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ULTRASONIC FLAW DETECTION AND CHARACTERIZATION I N  STRUCTURAL 
MATERIALS BY SPECTRAL ANALYSIS" 

L. Adler ,  K. V. Cook, W. A. Sitnpson, D. K. L e w i s , t  and D. W. F i t t i n g  

ABSTRACT 

A method of  q u a n t i t a t i v e l y  de te rmining  s i z e  and l o c a t i o n  
o f  s imula ted  f l a w s  i n  a n i s o t r o p i c  materials such as s t a i n l e s s  
s teel  welds  is d e s c r i b e d .  Previous  work demonstrated t h a t  
spectral  a n a l y s i s  of a broad-band u l t r a s o n i c  p u l s e  s c a t t e r e d  
from a d e f e c t  can be used t o  de te rmine  i t s  s i z e  and or ien-  
t a t i o n  i n  i s o t r o p i c  materials i f  t h e  v e l o c i t y  of sound i n  the  
material i s  known. In a n  a n i s o t r o p i c  s t r u c t u r a l  material - 
s t a i n l e s s  s tee l  weld, c e n t r i f u g a l l y  cast p ipe  - t h e  v e l o c i t y  
o f  sound - both  s h e a r  and l o n g i t u d i n a l  - depends 011 t h e  sound ' s  
d i r e c t i o n .  When a n i s o t r o p y  i s  n o t  taken  i n t o  account ,  d e f e c t  
l o c a t i o n  and s i z e  are f r e q u e n t l y  misjudged. The e f fec t  oE 
t h i s  s t r u c t u r a l  v a r i a t i o n  in materials must be cons idered  t o  
o b t a i n  t h e  c o r r e c t  s i z e  and l o c a t i o n  of d e f e c t s  by f requency  
a n a l y s i s .  A t h e o r e t i c a l  c a l c u l a t i o n ,  i n c l u d i n g  a n i s o t r o p y ,  of 
t h e  s c a t t e r e d  f i e l d  from d e f e c t s  i s  a l s o  presented .  

INTRODUCTION 

An impor tan t  a p p l i c a t i o n  of  n o n d e s t r u c t i v e  e v a l u a t i o n  (NDE) i s  t h e  

d e t e c t i o n  of  c r a c k s  o r  i n c l u s i o n s  i n  metallic components and t h e  d e t e r -  

m i n a t i o n  of t h e i r  l o c a t i o n .  In  a d d i t i o n  t o  d e f e c t  l o c a t i o n ,  d e f e c t  char- 

a c t e r i z a t i o n  i s  becoming i n c r e a s i n g l y  impor tan t  i n  modern NDE. Defect  

c h a r a c t e r i z a t i o n  r e f e r s  t o  t h e  d e t e r m i n a t i o n  of s i z e ,  shape,  o r i e n t a t i o n ,  

and composi t ion of  t h e  d e f e c t .  I n  c o n v e n t i o n a l  u l t r a s o n i c  t e s t i n g  t h e  

beam r e f l e c t e d  from a d e f e c t  i s  observed and t h e  l o c a t i o n  of t h e  d e f e c t  

i s  determined from t h e  t i m e  t h e  u l t r a s o n i c  pulse  t a k e s  t o  t r a v e l  t o  

and  from t h e  d e f e c t .  The s i z e  of t h e  d e f e c t ,  on t h e  o t h e r  hand, is  

e s t i m a t e d  by measuring t h e  ampl i tude  of t he  r e f l e c t e d  u l t r a s o n i c  wave. 

*Work performed under DOE/KKT 189a O H 0 6 1 ,  "Nondes t ruc t ive  Test ing."  
tGraduate  s t u d e n t  from t h e  U n i v e r s i t y  of Tennessee.  
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The measurement of t h e  sound wave's t r a v e l  time a c c u r a t e l y  l o c a t e s  t h e  

d e f e c t .  Amplitude measurements, however, can r e s u l t  i n  s i z e  e s t i m a t i o n s  

i n  e r r o r  by a f a c t o r  of as much as 5 t o  10 i f  t h e  o r i e n t a t i o n  of t h e  

d e f e c t  i s  n o t  normal t o  t h e  i n c i d e n t  beam.l 

u l t r a s o n i c  s p e c t r a l  a n a l y s i s  h a s  been developed t o  make d e f e c t  s i z e  d e t e r -  

mina t ions  t o  supplement those  based on ampl i tude  measurements. 3-7 

To overcome t h i s  d i f f i c u l t y  

S p e c t r a l  a n a l y s i s  which i.i.ses f requency  d i s t r i b u t i o n  of t h e  s c a t t e r e d  

ampl i tude  t o  c h a r a c t e r i z e  f l a w s ,  h a s  been s u c c e s s f u l l y  a p p l i e d  i n  aluminum 

and i n  carbon s tee l .  Convent t o n a l  u l t r a s o n i c  t e c h n i q u e s  d e t e c t  and 

c h a r a c t e r i z e  flaws p o o r l y  i n  a u s t e n i t i c  s teels  w i t h  welded o r  cast s t ruc-  

t u r e s .  Very o f t e n  u l t r a s o n i c  t i m e  measurements do n o t  l o c a t e  t h e  d e f e c t  

p r o p e r l y  when the  w e l d  i t s e l f  i s  s e c t i o n e d .  The reason  f o r  t h i s  d i s c r e -  

pancy may be expla ined  by a r e c e n t  s tudy2 of a u s t e n i t i c  s t ee l ,  which 

showed mechanical a n i s o t r o p y  caused by p r e f e r r e d  l o c a l  o r i e n t a t i o n  of 

e l o n g a t e d  subgra ins .  A s  a r e s u l t ,  t h e  v e l o c i t y  of propagat ion  f o r  both 

s h e a r  and l o n g i t u d i n a l  waves w i l l  depend on the d i r e c t i o n  of t he  sound 

waves. The purpose of t h i s  paper  i s  t o  show: (1) how u l t r a s o n i c s  w i . l l  

e n a b l r  us  t o  c l e a r l y  d e s c r i b e  t h i s  a n i s o t r o p i c  behavior  and ( 2 )  how 

t h e  i n f o r m a t i o n  about  a n i s o t r o p y  i s  used t o  l o c a t e  and c h a r a c t e r i z e  

d e f e c t s  i n  a n i s o t r o p i c  materials.  

THEORY 

1J1 t r a s o n i c  Wave Propagat ion  -.I A n i s o t r o p i c  

w i t h  O r t h o t r o p i c  Symmetry 

) l i d s  

The a p p a r e n t  symmetry i n  t h e  m a c r o s t r u c t u r e  of an a u s t e n i t i c  

s t a i n l e s s  s tee l  weld suggested2 o r t h o t r o p i c  symmetry f o r  t h e  stress- 

s t r a i n  r e l a t i o n s h i p .  The g e n e r a l  r e l a t i o n  of stress t o  s t r a i n  i n  

matrix n o t a t i o n  i s  
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where ( 0 3  i s  t h e  s t r e s s  m a t r i x ,  { E }  i s  t h e  s t r a i n  m a t r i x ,  and [ C ]  i s  t h e  

e l a s t i c  s t i f f n e s s  ma t r ix .  For a m a t e r i a l  

are n ine  independent  terms i n  [C]: 

[ C I  = 

c11 

c12 

cl3 

0 

C 

0 

c12 c 1 3  

c 2 2  c 2 3  

n 
1.23 c33 

0 0 

0 0 

0 0 

0 

0 

0 

c b  4 

0 

0 

with o r t h o t r o p i c  symmetry t h e r e  

0 

0 

0 

0 

c5 5 

0 

I n v e r s i o n  of Eq. 2 y i e l d s  i n  m a t r i x  n o t a t i o n  

{ E l  = [cl-l{a} = [ s I{c r>  , 

where [SI i s  t h e  e las t ic  compliance mat r ix .  

0 

0 

0 

0 

0 

c6 6 

The r e l a t i o n s h i p  between t h e  e l a s t i c  s t i f f n e s s  c o n s t a n t s  and the  v e l o c i t y  

of t h e  u l t r a s o n i c  wave is  expressed  by t h e  C h r i s t o f f e l  r e l a t i o n :  

where,  f o r  a material w i t h  o r t h o t r o p i c  s y m m e t r y  

= o  , ( 4 )  



4 

where 2, m and n are d i r e c t i o n  c o s i n e s  of  t h e  propagat ion  d i r e c t i o n  and 

p i s  t h e  d e n s i t y  of t h e  material .  

weld i s  deflened i n  F i g .  1. The e lements  of t h e  e l a s t i c  s t i f f n e s s  

m a t r i x  are c a l c u l a t e d  by measuring sound v e l o c i t y  i n  a number of spe-  

c i f i e d  d i r e c t i o n s  and by apply ing  t h e  fo l lowing  r e l a t i o n .  

A c o o r d i n a t e  s y s t e m  a t t a c h e d  t o  t h e  

Table  1. R e l a t i o n s h i p s  Between Elas t ic  S t i E f n e s s  and 
U l t r a s o n i c  Propagat ion  V e l o c i t y  

Elastic Stiffness Relations“ 
~~ 

Propagation Direction 
~~~ ~~ 

aThe f i r s t  s u b s c r i p t  on V i n d i c a t e s  t h e  d i r e c t i o n  of propagat ion  
and t h e  second s u b s c r i p t  i n d i c a t e s  t h e  p o l a r i z a t i o n ;  e.g., V31 repre- 
s e n t s  shear v e l o c i t y  propagat ing  i.n t h e  3 - d i r e c t i o n  and p o l a r i z e d  a long  
t h e  1 -d i r ec t ion .  Once t h e  e l a s t i c  c o n s t a n t s  are c a l c u l a t e d  from the  
r e l a t i o n s  above, t h e  l a s t  t h r e e  e q u a t i o n s  can be so lved  to  ca l .cu la te  the 
v a r i a t i o n s  of  t h e  v e l o c i t i e s  as a f u n c t i o n  o f  o r i e n t a t i o n .  

ORNL-DWG 75-43166R 

3’ 

P4 

Fig .  1. Reference Coordina te  Axes and I l l - u s t r a t i o n  of an E l e c t r o s l a g  
Weld wi th  t h e  I d e a l i z a t i o n  o f  a l l  S o l i d i f i c a t i o n  D i r e c t i o n s  as Paral le l .  
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For some a p p l i c a t i o n s  "engineer ing"  c o n s t a n t s  may be more con- 

v e n i e n t  t h a n  t h e  components of t h e  [ s ]  or  [e] matr ix .  The eng inee r ing  

c o n s t a n t s  are most conven ien t ly  de r ived  from the  compliance m a t r i x ,  

where 

Gij repre- 
where E; r e p r e s e n t s  t he  modulus of e l a s t i c i t y  i n  d i r e c t i o n  i ;  

s e n t s  t h e  shea r  modulus i n  t h e  i j  p l a n e ;  and v r e p r e s e n t s  t h e  r a t i o  of 

t h e  s t r a i n  i n  t h e j - d i r e c t i o n  t o  t h e  s t r a i n  i n  t h e  i - d i r e c t i o n .  
ij 

D i f f r a c t i o n  of U l t r a s o n i c  Waves a t  F l a w s  

I n  o r d e r  t o  c h a r a c t e r i z e  unknown f l aws  i n  materials,  one needs  t o  

have  p rev ious  knowledge of wave i n t e r a c t i o n  wi th  known, wel l -def ined 

f l aws .  Then w i t h  t h i s  knowledge one can a t t empt  t h e  i n v e r s e  problem; 

namely, t o  de te rmine  t h e  s i z e ,  shape ,  and o r i e n t a t i o n  of a f l aw by ana- 

l y z i n g  the  s c a t t e r e d  u l t r a s o n i c  waves. The s c a t t e r i n g  mechanism f o r  

d e f e c t s  l a r g e  compared wi th  t h e  wave l e n g t h  i s  c a l l e d  d i f f r a c t i o n .  A 

g e o m e t r i c a l  t h e o r y  of d i f f r a c t i o n  developed f o r  e l ec t romagne t i c  waves 

and  adopted f o r  u l t r a s o n i c  waves7 relates t h e  i n t e n s i t y  d i s t r i b u t i o n  

8 
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of  t h e  d i f f r a c t e d  waves i n  f r equency  space t o  t h e  geometr ic  charac- 

t e r i s t i c s  o f  t h e  flaw. For a c i r c u l a r  c r a c k  wi th  r a d i u s  a, t h e  ampl i tude  

of t h e  s c a t t e r e d  u l t r a s o n i c  wave a t  a p o i n t  i n  t h e  far  f i e l d  i s  of the 

form 

._.....I..........._-- + cos  (T-) e - - a  7 

where a i s  t h e  i n c i d e n t  a n g l e ,  f3 i s  t h e  s c a t t e r e d  ang le  and A(k) is  t h e  

t h e  ampl i tude  d i s t . r i b u t i o n  of t h e  i n c i d e n t  wave. For t h e  case of nor- 

mal i n c i d e n c e  (a = 0)  o r  pulse-echo t echn ique  (a = e ) ,  E q .  ( 7 )  bemines 

simp]-er. 

The d i f f r a c t e d  ampl i tude  f o r  s c a t t e r e d  shea r  and s c a t t e r e d  longi-  

t u d i n a l  waves from a c i r c u l a r  d e f e c t  i n  steel. ( f o r  a = 6 nun), caleii- 

l a t e d  by us ing  Eq .  ( 7 ) ,  i s  shown i n  Fig.  2. The s c a t t e r e d  ang1.e v a r i e s  

from 30 t o  60" and t h e  f requency  ranges  from 2 t o  6 MHz. Not ice  t h e  

c h a r a c t e r i s t i c  ampl i tude  v a r i a t i o n  wi th  frequency.  The so-ca l led  i n t e r -  

f e r e n c e  modell  developed ea r l i e r  t o  deterrni.ne s i z e  of d e f e c t s  u s e s  the  

f r equency  spac ing  Af of t h e  ampl i tude  maxima. The r a d i u s  of  t he  cir-  

c u l a r  c r a c k  i s  

I n  t h e  case of an a n i s o t r o p i c  material ,  V i s  a f u n c t i o n  of d i r e c t i o n  ( 0 ) .  

In o r d e r  t o  c a l c u l a t e  s c a t t e r e d  ampl i tude  ( V )  from E q .  ( 7 ) ,  as  w e l l  as 

t o  de te rmine  t h e  s i z e  (a) of t h e  c rack ,  t h e  f u n c t i o n a l  r e l a t i o n s h i p  bet-  

ween V and 0 must f i r s t  be determined.  
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OANL- DWG 78- 10005 

Fig .  2. C a l c u l a t e d  D i f f r a c t e d  Amplitude from a C i r c u l a r  Defect  
(6-mm r a d i u s ) .  

EXPERIMENTAL SYSTEMS 

Measurements of U l t r a s o n i c  V e l o c i t i e s  as a Funct ion  
of O r i e n t a t i o n  i n  S t r u c t u r e d  Materials 

An a p p a r a t u s  developed t o  measure v a r i a t i o n  of v e l o c i t i e s  w i t h  

d i r e c t i o n  i n  s t r u c t u r e d  m a t e r i a l s  i s  i l l u s t r a t e d  i n  Fig. 3. A c y l i n d r i -  

cal  sample mounted on a goniometer  i s  s lowly  r o t a t e d  about  i t s  ax i s .  

U l t r a sound  is  t r a n s m i t t e d  through t h e  sample  on a f ixed -d i s t ance  pa th  

from t r a n s m i t t e r  t o  r e c e i v e r ;  bo th  t r a n s m i t t i n g  and r e c e i v i n g  t r ans -  

d u c e r s  are 5-MHz (cen te r - f r equency)  u n i t s .  The s i g n a l  t r a n s m i t t e d  

th rough  t h e  sample i s  d i s p l a y e d  on an  o s c i l l o s c o p e  and t h e  v a r i a t i o n  i n  

v e l o c i t y  i s  measured by n o t i n g  t h e  t i m e  s h i f t  of t h e  u l t r a s o n i c  wave- 

form. An aluminum r e f e r e n c e  c y l i n d e r  h e l p s  t o  a l i g n  t h e  system. T h i s  

t echn ique  can  d e t e c t  v e l o c i t y  v a r i a t i o n s  of about  1%. 

Three  c y l i n d r i c a l  samples and a c u b i c a l  sample (Fig.  4 )  are 
machined from t h e  weld. The t h r e e  c y l i n d e r s  are s e l e c t e d  such t h a t  
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ORNL-UWG 76-19792 

JLATOR 

,-GONIOMETER 11' ~) I /  ,-SEARCH TUBE 

TRANSMIT E?? 

Fig .  3. Apparatus  t o  Measure Long i tud ina l  V e l o c i t y  V a r i a t i o n s  i n  a 
C y l i n d r i c a l  Sample, 

ORN L -. DWG 76 - I  9793 

3 

MATERIAL 

Fig.  4. Sample S e l e c t i o n  f r o m  a S e c t i o n  of Weld f o r  U l t r a s o n i c  
S t u d i e s  e 
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t h e i r  axes l i e  a long  t h e  c o o r d i n a t e  axes .  The c y l i n d e r s  are used t o  

measure t h e  v e l o c i t y  changes w i t h  o r i e n t a t i o n -  R o t a t i n g  each  sample 

abou t  i t s  a x i s  y i e l d s  cont inuous  d a t a  OR l o n g i t u d i n a l  v e l o c i t y  as a 

f u n c t i o n  of o r i e n t a t i o n  i n  t h e  t h r e e  o r thogona l  p l anes .  For  example, 

r o t a t i n g  t h e  sample about  i t s  2-axis g i v e s  no t  o n l y  V l l  and V 3 3  but  a l s o  

v;3 (see Table  11, which i s  r e q u i r e d  t o  c a l c u l a t e  t h e  e l a s t i c  c o n s t a n t s .  

The c u b e ' s  c o n t a c t  l o n g i t u d i n a l -  and shear-wave v e l o c i t i e s  must be 

measured t o  conve r t  t h e  r e l a t i v e  v e l o c i t i e s  determined from t h e  

c y l i n d r i c a l  samples t o  a b s o l u t e  v e l o c i t i e s .  

Data Ana lys i s  

A computer program i n  FORTRAN w a s  used t o  c a l c u l a t e  impor tan t  para- 

meters. T h i s  program, an i n t e r a c t i v e  one ,  accepts l o n g i t u d i n a l  and 

s h e a r  v e l o c i t y  d a t a  f o r  t h e  sample ,  Program o u t p u t  i n c l u d e s  (1) t h e  

e l emen t s  of t h e  e l a s t i c  s t i f f n e s s  and compliance m a t r i c e s  and ( 2 )  theore- 

t i ca l  l o n g i t u d i n a l -  and shear-wave v e l o c i t i e s  a t  5 "  i n t e r v a l s  i n  t h r e e  

o r t h o g o n a l  p l anes .  The computer program w a s  w r i t t e n  t o  f o l l o w  t h e  

method of c a l c u l a t i o n  o u t l i n e d  i n  S e c t i o n  11. 

R e s u l t s  

Two weld m a t e r i a l s  were a v a i l a b l e :  (1)  an e l e c t r o s l a g  s ing le -pass  

weld of t ype  308 s t a i n l e s s  s tee l  and ( 2 )  an Inconel  8 2  m u l t i p a s s  weld 

( 4 7  p a s s e s ) .  P l o t s  of t h e o r e t i c a l  and expe r imen ta l  v e l o c i t y  d a t a  f o r  

t h e s e  two welds  are g iven  i n  F igs .  5 and 6. F igu re  5 shows o n l y  t h e  

p l a n e s  demons t r a t ing  a n i s o t r o p y .  The l o n g i t u d i n a l  d a t a  were ob ta ined  by 

th rough  t r a n s m i s s i o n  d i r e c t l y  a c r o s s  t h e  d iameter  of t h e  s a m p l e ,  Shear- 

wave d a t a  were from t h e  c u b i c a l  specimen. The s o l i d  cu rve  i s  t h e o r e t i -  

c a l  and i s  ob ta ined  by s o l v i n g  t h e  l a s t  t h r e e  e q u a t i o n s  of Table  1 f o r  

t h e  primed v e l o c i t i e s .  Dots denote  expe r imen ta l  r e s u l t s .  

Exper imenta l  d a t a  are a l s o  p re sen ted  in Figs .  7 and 8 f o r  t h e  

v a r i a t i o n  of a t t e n u a t i o n  w i t h  o r i e n t a t i o n  f o r  t h e  two welds. Again, 

p l o t s  f o r  t h e  s ing le -pass  weld do n o t  i n c l u d e  t h e  p l ane  of i s o t r o p y .  
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F'or Analog !lata 

F i g u r e  9 shows t h e  b lock .  diagram of tile e l e c t r o n i c  c o n f i g u r a t i o n  f o r  

u l t r a s o n i c  f requency  a n a l y s i s .  Note tliai p r o v i s i o n  h a s  been made f o r  

both s ing le  t r ansduce r  pulse-echo an.d mnltiple t r ansduce r  p i t ch -  c a t c h  

s t u d i e s .  For s i m p l i c i t y  a l l  compoIieilt?; arc. synchronized t o  the u l t r a -  

s o n i c  pul.ser.  The e x c i t i n g  energy  i s  provi-ded by a h igh-vol tage  untuned 

s p i k e  of  s h o r t  d u r a t i o n .  F o r  h i g h l y  damped ccrainic. o r  l i t h i u m  s u l f a t e  

t r a n s d u c e r s ,  the emi t t ed  e n e r g y  covers a r e l a t i  ve1.y broad band of f re- 

quenc ie s  under these c o n d i t i o n s  O E  e x c i ~ t a t i o n .  The transducer output  

c o r i s i s t s  of  a l l  r ece ived  echoes ,  atid f o r  t he  s i r rgle  t r a n s d u c e r ,  t h e  

e x c i t i n g  p u l s e ;  t h e s e  echoes  a p p l y  t o  the  ii7piit o f  a preampli-f ier .  

Recovery o f  the "preamp" occur s  i.n t i m e  t o  a m p l i E y  a l l  subsequent  echoes ,  

p rovided  a water col~trrrrr o f  13 m or moLe i s  used. The out:put of  t he  

prenmpl . i f ie r  i s  f e d  through t h r  main a m p l i f i e r  to a pedes t a l - f r ee  g a t e  

and o s c i l l o s c o p e .  The o s c i l l o s c o p e  is  a monitor  t o  d e t e c t  d i s t o r t i o n  i n  

g a t e  i n p u t .  The d e l a y  of  t h e  g a t e  a d j u s t s  i n  t i m e ,  so that any d e s i r e d  

segment of  t h e  mai.n a m p l i f i e r  rac1i.o f requency  ou tpu t  rnsy be ga t ed  t o  ihe 

spectrum ana lyze r .  'The oi iept i t  of  t h e  g a t e  c o n s i s t s  of two si.gnals: 

(1 )  the inpu t  waveform p lus  t h e  gaLe p u l s e  and ( 2 )  the gated p o r t i o n  of  

t h e  inpu t  s i g n a l ,  The 1atLt-t- c a n  be a d j u s t e d  hot-lr i n  p o s i t i o n  (time) 

and  i n  wid th .  80th o u t p u t s  are  d i sp layed  s imul t aneous ly  on a duaI- . - t race 

o s c i l l o s c o p e  and t h e  ga t ed  s igi ia l  i s  then f e d  to tho spe-ctrum anal.yzei:. 

The di-splayed spec t r im  may then  be photographed o r  recorded i)n an exter- 

nal. dev ice  such  as an x-y r eco rde r .  

The volume of d a t a  f L - m  c)ur f requency a n a l y s e s  bas become 

i n c r e a s i n g l y  troublcsnrae t o  p rocess ;  thertAfore , we have redes igned  t h e  

sys tcm t o  permit computer pro(-pssing. Fig1i-c-c. 10 shows the  mod i f i ed  

system. The m i c  < o p ~ o e e s s o r  c o n t r o l s  tlir ana log - to -d ig i  1.a1 converter  and 
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Fig .  10. Block Diagram of t h e  Modified Frequency Ana lys i s  System. 

converts the bi.nary d a t a  t o  a code format ~:?.ompat~.ble wi th  our  p e r i p h e r a l  

dev ices .  Programs were w r i t t e n  t o  allow t h e  data  t o  be punched on paper  

t ape ,  d i sp l ayed  on a ca thode  r a y  tube  t e r m i n a l ,  o r  s t o r e d  on magnet ic  

tape. E4agnetic t a p e s  are p r e f e r r e d  f o r  t h e i r  h igh-dens i ty  da t a - s to rage  

c a p a b i l i t y .  The tiine-..;eri.es d a t a  from magnet ic  t a p e  are processed  by an 

I B M  360-91 computer us ing  a F a s t  F o u r i e r  Transform program. Another new 

fea tu re  of the modif ied system i s  the boxcar i n t e g r a t o r .  Th i s  u n i t  pro- 

v i d e s  a low-frequency f a c s i m i l e  Q €  t h e  u l t r a s o n i c  wavefnrrn and permi t s  

t h e  signal t o  he  d i g l t i z e d  a t  a rate f a r  iiiore e f f e c t i v e  than rates from 

d e v l c e s  that  a c q u i r e  the waveform d i r e c t l y .  F igu re  Ila shows the wave- 

form o f  a 40" shear wavr s c a t t e r e d  by an e l l i p t i c a l  flaw w i t h  a major 

ax i s  of 0.8 m i n  wrought material. The s igna l - to-noise  r a t i o  i n  t h i s  

case i s  on1.y about thrw, arid if d i g i t i z e d  d i r e c t l . y ,  the  spectrum 
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computed from such a s i g n a l  would he meaningless .  F igu re  l l b  shows t h e  

s i g n a l  r e c o n s t r u c t e d  by the boxca r - in t eg ra to r  system. Note the v a s t  

s igna l - to-noise  r a t i o  improvement over t h a t  of Fig.  l l a .  T h e  spectrum 

shown i n  Fig.  12 w a s  computed f rom t h e  s i g n a l  d e p i c t e d  i n  Fig. l l b .  

Another  advantage  o f  t h e  new system i s  t h a t  i t  p rov ides  bo th  power 

s p e c t r a  and the phase of t h e  processed  s i g n a l .  An ana log  spectrum ana- 

l y z e r  f u r n i s h e s  o n l y  t h e  power s p e c t r a .  

F ig .  12. Spectrum of  t h e  S i g n a l  Shown i n  Fig.  l l b  from an 
E l l i p t i c a l  Flaw w i t h  a Major Axis of 0.8 m. 

RESULTS 

I n i t i a l  exper imenta l  work w a s  c a r r i e d  o u t  t o  c h a r a c t e r i z e  d e f e c t s  

i n  308 weld material.. A 6.3-m-diam. f la t -bot tomed h o l e  was d r i l l e d  in 

t h e  w e l d .  The end o f  t h e  h o l e ,  s i m u l a t i n g  a c i r c u l a r  f l a w  i n  t h e  weld, 

l a y  i n  t h e  1-2 p l a n e ,  the  p l ane  of i s o t r o p y .  A normal ly  i n c i d e n t  
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l o n g i t u d i n a l  wave i n c i d e n t  t o  t h e  p l a n e  normal t o  t h e  d e f e c t  i n t e r a c t s  

w i t h  t h e  f l a w  and t h e  d i f f r a c t e d  wave emerges a t  an  a n g l e  8. Previous  

c h a r a c t e r i z a t i o n  of  t h e  weld h a s  d e f i n e d  t h e  f u n c t i o n a l  r e l a t i o n s h i p  o f  

u l t r a s o n i c  v e l o c i t y  t o  t h e  a n g l e  8 (see, f o r  example, Fig.  5).  

From t h e  e x p e r i m e n t a l  geometry - i n  our  case, normal i n c i d e n c e  

and a d i f f r a c t e d  a n g l e  0 - and from Eq .  ( 7 )  one may c a l c u l a t e  t h e  

a m p l i t u d e  spectrum. 

a n g l e  r e s u l t  from t h e  a n i s o t r o p i c  behavior  of t h e  weld and e n t e r  i n t o  

Eq .  ( 7 )  as changes i n  t h e  v a l u e  of wave number ( i t ) .  

The changes i n  v e l o c i t y  expected as a change of 

P l o t s  of exper imenta l  and t h e o r e t i c a l  d i f f r a c t e d  ampl i tude  f o r  

a n g l e s  o f  15 and 36"  are p r e s e n t e d  i n  Figs .  13 and 14. 
i l l u s t r a t e s  t h e  e x p e r i m e n t a l l y  determined spectrum f o r  a d i f f r a c t e d  

s h e a r  wave a t  a n  a n g l e  of 30'. 

Figure  15 

ORNL-DWG 78 -9048  
i.00 

EXPERIMENTAL DATA 0.75 

w 
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a 
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3 4 5 6 7 8 9 2 

FREQUENCY (MHZ) 

Fig .  13. S p e c t r a  of  L o n g i t u d i n a l  Waves D i f f r a c t e d  a t  8 = 15" from 
a 6.3-mm Flat-Bottomed Hole. The s o l i d  l i n e  denotes  the  t h e o r e t i c a l  
spectrum. P o i n t s  are  exper imenta l .  
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P i g .  14. SpeCtrd of L o n g i t u d i n a l  Waves D i f f r a c t e d  a t  e = 36" from 
a 6.3-mIIl Flat-Bottomed 1107 e -  The s o l i d  l i n e  denotes  the theorel i ca l  
spectrum, P o i n t s  a re  experimental .  

Y-152660 

F i g .  15. E x p e r i m e n t a l l y  Determined Spectrum of Shear Waves 
Diffracted from a 6.3-rm Flat-Bot:l:omed Hole. 
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F igu re  16 deinoristrates t h e  e r r o r  t h a t  could be made i n  p r e d i c t i n g  

t h e  ampl i tude  s p e c t r a  if mechanical  i s o t r o p y  w e r e  assumed when the 

material was actually a n i s o t r o p i c .  The spectrum f o r  t h e  h i g h e s t  velo- 

c i t y  shown i s  the t r u e  d i f f r a c t e d  ampl i tude  d i s t r i b u t i o n  when a n i s o t r o p y  

i s  accounted  f o r ;  t h a t  i s ,  i t  i s  the d i s t r i b u t i o n  t h a t  would be 

measured. The spectrum i n  t h e  foreground of t h e  p l o t  i s  t h a t  p r e d i c t e d  

when i s o t r o p y  i s  assumed. The f i g u r e  d r a m a t i c a l l y  demonst ra tes  t h e  

a b s o l u t e  n e c e s s i t y  of c a r r e c t i n g  f o r  v e l o c i t y  v a r i a t i o n  w f t h i n  the  weld. 

The g r e a t e s t  e r r o r  r e s u l t s  from a 45' d i f f r a c t e d  shea r  wave, because of 

t h e  large v a r - i a t i o n s  i n  v e l o c i t y  w i t h  o r i e n t a t i o n .  I r o n i c a l l y ,  45 O is 

t h e  most commonly used a n g l e  f o r  t e s t i n g  welds. Both s i z e  and l o c a t i o n  

of  a weld defect :  can  be misjudged by as much as  40% u n l e s s  the procedure 

we have d e s c r i b e d  i s  fo l lowed.  

ORNL-DWG 77-3300 

Fig .  16. E f f e c t  of Aniso t ropy  on t h e  Amplitude Spectrum oE a 4 5 "  
D i f f r a c t e d  Shear  Wave i n  S t a i n l e s s  S t e e l  Weld Metal. 
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