u s t  two 
a r r i v a l s  as w i t h  f i g u r e  4 ( d ) .  The he igh t  o f  t h e  peaks and depth o f  t h e  
t roughs  depends upon how much t h e  f i r s t  echo i s  a t t e n u a t e d  r e l a t i v e  t o  t h e  i n i  - 
t i a l  a r r i v a l .  The locus  o f  p o i n t s  f o r  t h e  minima i s  a cu rve  o f  t h e  d i f f e r e n c e  
i n  magnitudes o f  t h e  two pulses as a f u n c t i o n  o f  f requency w h i l e  t h e  maxima 
f a l l  on t h e  cu rve  o f  t h e  sum o f  t h e  ampl i tudes.  T h i s  i s  i l l u s t r a t e d  by 
equa t ions  ( A 7 )  and (A8) o f  appendix A .  

The f requency i n t e r v a l  between peaks i s  t h e  r e c i p r o c a l  o f  t h e  round t r i p  
t i m e  between t h e  s i g n a l  a r r i v a l s  i n  the f i r s t  column. These c h a r a c t e r i s t i c  
t imes appear as  t h e  ma jo r  peaks i n  the cepstrums o f  t h e  l a s t  column. Note t h a t  
s i n c e  f i g u r e  4 ( c )  has one c h a r a c t e r i s t i c  t i m e  between a r r i v a l s ,  f i g u r e  4 ( e )  has 
one peak. F i g u r e  4 ( f )  w i t h  two p o s s i b l e  c h a r a c t e r i s t i c  t imes between a r r i v a l s  
leads t o  f i g u r e  4 ( h )  w i t h  two peaks. F i g u r e  4 ( i )  w i t h  a l l  t h e  d e t e c t a b l e  a r r i -  
v a l s  leads t o  f i g u r e  4 ( k )  w i t h  a t r a i n  o f  d i m i n i s h i n g  peaks which presumably 
obey equa t ions  ( 1 )  o r  ( 2 ) .  

The above a n a l y s i s  o f  p u l s e  and echos produces o n l y  t h e  c h a r a c t e r i s t i c  
t imes t h a t  a r e  i n t e g e r  m u l t i p l e s  o f  t he  round t r i p  d u r a t i o n  th rough  t h e  t h i c k -  
ness o f  t h e  specimen. C h a r a c t e r i s t i c  t imes i n  AU s i g n a l s  w i l l  n o t  be so s i m p l y  
r e l a t e d .  I n  t h e  s i m p l e s t  cases t h e  t imes i n v o l v e d  a r e  f o r  m u l t i p l e  r e f l e c t i o n s  
a t  nonnormal i nc idence .  The t imes must be so l ved  f rom more complex geometry 
o f  r a y  pa ths  ( r e f s .  14, 1 5 ,  and 1 9 ) .  Besides t h i s  t h e r e  i s  t h e  e f f e c t  o f  mode 
convers ion  a t  rionnormal r e f l e c t i o n  ( r e f .  16, pp. 476-481).  Mode convers ion  
mean's t h a t  n o t  a l l  r ays  t r a v e l  w i th  the same v e l o c i t y .  

F i g u r e s  5 and 6 i l l u s t r a t e  a c o n d i t i o n  i n t e r m e d i a t e  between s imp le  normal 
i n c i d e n c e  th rough  t r a n s m i s s i o n  and the complex s i t u a t i o n  found i n  acousto-  
u l t r a s o n i c s .  Here t h e  t ransducers are s t i l l  on o p p o s i t e  faces b u t  t hey  a r e  
o f f - s e t  such t h a t  t h e  r a y  p a t h  f rom the c e n t e r  o f  one wear p l a t e  t o  t h e  c e n t e r  
o f  t h e  o t h e r  makes an ang le  o f  approx imate ly  71" f rom normal.  I n  f i g u r e s  6 ( a )  
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and ( b ) ,  as i n  f i g u r e s  4 ( a )  and ( b ) ,  o n l y  t h e  f i r s t  pu lse,  as b e s t  as i t  can 
be i s o l a t e d ,  i s  d i g i t i z e d .  The f requency spectrum i n  f i g u r e  6 (b )  i s  a r e l a -  
t i v e l y  smooth curve w i t h  i n t e r f e r e n c e  peaks separated by l a r g e  f requency i n c r e -  
ments. I n  t h e  p r e s e n t  
case we a r e  probably  seeing t h e  e f f e c t  o f  a d i s t r i b u t i o n  o f  c h a r a c t e r i s t i c  
t imes .  The a c t i v e  area of t h e  t r a n s d u c e r  wearp la tes  i s  f i n i t e .  Fo r  t h i s  r e a -  
son t h e r e  i s  a range o f  f i r s t  p u l s e  t r a n s i t  t imes  f o r  p r o p a g a t i o n  between them. 

These i n t e r f e r e n c e  peaks d i d  n o t  appear i n  f i g u r e  4 (b ) .  

F o r  f i g u r e s  6 (c )  t o  (e )  t h e  t o t a l  d e t e c t a b l e  s i g n a l  was d i g i t i z e d .  
s i g n a l  l ooks  much l i k e  an AU waveform, b u t  s t i l l  t h e r e  a r e  i n d i v i d u a l  p u l s e  
a r r i v a l s  t h a t  can be d i s t i n g u i s h e d  i n  f i g u r e  6 ( c ) .  
cepst rum r e v e a l  t h a t  t h e r e  a r e  now many i m p o r t a n t  f requency peaks and charac-  
t e r i s t i c  t imes  f o r  t h i s  s i g n a l .  
watch t h e  m u l t i p l e  r e f l e c t i o n s  f rom t h e  f a c e  t o  f a c e  geometry spread o u t  i n  
t h e  t i m e  domain and change t o  d i f f e r e n t  r a y  pa ths  as t h e  a n g l e  o f  t hese  r a y  
pa ths  i nc reases  w i t h  t h e  o f f - s e t  s l i d i n g  o f  t h e  r e c e i v i n g  t ransducer .  I n  a d d i -  
t i o n  t o  t h i s  change t h e r e  i s  t h e  appearance, and g radua l  i n c r e a s e  i n  impor -  
tance,  o f  new propagat ion paths a s s o c i a t e d  w i t h  mode convers ion  a t  r e f l e c t i o n . )  

The 

The f requency spectrum and 

(It i s  i n t e r e s t i n g  t o  do t h e  exper iment  and 

F i g u r e  8 shows da ta  ob ta ined  w i t h  t h e  same t ransducers  and specimen i n  an 
AU c o n f i g u r a t i o n ,  t h a t  i s ,  w i t h  b o t h  t ransducers  on t h e  same s i d e  o f  t h e  
l u c i t e .  Now t h e  a r r i v a l  o f  i n d i v i d u a l  pu l ses  i s  much more obscure.  The spec- 
t r u m  and cepstrum a r e  more complex i n  s t r u c t u r e .  T h i s  s i g n a l ,  which has t h e  
s p i k e  l i k e  i n t e r f e r e n c e  spectrum o f  a g raph i te /epoxy  specimen, has been 
produced s o l e l y  by p o s i t i o n i n g  t h e  t ransducers  r e l a t i v e  t o  each o t h e r  s i m i l a r  
t o  t h a t  shown i n  f i g u r e  1 .  

The exper iments desc r ibed  w i t h  f i g u r e s  4 ,  6, and 8 have i l l u s t r a t e d  a 
s t e p  by s t e p  c o n s t r u c t i o n  o f  t h e  spectrum f i n e  s t r u c t u r e  o f  an AU s i g n a l .  
c e n t e r  column of  f i g u r e  4 shows t h a t  t h e  presence o f  m u l t i p l e  p u l s e  a r r i v a l  
t imes  leads t o  m u l t i p l e  peaks i n  t h e  spectrum. Bu t  t h e  peaks i n  f i g u r e  4 a r e  
b roader  t h a n  i s  t y p i c a l  f o r  AU s p e c t r a .  However when t h e  p r o p a g a t i o n  p a t h  o f  
t h e  rays  i s  made nonnormal as i n  f i g u r e  6 t h e  s p e c t r a l  peaks a r e  found t o  
become narrower .  T h i s  i s  much more l i k e  t h e  AU spectrum o f  f i g u r e  8 ( b )  as 
w e l l  as t h e  composite and r e s i n  s p e c t r a  i n  f i g u r e s  2 ( c )  and ( d ) .  T h i s  seems 
t o  show t h a t  t h i s  narrow, s p i k e  l i k e ,  f i n e  s t r u c t u r e  o f  t h e  AU spectrum can be 
a t  l e a s t  p a r t l y  a t t r i b u t e d  t o  o f f - n o r m a l  angles o f  r e f l e c t i o n .  O f f -no rma l  
r e f l e c t i o n  causes g e n e r a t i o n  o f  mode convers ion  and c h a r a c t e r i s t i c  t imes t h a t  
have no s imp le  a r i t h m e t i c  r e l a t i o n  t o  each o t h e r .  I n  a d d i t i o n  t o  t h i s ,  d i s -  
c r e t e  c h a r a c t e r i s t i c  t imes become d i s t r i b u t i o n s  o f  t imes .  

The 

E f f e c t  o f  Dry Couplants on AU Data 

The above experiments show t h a t  t h e  f requency spectrum o b t a i n e d  from AU 
s i g n a l s  can be s imulated by  t h e  geometry of t h e  specimen and t r a n s d u c e r  pos i - -  
t i o n s .  It does n o t ,  however, p rove  t h a t  t h i s  i s  t h e  o n l y  source o f  t h e  peaks 
i n  t h e  f requency spectrum. 
desi'gned t o  show t h e  e f f e c t  o f  s i l i c o n e  rubber  pads. 
m a t e r i a l  was used as a d r y  c o u p l a n t  i n  s e v e r a l  s t u d i e s  o f  g raph i te /epoxy  com- 
p o s i t e  s t r u c t u r e s  ( r e f s .  14 and 1 5 ) .  
can conclude t h a t  t h e r e  i s  an i n t e r f e r e n c e  p a t t e r n  i n t r o d u c e d  by t h e  s i l i c o n e  
rubber  l a y e r .  It i s  l i k e l y  t h a t  t h i s  i s  t h e  r e s u l t  of m u l t i p l e  r e f l e c t i o n  
w i t h i n  t h e  pad. The cepstrum f i g u r e ,  9 ( c ) ,  shows t h e r e  a r e  many c h a r a c t e r i s -  
t i c  t imes  present ,  w i t h  t h e  most prominent  b e i n g  6.7 ps. 

F i g u r e  9 e x h i b i t s  t h e  r e s u l t s  o f  an exper iment  
T h i s  t h i c k n e s s  of  t h i s  

Comparing f i g u r e  9 ( b )  t o  f i g u r e  4(b)  one 

8 



CONCLUS 1 ONS 

Acous to -u l t rason ic  energy in t roduced i n t o  a l am ina ted  g r a p h i t e  r e s i n  has 

The sec- 
been shown t o  propagate th rough t h e  s t r u c t u r e  i n  two modes. 
a l o n g  t h e  g r a p h i t e  f i b e r s .  
ond mode i s  th rough  t h e  r e s i n  m a t r i x .  
i s  a l s o  t h e  most s t r o n g l y  a t t e n u a t e d  i n  t h e  h i g h e r  f requency regime. 

The f i r s t  mode i s  
T h i s  mode i s  t h e  more r a p i d  o f  t h e  two. 

Besides be ing  s lower ,  t h e  m a t r i x  mode 

Awareness o f  t hese  d i f f e r e n c e s  i n  p ropaga t ion  speed and f requency d i s t r i -  
It i s  l i k e l y  t h a t  t h e  b u t i o n  can be o f  use i n  separa t i ng  the  modes f o r  s tudy .  

a n a l y s i s  i s  a p p l i c a b l e  t o  o t h e r  k i n d s  o f  composites as w e l l .  

S tud ies  o f  AU i n  c o n j u n c t i o n  w i t h  m a t e r i a l  and mechanical p r o p e r t i e s  
shou ld  t a k e  advantage o f  t h i s  t y p e  o f  wave p ropaga t ion  mode a n a l y s i s .  
modes w i l l  be more s e n s i t i v e  t o  p a r t i c u l a r  p r o p e r t i e s  than  w i l l  o the rs .  Focus- 
i n g  on t h e  most a p p r o p r i a t e  mode can lead t o  h i g h e r  r e l i a b i l i t y  i n  u s i n g  
a c o u s t o - u l t r a s o n i c s  as a p r e d i c t o r  f o r  t h e  p r o p e r t y  o f  i n t e r e s t .  

Some 

The f i n e  s t r u c t u r e  o f  narrow peaks i n  t h e  f requency spectrum, t y p i c a l  o f  
AU spec t ra ,  has been shown t o  be a m a n i f e s t a t i o n  o f  t h e  c h a r a c t e r i s t i c  t imes  
assoc ia ted  w i t h  t h e  a r r i v a l  o f  i n d i v i d u a l  pu l ses  a t  t h e  r e c e i v i n g  t ransducer .  
l h e  t imes  a r e  n o t  i n  genera l  r e l a t e d  as s imp le  a r i t h m e t i c  r a t i o s .  l h e y  a r e  
n o t  d i s c r e t e  b u t  r a t h e r  d i s t r i b u t i o n s  o f  t imes .  These f e a t u r e s  would seem t o  
d iscourage a t tempts  t o  a n a l y s i s  them. T h i s  f i n e  s t r u c t u r e  i s  n o t  l i k e l y  t o  
c a r r y  u s e f u l  i n f o r m a t i o n  on t h e  m a t e r i a l  o r  mechanical p r o p e r t i e s  o f  t h e  spec i -  
men b e i n g  s tud ied .  

One can contemplate t h a t  t h e r e  are a p p l i c a t i o n s ,  however, where i n f o r m a -  
T h i s  i n f o r m a t i o n  can be expressed t i o n  on specimen geometry would be use fu l .  

i n  terms o f  t h e  c h a r a c t e r i s t i c  d e l a y  t imes. It was shown t h a t  t h e  cepst rum i s  
most u s e f u l  i n  d e t e c t i n g  and measuring these c h a r a c t e r i s t i c  t imes even i n  
r a t h e r  complex spec t ra .  I f  a n a l y s i s  o f  t h e  f i n e  s t r u c t u r e  i s  cons idered,  how- 
ever ,  t h e  f i r s t  s t e p  i s  t o  e l i m i n a t e  o r  a t  l e a s t  account  f o r  any f i n e  s t r u c -  
t u r e  produced f rom such f a c t o r s  as d r y  c o u p l a n t  pads. 

9 



APPENDIX A - THE SOURCE OF INTERFERENCE PEAKS I N  THE MAGNITUDE OF 
THE FREQUENCY SPECTRUM 

The magnitude o f  t h e  f requency spectrum, A ( f ) ,  i s  g i ven  by, ( r e f .  17, 
p. 8) :  

t- 
- i 2 n f t  dt A ( f )  = [ x ( t ) e  

2n -m 

Here f i s  frequency, t i s  t ime,  and x ( t )  i s  t h e  t i m e  domain s i g n a l  c o l -  
l e c t e d  a t  t h e  r e c e i v i n g  t ransducer .  

L e t  t h e  t i m e  domain s i g n a l  be a p u l s e  a r r i v a l  x l ( t )  and a p u l s e  a r r i -  
v a l  x 2 ( t )  t h a t  a r e  components o f  an AU s i g n a l .  

Le t  t h e  pu lses  be r e l a t e d  by 

The two pulses have a common source, t h e  i n p u t  p u l s e  f rom t h e  sending 
t ransducer .  T i s  t h e  c h a r a c t e r i s t i c  t ime  between them. Since they  l e f t  t h e  
sending t ransducer  a t  t h e  same t ime,  T 
f rom sender t o  rece ive r .  The f a c t o r  C represents  the d i f f e r e n c e  i n  at tenucl-  
t i o n  between the  pu lses  due t o  t h e  l onger  t ime  o f  t r a v e l  f o r  one o f  them. C 
w i l l  t h e r e f o r e  be f requency dependent. C must a l s o  c o n t a i n  any nont ime 
dependent phase d i f f e r e n c e s  i n c u r r e d  by t h e  pu lses  d u r i n g  t h e  t r a n s i t  o f  t h e  
specimen. The on ly  such phase d i f f e r e n c e s ,  however, a r e  a t  r e f l e c t i o n s .  
R e f l e c t i o n s  m u l t i p l y  t h e  s i g n a l  by p l u s  o r  minus a p o s i t i v e  cons tan t .  
f o r e  t h e  cumulat ive e f f e c t  o f  a l l  such r e f l e c t i o n s  w i l l  be p l u s  o r  minus a pos- 
i t i v e  cons tan t .  Then C can be expressed as: 

i s  t h e  d i f f e r e n c e  i n  t h e i r  t r a n s i t  t i m e  

T h e r e -  

C = + _ K ( f )  (A41 

S u b s t i t u t i n g  equat ions ( A 4 )  and (A3) i n t o  equat ion  (A2) t h e  ampl i tude of  t h e  
spectrum a t  any frequency f i s :  

-i 2nf ( t + l )  
+OD 

A ( f )  = g 1 1, [xl(t)e-i2nftkK(f)xl(t)e 

o r  

- i 2 r f l  e - i 2 r f t  d t  
A ( f )  = l I x l ( t ) [ l + K ( f ) e  1 

d t  ( A 5 1  

T h e ’ t e r m  i n  t h e  b racke t  o f  (A6) modulates t h e  f requency spectrum o f  t h e  
pu lse .  
n as an i n t e g e r  reduces t h e  b racke t  t o :  

X l ( t )  
The c o n d i t i o n  f o r  e q u a t i o n  (1 )  of t h e  ANALYSIS sec t i on ,  7 = n / f ,  where 

70 



I n  t h e  case o f  equat ion ( 2 )  where T = ( n  + 1 / 2 ) / f  t h e  b r a c k e t  becomes: 

The s i g n  i n  equat ion (A8) w i l l  always be oppos i te  t h e  s i g n  i n  equat ion  ( A 7 ) .  
Peaks occur i n  t h e  frequency spectrum where t h e  p l u s  s ign  occurs and troughs 
occur f o r  t h e  minus s ign .  

11 



REFERENCES 

1. Vary, A.; and Bowles, K.J.: U l t r a s o n i c  E v a l u a t i o n  o f  t h e  S t r e n g t h  o f  
U n i d i r e c t i o n a l  Graph i te  Po ly imide  Composites. 
Symposium on Nondes t ruc t i ve  Eva lua t i on ,  ASNT, San Antonio,  TX, 1977, 

Proceedings o f  t h e  E leven th  

pp. 242-258. (NASA TM X-73646.) 

2. Hayford, D.T.; Henneke, E.G., 11; and Stinchcomb,W. W.: The C o r r e l a t i o n  
o f  U l t r a s o n i c  A t t e n u a t i o n  and Shear S t r e n g t h  i n  Graph i te -Po ly imide  
Composites. J .  Compos. Mater.,  v o l .  11, Oct. 1977, pp. 429-444. 

3. Vary, A.; and Bowles, K.J.: Use of an U l t r a s o n i c - A c o u s t i c  Technique f o r  
Nondest ruc t ive  E v a l u a t i o n  o f  F i b e r  Composite S t reng th .  Re in fo rced  
P l a s t i c s  - Contact 78, Proceedings o f  t h e  33rd Annual Conference, S o c i e t y  
o f  t h e  P l a s t i c s  I n d u s t r y ,  New York, 1978, S e c t i o n  24-A, pp. 1-5. 

4. Vary, A , ;  and Lark,  R . F . :  C o r r e l a t i o n  o f  F i b e r  Composite T e n s i l e  S t r e n g t h  
w i t h  t h e  U l t r a s o n i c  S t ress  Wave Fac to r .  J. Tes t .  Eval . ,  v o l .  7, no. 4, 
J u l y  1979, pp. 185-191. 

5 W i l l i ams ,  J.H., Jr. ;  and Lampert, N.R.: U l t r a s o n i c  E v a l u a t i o n  o f  
Impact-Damaged Graph i te  F i b e r  Composites. Mater .  Eva l . ,  v o l .  38, no. 12, 
Dec. 1980, pp. 68-72. 

6. Henneke, E.G.,  11, e t  a l . :  A Study o f  t h e  S t r e s s  Wave F a c t o r  Technique 
f o r  t h e  C h a r a c t e r i z a t i o n  o f  Composite M a t e r i a l s .  NASA CR-3670, 1983. 

7 .  Hemann, J.H.; and B a a k l i n i ,  G.Y.: The E f f e c t  o f  S t r e s s  on U l t r a s o n i c  
Pulses i n  F i b e r  Re in fo rced  Composites. NASA CR-3724, 1983. 

8. Wehrenberg, R.H., 11: New NDE Technique F inds  S u b t l e  Defec ts .  Mater .  
Eng., v o l .  92, no. 3, Sept. 1980, pp. 59-63. 

9. Serabian, S.: Composite C h a r a c t e r i z a t i o n  Techniques: U l t r a s o n i c .  
Mantech Journal ,  v o l .  10, no. 3, 1985, pp. 11-23. 

10. Lorenzo, L . ;  and Hahn, H.T . :  Damage Assessment by Acous to -U l t rason ic  
Techniques i n  Composites. Repor t  WU/CCH--86/2, Washington U n i v e r s i t y ,  Apr. 
1986. ( A v a i l .  NT IS ,  AD-A168097.) 

11. Govada, A.; Henneke, E.G.; and T a l r e j a ,  R.:  Acous to -U l t rason ic  
Measurements t o  M o n i t o r  Damage Dur ing  F a t i g u e  o f  Composites. 1984 
Advances i n  Aerospace Sciences and Engineer ing:  S t r u c t u r e s ,  M a t e r i a l s ,  
Dynamics and Space S t a t i o n  Propu ls ion ,  U. Yuceoglu and R .  Hesser, eds., 
ASME, 1984, Pp. 55-60. 

12. Henneke, E.G., 11; and Duke, J.C., J r . :  A n a l y t i c a l  U l t r a s o n i c s  f o r  
E v a l u a t i o n  of Composite M a t e r i a l s  Response, P a r t  I :  P h y s i c a l  

Conference, A. Vary, ed., NASA CP-2383, 1986, pp. 141-152. 
. I n t e r p r e t a t i o n .  A n a l y t i c a l  U l t r a s o n i c s  i n  M a t e r i a l s  Research and T e s t i n g  

13. dos Reis, H.L.M.; and Kautz, H.E.: Nondes t ruc t i ve  E v a l u a t i o n  o f  Adhesive 
Bond S t reng th  Using t h e  S t ress  Wave F a c t o r  Technique. J .  Acoust ic  
Emission, v o l .  5, no. 4, 0ct . -Dec.  1986, pp. 144-147. 

12 



1 4 .  Kau t r ,  H .E . :  U l t r a s o n i c  Eva lua t i on  o f  Mechanical P r o p e r t i e s  o f  l h i c k ,  
M u l t i l a y e r e d ,  F i l amen t  Wound Composites. NASA 1 M  -87088, 1985. 

1 5 .  Kautz,  H .E . :  Acous to -U l t rason ic  V e r i f i c a t i o n  o f  t h e  S t r e n g t h  o f  F i l amen t  
Wound Composite M a t e r i a l .  NASA TM-88827, 1986. 

16 Krautkramer,  J.; and Krautkramer, H. :  U l t r a s o n i c  T e s t i n g  o f  M a t e r i a l s ,  
Spr inger-Ver lag,  1969, pp. 23-2 

17. Bendat, J.S.; and P i e r s o l ,  A.G. 
and S p e c t r a l  Ana lys i s .  John W i  

Eng inee r ing  
ey and Sons, 

A p p l i c a t i o n s  o f  C o r r e l a t i o n  
980, pp. 122-142, 181-185. 

18. C h i l d e r s ,  D .  G.;  and D u r l i n g ,  A. E.: D i g i t a l  F i l t e r i n g  and S i g n a l  
Processing, West P u b l i s h i n g  Co., St. Paul, 1975, p .  4 3 3 f f .  

19. Ka ragu l l e ,  H.; W i l l i a m s ,  J.H., Jr . ;  and Lee, S.S.: S t r e s s  Waves i n  an 
I s o t r o p i c  E l a s t i c  P l a t e  E x c i t e d  by a C i r c u l a r  Transducer.  NASA CR-387.1, 
1985. 

AMPLIFIER 

SIGNAL 

PULSER 
SENDING 
TRANSDUCER 7 

" pc, 
r 

/ 

-RECEIVING 
TRANSDUCER 

CORRUGATED 
RUBBER 
SUPPORT 7 

blLILUNt f ,' 1 

fR 

I I  L"", L",. I I 
I U I CD-87-27488 

FIGURE 1. - BLOCK DIAGRM OF THE ACOUSTO-ULTRASONIC AND DATA 
PROCESS I NG SYSTEM. 

13 



8 

4 
m I E > % 5 0  - 5  20 15 10 

-2 2 0 
2 
$2 -5 -4 

-6 

TIME. pSEC 

(B) RESIN ALONE: TIME DOMAIN. ( A )  COMPOSITE: TIME DOMAIN. 

50 r 25 r 

D 

6:+ - 
- 

I I I 

40 

30 

20 

10 

(D) RESIN ALONE: TOTAL SPECTRUM. (C) COMPOSITE: TOTAL SPECTRUM. 

l5 r 

Y ( E )  COMPOSITE: SPECTRUM FROM 2 TO 
1 7  pSEC OF TIME DOMAIN. 

> 9n - ; 
$ t L" 10 tidLu 
L 3 (G) COMPOSITE: SPECTRUM FROM 1 7  TO 

24 pSEC OF TIME DOMAIN. 
40 r 

( F )  RESIN ALONE: SPECTRUM FROM 2 TO 
17 ~ S E C  OF TIME DOMAIN. 

l: 

( H I  RESIN ALONE: SPECTRUM FROM 1 7  TO 
24 ~ S E C  OF TIME DOMAIN. 

20 r- ::L 10 :;L 
( 1 )  COMPOSITE: SPECTRUM FROM 24 TO (J) RESIN ALONE: SPECTRUM FROM 24 TO 

48 pSEC OF TIME DOMAIN. 48 ~ S E C  OF TIME DOMAIN. 

30 I- r ::k-l~ , , I l:L I I , 
0 . s  1.0 1.5 2.0 2 . 5  0 .5  1.0 1.5 2 . 0  2.5 

FREQUENCY, NHZ 
( K )  COMPOSITE: SPECTRUM FROM 48 TO (L)  RESIN ALONE: SPECTRUM FROM 48 TO 

100 ~ S E C  O f  TIME DOMAIN. 

WITH AU SIGNAL FROM PANEL OF THE RESIN ALONE. 

100 ~ S E C  OF T I E  DOMAIN. 

FIGURE 2.  - COMPARISON OF AU SIGNAL FROM GRAPHITE/EPOXY RESIN COMPOSITE PANEL 

14 



17 RECEIVER 

2.25 

1.50 

1.00 .75 

0.88 CM 
LUCITE 

- 
- 

PROPAGATION PATH 

FIGURE 3. - TRANSDUCER ARRANGEMENT USED TO 
WAVES DIRECTLY THROUGH A LUCITE PANEL AT 

1 . 5 0 r  3.00XS3 

-.75 .7:+1 
-1.50 

(A) TIME DOMAIN, F IRST PULSE ARRIVAL , . 5o rAT RECEIVER , 

w CI (C) TIME DOMAIN. F IRST TWO ARRIVALS. 

-.75 

-1.50- 
(F) TIME DOMAIN, F IRST THREE ARRIVALS. 

- 1 . 5 0 1 1  
0- +loo 

100 PSEC 

TRANSMIT ULTRASONIC 
NORMAL INCIDENCE. 

3. OOx lo5 r 

(D) SPECTRUM OF 4(C). 
3. OOxE2 

4.oox10-2 r 

3. 00x104 
I- 

> 2.25 

.75 

(H) CEPSTRUM OF W F ) .  
3 . 0 0 ~ 2 4  

FREQUENCY, MHz TIME. PSEC 

(K) CEPSTRUM OF 4( I ) .  (1) TIME DOMAIN, ALL DETECTABLE (J) SPECTRUM OF MI) .  
ARRIVALS. 

FIGURE 4. - THROUGH-TRANSMISSION SIGNALS WITH 0.88-CM THICK LUCITE, L I Q U I D  COUPLANT, AND TWO 1-MHz TRANSDUCERS ARRANGED AS SHOWN 
I N  FIGURE 3.  

15 



I 

0.88 CM 
LUCITE HATELY 71’ OFF NORMAL 

‘V DIRECT RAY PATH APPROXI- 

- i I..- L I Q U I D  COUPLANT 

1 MHz 

FIGURE 5. - OFFSET TRANSDUCER ARRANGENENT USED TO TRANSMIT 
ULTRASONIC WAVES THROUGH LUCITE. 

1 .5Ox1O2 

-.75 . 7 5 k [  0 !:;k4 
-1.50 

(B) SPECTRUM OF 6 (A) .  
2. o o x R j 2  d 2 . 0 0 ~ 1 0 ~  3.  0 0 x d  

(A) T INE DOMAIN OF F IRST PULSE. 

1.50 - 

.50 2 .75 - 
> 

0 100 0 1 2 0 .25 .50 

1.00 

0 

-1.00 

-2.00 

- 

- 

100 PSEC FREQUENCY. MHz TIME, pSEC 

(C) T I E  DOMAIN, TOTAL SIGNAL. (D) SPECTRUM OF 6 (C) .  (E) CEPSTRUM OF 6(C) .  

FIGURE 6. - THROUGH TRANSMISSION SIGNALS WITH THE TRANSDUCER ARRANGEMENT SHOWN I N  FIGURE 5. 

1 MHz 1 MHz 
SENDER RECEIVER 

-LIQUID COUPLANT 
L I Q U I D  

COUPLANT-. , 1 \ A’’ 

0.88 CM 
LUCITE HATELY 71’ OFF NORMAL 

DIRECT RAY PATH APPROXI- 

FIGURE 7. - TRANSDUCER ARRANGEMENT USED TO TRANSMIT ULTRASONIC 
WAVES THROUGH LUCITE I N  THE ACOUSTO-ULTRASONIC CONFIGURATION. 

16 



5. 00x 10' 8.00 

U W 

3 . 7 5  > 6.00 
w 

c $ 2.50 :: 4 . 0 0  
d =- 2.00 

t 

2.0 0 .25 .50 0 1.0  
TIME. USEC 

> 1.75 

E O  
9 

W W 

-I 

-1.75 

-3.50 - 100 
100 PSEC FREQUENCY, MHz 

(A) TIME DOMAIN SIGNAL. (B) SPECTRUM OF 9 (A) .  

FIGURE 8. - ACOUSTO-ULTRASONIC SIGNAL WITH TRANSDUCER ARRANGEMENT OF FIGURE 7. 
(C) CEPSTRUM OF 8 (A) .  

2.00 r 

I- 
d 

-1.00 > l.;!+l- 
-2.00 1- 

0- -100 
100 PSEC 

(A) TIME DOElAIN SIGNAL. 

FIGURE 9. - THROUGH- 

6. 00x l o2  r 

FREQUENCY. MHz 

(B) SPECTRUM OF 9 (A) .  

.TRANSMISSION WITH TWO 1-MHz TRANSDUCERS AND 

2. oox 104  r 

.25 .50 0 
T I E .  ~ S E C  

(C) CEPSTRUM OF 9(A) .  

ONE SILICONE RUBBER LAYER. 

1 LOW-FREQUENCY ENERGY FLOW I N  RESIN 

(A) FIBER-FREE RESIN PANEL, 

SENDING RECEIVING 
TRANSDUCER TRANSDIJCER 

,.I RESIN 1 

" 
t 4  FILERS TO RESIN 4 

HIGH-FREQUENCY FLOW I N  FIBERS 
LOW-FREQUENCY ENERGY FLOW I N  RESIN 

CD-87-274P.5 
(B) GRAPHITE/EPOXY RESIN PANFL. 

FIGURE 10. - ILLUSTRATION OF MODEL FOR ULTRASONIC WAVE MOMS TO EXPLAIN 
ACOUSTO-ULTRASONIC RESULTS OBSERVED I N  GRAPHITE/EPOXY LAMINATES. 
STRENGTH OF SIGNAL DIMINISHES (LEFT TO RIGHT) WITH DISTANCE FROM 
SOURCE. 

17 



1. Report No. 2. Government Accession No. 

NASA TM-100148 
4. Title and Subtitle 

Ray Propagat ion Path Ana lys is  o f  Acous to-U l t rason ic  

9. Performing Organization Name and Address 
11. Contract or Grant No. 

N a t i o n a l  Aeronaut ics and Space A d m i n i s t r a t i o n  
Lewis Research Center 
Cleveland, Ohio 44135 13. Type of Report and Period Covered 

12. Sponsoring Agency Name and Address Techn ica l  Memorandum 

3. Recipient's Catalog No. 

5. Report Date 

Na t iona l  Aeronaut ics and Space A d m i n i s t r a t i o n  
Washington, D.C .  20546 

14. Sponsoring Agency Code 1 
15. Supplementary Notes 

Prepared f o r  Acous to-U l t rason ics :  
Lewis Research Center, Blacksburg,  V i r g i n i a ,  J u l y  12-15, 1987. 

Theory and A p p l i c a t i o n  sponsored by NASA 

16. Abstract 

The most inportant result o f  t h i s  work was the demonstration that acousto-ultrasonic (AU) energy 
introduced in to  a laminated graphitehesin propagates by two modes through the structure. 
mode, along the graphite fibers, i s  the faster. 
being slower i s  also mre strongly attenuated a t  the higher frequencies. This demonstration was 
accanplished by analyzing the t ime and frequency d m i n  o f  the composite AU signal dnd canparing 
than t o  the same f o r  a neat resin specimen o f  the same chemistry and geometry ds the canposite 
matrix. 
scale. 
gies. 
the many pulse arr iva ls  i n  the signal. Differences between pulse ar r i va ls  leads t o  characterist ic 
times and interference peaks i n  the spectrum. lhe  shape and d is t r ibu t ion  o f  the peaks i s  mainly 
determined by the condition of nonnormal ref lect ions o f  ray paths. Nonnormal re f lect ions causes 
the characterist ic times to not be simply related and changes discrete times t o  d is t r ibut ions of 
times. 
Analysis of propagation modes can be accanplished while ignoring the f i ne  structure. 
structure o f  the AU signal i s  t o  be studied, however, i t  i s  necessary t o  be aware o f  possible con- 
t r ibut ions f ran unwanted sources such as mul t ip le  re f lect ions i n  dry couplant pads. 

The f i r s t  
The second mode, through the resin matrix, besides 

The separation o f  the frequency spectra o f  propagation modes was accanplished on a broad 

I t  was shown that the multitude o f  narrow peaks associated with AU spectra are the ef fect  o f  
Analysis of the f ine  structure o f  AU spectra was accanplished by various geometrical s t ra te -  

A cepstrun analysis was employed which can be useful i n  detecting characterist ic times. 
If the f ine 

17. Key Words (Suggested by Author(s)) 18. Distribution Statement 

Nondest ruc t ive  t e s t i n g / e v a l u a t i o n ;  U n c l a s s i f i e d  - u n l i m i t e d  
U l t r a s o n i c s ;  Acous to-u l t rason ics ;  STAR Category 38 
Composites; Frequency spectrum a n a l y s i s  

I 
22. Price' 21. No of pages 19. Security Classif. (of this report) 20. Security Classif. (of this page) 

U n c l a s s i f i e d  U n c l a s s i f i e d  18 A02 


