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I .  PREFACE 

This report summarizes the salient 

of the first year of a two year program 
points of the research activities 
whose prime obj ectives are : 

a. 

b .  

C. 

Critique the present state-of-the-art of the ultrasonic tech- 

niques and procedures used to assess weldment quality. 
Categorize each technique and procedure for effectiveness o r  
reliability to characterize the detected flaw content - i.e., 

location, size, orientation and shape. 

Based upon the results of the above critique, the most promising 

of the available techniques will be selected for further study 
and improvement. 

interpretation methods whose intelligence is derived from both 

amplitude-dependent and amplitude-independent considerations. 
This work will be accomplished with analytical modelling of 

the detection processes as well as experimental investigations 

involving simulated flaws in homogenious materials. Detection 

probabilities based upon flaw size, location and orientation 
will be generated. The influence of the weldment and base 

materials and the weld configuration will be evaluated. 

Validate the reliabilities of selected techniques and 

procedures using natural weldment flaws. A detailed evaluation 

of the influence of flaw, material, instrumentation and weld 
design parameters responsible for the differences between actual 
and predicted results will be generated. 
will be used to formulate and institute corrective measures to 
optimize the ultrasonic interrogation techniques involved. 

The chosen techniques will encompass data 

Such assessments 

The results of the first two items listed above constitute the study 

program of the first year and are reported herein. 
t h e  work to be performed during the second year of this program. 

Item c represents 
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11. EXECUTIVE SUIWARY 

Of a l l  t he  m a t e r i a l  j o i n i n g  processes  welding i s  t h e  most d e s i r a b l e  
f o r  c r i t i c a l  s t r u c t u r e s .  

For example, welding a l lows des igns  which have an a e s t h e t i c  balance of 

form and p ropo r t i on .  Welded s t r u c t u r e s  are more r e l i a b l e ,  s t r onge r  and 

have less weight and waste as w e l l  as r equ i r i ng  less maintenance. 

c o s t s  f o r  welding tend t o  o f f s e t  t h e  i nc r ea s ing  p r i c e  of l abo r  and materials. 

Moreover, i n  gene ra l ,  t h e  i n spec t i on  of weldments can be made i n  s i t u .  

The advantages of welding a r e  many and va r i ed .  

The 

Presen t  day des igns  have pushed m a t e r i a l s l s t r u c t u r e s  t o  t h e  l i m i t s  of - 
t h e i r  a b i l i t i e s .  This has  c r ea t ed  a need f o r  proven r e l i a b i l i t y .  To 

t h i s  end, two d i f f e r e n t  t echnolog ies  a r e  being used - i .e . ,  f r a c t u r e  mechanics 

and nondes t ruc t i ve  t e s t i n g .  

f r a c t u r e  toughness and f law s i z e .  

of an accep t ab l e  flaw conten t  f o r  a s t r u c t u r e  sub jec ted  t o  a given oper-  

a t i o n a l  environment. On t h e  o t h e r  hand, t h e  o b j e c t i v e  of t h e  nondestruc-  

t i v e  t e s t i n g  i n  t h i s  s i t u a t i o n  is  t o  c h a r a c t e r i z e  t h e  f l aw conten t  of a 

given m a t e r i a l / s t r u c t u r e  i n  terms of those  parameters necessary t o  i n t e r -  

f a c e  w i th  f r a c t u r e  mechanics - e .g . ,  f law s i z e ,  l o c a t i o n ,  o r i e n t a t i o n ,  and 

shape. 

I n  f r a c t u r e  mechanics one can r e l a t e  s t r e s s ,  

This has f a c i l i t a t e d  t h e  de te rmina t ion  

It is i n t e r e s t i n g  t@ n Q t e  t h a t  bo th  f r a c t u r e  mechanics and t h e  u l t r a -  

son ic  mode of eva lua t i on  were both generated about t h e  same t i m e .  

i t  becomes apparen t ,  a t  even a cursory  g l ance ,  that t h e i r  growths 

been t h e  same. F rac tu r e  mechanics has evolved i n t o  a major a n a l y s i s  tech-  

nique  and con t inues  t o  make s i g n i f i c a n t  advances. However, u l t r a s o n i c  

procedures  and techniques  have n o t  changed much s i n c e  t h e i r  advent .  

Advances have been p r imar i l y  i n  i n s t rumen ta t i on  wi th  minimal 

r e l e g a t e d  to  exp lo ra to ry  r e sea rch  and developmental e f f o r t s  necessary f o r  

t h e  gene ra t i on  of a b a s i c  understanding of t h e  under lying phenomena 

involved. A t  t h e  p r e sen t  time, t h e  i n a b i l i t y  of t h e  u l t r a s o n i c  eva lua t i on  

methods are s e r i o u s l y  l i m i t i n g  t h e  e f f e c t i v e n e s s  of f r a c t u r e  mechanics 

t o  e s t a b l i s h  c u r r e n t  design criteria. 

However, 
have no t  

e f f o r t  

Succes s fu l  f l aw  d e t e c t i o n  involves  two b a s i c  requirement.  F i r s t ,  t h e  

f l aw must be bathed w i th  u l t rasound  and second, some u l t rasound  must r e t u r n  

t o  t h e  i n t e r r o g a t i n g  t ransducer .  

ar t  of t h e  u l t r a s o n i c  method has shown t h a t  t h e r e  is  a gene ra l  preoccupat ion 

f o r  t h e  f i r s t  d e t e c t i o n  requirement .  

very l i t t l e  a t t e n t i o n .  

A c r i t i q u e  of t h e  p r e sen t  s ta te- of- the-  

The second requirement r e c e i v e s  

It i s  assumed t h a t  t h e  s u r f a c e  contour and roughness 

- 2 -  



of n a t u r a l  f l aws  w i l l  p rov ide  t h e  necessa ry  beam divergence  of  t h e  

f law r a d i a t i o n  t o  f a c i l i t a t e  d e t e c t i o n .  I t  has  been shown that t h e  latter 

i s  n o t  a v a l i d  assumption t o  base  t h e  d e t e c t i o n  p rocess  upon. It i s  

ev iden t  t h a t  a l l  conven t iona l  f l a w  d e t e c t i o n  procedures  c u r r e n t l y  i n  u s e  are 
ampli tude dependent.  

The f l aw c h a r a c t e r i z a t i o n  p rocesses  are,  f o r  t h e  most p a r t ,  t aken  

d i r e c t l y  from t h e  d a t a  acqu i red  dur ing  t h e  d e t e c t i o n  p r o c e s s .  Very f e w  

a t t e m p t s  arc  made t o  s e p a r a t e  and op t imize  t h e  d e t e c t i o n  and characteri- 

z a t f o n  p rocesses .  S i z e  de te rmina t ions  are made almost e n t i r e l y  by invoking 

the d i r e c t  r e l a t i o n s h i p  between ampli tude response and f l aw area. Such 

k?reminatFsns a r e  on ly  v a l i d  under ve ry  r e s t r i c t e d  c o n d i t i o n s .  One can 

c i t e  l i m i t i n g  f a c t o r s  a s s o c i a t e d  w i t h  t h e  f l aw,  system parameters  and 

procedures .  The s a l i e n t  f l aw c h a r a c t e r i s t i c s  are o r i e n t a t i o n ,  contour ,  

and s u r f a c e  roughness whi le  system parameters  i n c l u d e  t ransducer  s i z e ,  

shape and f reqcency.  Theee f a c t o r s  i n d i v i d u a l l y  o r  c o l l e c t i v e l y  can 

render  p r e s e n t  f l a w  c h a r a c t e r i z a t i o n  t echn iques  i n e f f e c t i v e .  It i s  even 

impossible  t o  a s s o c i a t e  large  f l aws  wi th  l a r g e  ampli tude response.  For 

example, an adverse ry  o r i e n t e d  f l a w  can produce a much smaller ampli tude 

response than  a small favorab ly  o r i e n t e d  f law.  There are some ampli tude 

independent f l aw c h a r a c t e r i z a t i o n  t echn iques ,  however i t  appears  that such 

procedures  have been conf ined t o  t h e  l a b o r a t o r y .  The l i t e r a t u r e  i s  

e s s e n t i a l l y  void of i n s t a n c e s  of f i e l d  age.  

The d e t e c t i o n  p rocess  was modelled t o  i n v e s t i g a t e  t h e  i n h e r e n t  a b i l i t i e s  

and r e l i a b i l i t i e s  fo r  t h e  d e t e c t i o n  and c h a r a c t e r i z a i t o n  of  p l a n a r ,  t o t a l l y  

embedded f laws.  The l a t t e r  f l aws  were chosen € o r  s tudy  s i n c e  i t  r e p r e s e n t s  

t h e  most d i f f i c u l t  f law t o  d e t e c t  and c h a r a c t e r i z e .  The model used i s  

based upon t h e  s p a t i a l  i n t e r p l a y  of t h e  r a d i a t i o n  f i e l d s  from t h e  t ransducer  

and f law.  Analyses i n d i c a t e  t h a t  t h e  ampli tude- f law area r e l a t i o n s h i p  i s  

s u b s t a n t i a l l y  a f f e c t e d  by material a t t e n u a t i o n  and f l a w  c h a r a c t e r i s t i c s  such 

as l o c a t i o n  and o r i e n t a t i o n .  For example, i f  one u s e s  a base  metal DAC 
curve  as a n  ampli tude s t a n d a r d ,  t h e  added weldment a t t e n u a t i o n  can account 

f o r  ian o r d e r  of magnitude decrease  o r  degrada t ion  i n  ampli tude.  

found that f l aw o r i e n t a t i o n  or more p r o p e r l y ,  t h e  misorientation of t h e  flaw 
w i t h  r e s p e c t  t o  t h e  i n t e r r o g a t i n g  beam i s  t h e  g r e a t e s t  cause  of ampli tude 

degrada t ion .  

d iamete r )  o p e r a t i n g  a t  2 .25  M H Z  would exper ience  an ampli tude degrada t ion  

of 1 5  and 32 db w h i l e  d e t e c t i n g  a I O o  misor ien ted  f l a w  of 1 /4"  and 5 / 8 "  i n  

It w a s  

A s  a n  i l l u s t r a t i o n ,  a nominal s i z e  angle  shear t r a n s d u c e r  (1/2" 

- 3 -  



diameter ,  r e s p e c t i v e l y .  

f l aw is due t o  t h e  f a c t  that i t s  r a d i a t i o n  f i e l d  is less d ive rgen t ,  t h u s  

making it more d i f f i c u l t  f o r  al ignment wi th  t h e  r a d i a t i o n  f i e l d  of t h e  

i n t e r r o g a t i n g  t ransducer .  The ampli tude advantage noted a t  zero m i s -  

o r i e n t a t i o n  i s  l o s t  wi th  i nc r ea s ing  f law mi so r i en t a t i on  angle .  

t r ansducer  bo th  t h e  1/4" and 5/8"  diameter  f l aws  would g ive  t h e  same 

response a t  a m i s o r i e n t a t i o n  angle  of 8 degrees .  Beyond t h i s  p o i n t  t h e  

smaller f law would produce t h e  g r e a t e s t  amplitude response.  One conno- 

t a t i o n  of t h i s  observa t ion  is  t h a t  an adverse ly  o r i e n t e d  f law would produce 

less ampli tude response w i th  f l aw growth. It w a s  found t h a t  such in-  

a b i l i t i e s  i n c r e a s e  w i th  t h e  s i z e  of t h e  t ransducer .  

The g r e a t e r  ampli tude degrada t ion  f o r  t h e  l a r g e r  

For t h e  above 

Using t h e  model, p r o b a b i l i t y  of  d e t e c t i o n  CPOD] p l o t s  as a func t ion  of flaw 
s i z e  and m i s o r i e n t a t i o n  ang l e  were generated.  

i nc r ea s ing  POD wi th  f l aw s i z e  f o r  s u r f a c e  f laws ,  t h e  POD f o r  misor ien ted  

embedded f law can  decrease  t o  zero once a c r i t i c a l  s i z e  has  been a t t a i n e d .  

It is  also p o s s i b l e  that c e r t a i n  misor ien ted  f laws  w i l l  have a POD of zero 

r e g a r d l e s s  of i t s  s i z e .  

Unlike t h e  monotonically 

The above remarks p e r t a i n i n g  t o  d e t e c t i n g  a b i l i t y  and r e l i a b i l i t y  

were v e r i f i e d  by ex t ens ive  exper imentat ion on s imulated f laws  - i . e . ,  

f l a t  bottom ho l e s  a t  va r ious  m i s o r i e n t a t i o n  wi th  r e s p e c t  t o  t h e  i n t e r -  

roga t i ng  beam. 

assessment of  w h a t  one may term as t h e  sys temat ic  c o n t r i b u t i o n  of t h e  

r e l i a b i l i t y  of t h e  u l t r a s o n i c  d e t e c t i o n  process .  

must be  looked upon as being r e p r e s e n t a t i v e  of t he  optimum d e t e c t i n g  ab i l i _ ty .  

The random in f luence  of t h e  o p e r a t o r  and v a r i a t i o n s  i n  material o r  f l aw 

characteristics such as s u r f a c e  roughness and contour  w i l l  always d e t r a c t  

f r o m t h i s  optimum o r  nascent a b i l i t y .  

It should be po in ted  o u t  that t h e  above ana ly se s  a r e  an 

As such t h e  assessment 

As p a r t  of t h i s  program two ampli tude - independent f l aw c h a r a c t e r i z a t i o n  

techniques  were eva lua ted  by a n a l y t i c a l  and exper imental  means. 

makes use  of t h e  l o c a t i o n  of t h e  maximum amplitude whi le  t h e  second d e r i v e s  

i n t e l l i g e n c e  from t h e  minima of t h e  s p e c t r a l  response.  

techniques  it was found t h a t  by making two independent measurements i t  w a s  

p o s s i b l e  t o  determine t h e  t r u e  f l aw s i z e  and o r i e n t a t i o n .  

show g r e a t  promise from t h e  s t andpo in t  of ease and accuracy.  They w i l l  be 

examined i n  g r e a t e r  d e t a i l  w i th  real f laws  dur ing  t h e  second phase of t h i s  

program. 

The f i r s t  

I n  both  of t h e s e  

These techniques  

I n  summary, t h e  work of t h i s  r e p o r t  has i nd i ca t ed  those  parameters  

involved i n  t he  gene ra l  p rocess  of f law d e t e c t i o n  by t h e  u l t r a s o n i c  method. 

Ana ly t i c a l  and exper imental  resu l t s  i n d i c a t e  t h a t  t h e  flaw mi so r i en t a t i on  
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is the limiting factor to successful flaw detection and characterization. 
This limitation is due to the total dependence upon the amplitude of the 
response from a flaw. To this end, amplitude - independent flaw charac- 
terization techniques were examined. Such techniques appear to be more 

accurate and, what is more important, they give equal preference to both 
large and small amplitude response from flaws. 
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111. INTRODUCTION 

The e v e r  i n c r e a s i n g  demands upon e x i s t i n g  ma te r i a l / des ign  combina- 

t i o n s  have n e c e s s i t a t e d  t h e  need f o r  g r e a t e r  r e l i a b i l i t y .  To t h i s  end, 

f r a c t u r e  mechanics i s  being used t o  gene ra t e  guides f o r  accep tab le  flaw 

content  based upon a n t i c i p a t e d  ope ra t ing  environments.  

o f  f r a c t u r e  mechanics i s  p red ica t ed  upon t h e  accu ra t e  q u a n t i t a t i v e  assess- 
ment o f  t h e  flaw conten t  as t y p i f i e d  by number, shape,  s ize ,  o r i e n t a t i o n  

and l o c a t i o n .  Such assessments a r e  necessary  f o r  t h e  assurance  t h a t  a l l  

unacceptab le  elements o f  t h e  flaw content  have been e l imina t ed .  The 

d e t e c t i o n  and c h a r a c t e r i z a t i o n  of  a given flaw conten t  must be performed 

with t h e  methods and procedures  of  t h e  nondes t ruc t ive  mode o f  eva lua t ion .  

The h igh ly  q u a n t i t a t i v e  n a t u r e  o f  t h e  flaw conten t  assessment t h a t  is  

necessary  has been r e spons ib l e  f o r  t h e  c r e a t i o n  of app rec i ab l e  demands 

upon t h e  f i e l d  o f  nondes t ruc t ive  t e s t i n g .  

f e s t e d  i n  a iiumber o f  ways. 

i n t e n s i f i c a t i o n  i n  t h e  s ea rch  f o r  new nondes t ruc t ive  t e s t i n g  methods and 

op t imiza t ion  o f  e x i s t i n g  methods. Perhaps, one of t h e  major e f f e c t s  of 

f r a c t u r e  mechanics upon nondes t ruc t ive  t e s t i n g  has been t h e  r e a l i z a t i o n  

o f  t h e  need f o r  the  de te rmina t ion  of t h e  r e l i a b i l i t y  a s s o c i a t e d  wi th  each 

nondes t ruc t ive  method. 

The e f f e c t i v e n e s s  

These demands have been mani- 

During t h e  l a s t  decade t h e r e  has  been an 

The i n i t i a l  subd iv i s ion  o f  t h e  inethods o f  nondes t ruc t ive  t e s t i n g  is 

based upon whether t h e  flaws t o  be de t ec t ed  are s u r f a c e  o r  subsur face .  

The s u r f a c e  flaw i s  one t h a t  i s  n e a r  o r  breaks through t h e  s u r f a c e .  A 

subsu r face  flaw i s  t o t a l l y  embedded and i s  free from any e f f e c t s  t h a t  may 

be produced by t h e  conf ines  of t h e  m a t e r i a l / s t r u c t u r e  being i n t e r r o g a t e d .  

The d e t e c t i o n  and c h a r a c t e r i z a t i o n  o f  s u r f a c e  flaws has been t h e  s u b j e c t  

of  a number o f  impressive s t u d i e s .  '1-4) 

t h e  de te rmina t ion  o f  t h e  r e l i a b i l i t i e s  o f  t h e  major nondes t ruc t ive  tes t-  

ing  methods. 

t h i s  r e p o r t .  

r e l i a b i l i t y  of  t h e  d e t e c t i o n  and c h a r a c t e r i z a t i o n  o f  t o t a l l y  embedded 

flaws has n o t  r ece ived  any s u b s t a n t i a l  a t t e n t i o n  as y e t .  E f f o r t s  t o  

d a t e  have inc luded  some impress ive  t h e o r e t i c a l  ana lyses  ('-'I whi 1 e t h e  

experimental  s u b s t a n t i a t i o n ,  f o r  t h e  most p a r t ,  has cons i s t ed  o f  a round 

These s t u d i e s  have inc luded  

The r e s u l t s  w i l l  be  summarized i n  app rop r i a t e  s e c t i o n s  of  

The q u a n t i t a t i v e  d e f i n i t i o n  and de te rmina t ion  of  t h e  
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rob in  type  o f  a c t i v i t y .  

ce ived  n o t i o n s  and f u r t h e r  complicated by improper d a t a  a n a l y s i s .  

have been some a t tempts  t o  e x t r a p o l a t e  t h e  s u r f a c e  flaw s i t u a t i o n  t o  t h a t  

of  t o t a l l y  embedded flaws. ( 8 )  

methodology a v a i l a b l e  f o r  t h e  d e t e c t i o n  and c h a r a c t e r i z a t i o n  of s u r f a c e  

flaws are unique t o  t h e  p a r t i c u l a r  flaw conten t  involved and cannot be 

d i r e c t l y  a p p l i e d  t o  t h e  ca se  o f  t h e  t o t a l l y  embedded flaws. ('1 
be  c a r e f u l  i n  gene ra l i z ing  t h e  a b i l i t i e s  and r e l i a b i l i t i e s  of  s u r f a c e  

flaw d e t e c t i o n  t o  t h e  t o t a l  spectrum of  t h e  flaw con ten t .  

p r i n c i p l e s  involved i n  d e t e c t i o n  and c h a r a c t e r i z a t i o n  must be  examined 

t o  n o t e  a p p l i c a b i l i t y .  

The l a t t e r  have o f t e n  been based upon i l l  con- 

There 

One must a p p r e c i a t e  t h e  fac t  t h a t  t h e  

me must 

The phys i ca l  

As t h e  l o c a t i o n  o f  t h e  flaw genera ted  a n a t u r a l  d i v i s i o n  o f  t h e  non- 

d e s t r u c t i v e  methods, t h e  n a t u r e  of t h e  flaw (g lobu la r  v s .  p l ana r )  can a l so  
subdiv ide  t h e  a p p l i c a b l e  methods. 

more d i f f i c u l t  t o  d e t e c t .  Therefore ,  t h i s  program i s  p r i m a r i l y  concerned 

wi th  t h o s e  methods t h a t  can q u a n t i t a t i v e l y  c h a r a c t e r i z e  t o t a l l y  embedded 

p l a n a r  flaws. 

P l ana r  flaws such as cracks are much 

For t h e  d e t e c t i o n  o f  vo lumet r ic  o r  subsur face  flaws two nondes t ruc t ive  

e v a l u a t i o n  methods a r e  used -- i . e . ,  radiography and u l t r a s o n i c s .  The use  

o f  radiography is l i m i t e d  t o  flaws t h a t  have an app rec i ab l e  t h i ckness  i n  

t h e  d i r e c t i o n  of  t h e  p e n e t r a t i n g  r a d i a t i o n .  ( l o ' l l )  

and u l t r a s o n i c  methods a r e  a f f e c t e d  by t h e  o r i e n t a t i o n  o f  t h e  flaw with 

r e spec t  t o  t h e  i n t e r r o g a t i n g  r a d i a t i o n  beam. (12y13) 

t i b i l i t y  o f  u l t r a s o n i c s  t o  o r i e n t a t i o n  e f f e c t s  i s  cons iderab ly  less. More- 

over ,  t h e  u l t r a s o n i c  method i s  capable  o f  d e t e c t i n g  flaws t h a t  have th i ckness  

i n  t h e  realm of  angstrom u n i t s  f o r  t h e  ca se  o f  a crack and wi th in  m i l s  f o r  

t h e  common i n c l u s i o n s  of most metals. (14) 

a t  nominal f r equenc ie s  of  1 t o  5 MHz. 

r ad iog raph ic  and u l t r a s o n i c  methods are n o t  t o t a l l y  complementary. 

are a number of i n s t a n c e s  where a g iven  f law conten t  would be  unde tec t ab l e  

by both methods. There is  a good dea l  o f  documentation of  t h e  comparative 

a b i l i t i e s  of t h e  two methods. 

Both t h e  r ad iog raph ic  

However, t h e  suscep-  

The l a t t e r  is  f o r  i n t e r r o g a t i o n s  

I t  should be po in t ed  ou t  t h a t  t h e  

There 

( 15- 17) 

When one cons ide r s  t h e  d e t e c t i o n  o f  weldment flaws a number o f  d i v e r s e  

compl ica t ions  become apparent  and must be taken  i n t o  cons ide ra t ion  f o r  
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mearringful q u a n t i t a t i v e  flaw c h a r a c t e r i z a t i o n .  

has  high a t t e n u a t i o n  and i s  a n i s o t r o p i c  i n  both v e l o c i t y  and a t t e n u a t i o n .  

The weld s t r u c t u r e  i s  o f t e n  composed o f  l a r g e  d iameter  e longated d e n d r i t i c  

g r a i n s .  

flaws and can gene ra t e  f a l s e  flaw i n d i c a t i o n s .  

i n  conjunc t ion  wi th  base materials and back-up p l a t e s  i s  a l s o  r e s p o n s i b l e  

f o r  a r t i f i c i a l  r e f l e c t o r s  and f a l s e  flaw i n d i c a t i o n s .  

The weldment i n v a r i a b l y  
(18,191 

Such a s t r u c t u r e  can produce erroneous f law l o c a t i o n s  f o r  bon i f i ed  

The geometry o f  t h e  weldment 

The almost  t o t a l  dependency upon ampli tude d a t a  i s  r e s p o n s i b l e  f o r  

gene ra t ing  t h e  inadequac ies  of  t h e  p r e s e n t  day u l t r a s o n i c  weld i n t e r r o g a t i o n  

techniques  and procedures .  To t h i s  end, t h e r e  has  been a s i g n i f i c a n t  amount 

o f  r e s e a r c h  p e r t a i n i n g  t o  imaging techniques .  I t  would appear  t h a t  t h e  poten-  

t i a l s  o f  flaw imaging by a p p r o p r i a t e  p roces s ing  o f  convent ional  A, B, C and P- 

scan  d a t a  are being u n j u s t i f i a b l y  overlooked f o r  t h e  more new and e x o t i c  t ech-  

n iques  as t y p i f i e d  by holography. (20J50)  

r e a d e r  i s  acquain ted  t o  some measure with t h e  genera l  f i e l d  o f  nondes t ruc t ive  

t e s t i n g  but  i s  no t  n e c e s s a r i l y  an expe r t  i n  t h e  u l t r a s o n i c  eva lua t ion  of 

weldments. 

The r e p o r t  w i l l  assume t h a t  t h e  
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IV. LITERATURE SEARCH -- 

The l i t e r a t u r e  s ea rch  on u l t r a s o n i c  weld i n t e r r o g a t i o n  examined 

a number of sou rces .  

search  o f  t h e  open l i t e r a t u r e  was performed by computer r e t r i e v a l  s e r v i c e s  

as provided by t h e  Lockheed/DIALOG system. 

s o n i c ,  weld, i n s p e c t  and t h e i r  va r ious  forms were used. The COMPENDEX 

f i l e  f o r  COMPuterized - ENgineering inDEX - y ie lded  198 f i n d s  whi le  t h e  

WELDASEARCH f i l e  produced 132 f i n d s .  

which l i s t e d  i d e n t i f y i n g  p a r t i c u l a r s  and a copy of t h e  a u t h o r ' s  a b s t r a c t .  

Based upon a review of  t h e  a b s t r a c t s  copies  of t h e  more in fo rma t ive  papers  

were ordered  f o r  c l o s e r  s tudy  and eva lua t ion .  

One bource was t h e  open l i t e r a t u r e .  The i n i t i a l  

Descr ip tor  words such as u l t r a -  

A p r i n t o u t  o f  each f i n d  was obta ined  

Another phase o f  t h e  open l i t e r a t u r e  s ea rch  c o n s i s t e d  o f  scanning 

t h e  j o u r n a l s  and conference r e p o r t s  o f  s o c i e t i e s  with a s p e c i f i c  i n t e r e s t  

i n  t h e  eva lua t ion  o f  weldments. 

t a i n e d  f o r  more c a r e f u l  s c r u t i n y  and c a t a l o g i n g .  Table I l ists t h e s e  

j o u r n a l s  and t h e i r  r e s p e c t i v e  review p e r i o d s .  In a d d i t i o n ,  government, 

i n d u s t r i a l  and p r o f e s s i o n a l  s o c i e t y  procedures  and s p e c i f i c a t i o n s  were 
sought .  The r e s u l t s  i n  t h i s  ca tegory  were minimal. P r o p r i e t a r y  measures 

prevented t h e  l i s t i n g  o f  procedures  and s p e c i f i c a t i o n s  of  t h e  p r i v a t e  

i n d u s t r i a l  s e c t o r .  However, i t  i s  f e l t  t h a t  a l l  such informat ion  i s  

conta ined  wi th in  t h e  assembled documents o f  t h e  t o p i c a l  index.  

f r u i t f u l  source  of  in format ion  were t h e  d i scuss ions  wi th  people  o f  known 

e x p e r t i s e  and i n t e r e s t  i n  weld i n t e r r o g a t i o n  and e v a l u a t i o n .  

Copies o f  a l l  germane papers  were ob- 

A q u i t e  

A t o t a l  of  213 papers  and documents were assembled as a t o p i c a l  

index;  see Table 11. 

t i v e  o f  t h e  p re sen t  s t a t e - o f - t h e - a r t  of weld i n t e r r o g a t i o n .  

o f  each paper  o r  document a r e  l i s t e d  by an i d e n t i f y i n g  number corresponding 

t o  i t s  t a b u l a t i o n  i n  t h e  Appendix. 

t o  l i s t  a l l  t h e  a v a i l a b l e  papers  w i th in  each ca tegory .  

cess was i n i t i a t e d  t o  l i m i t  t h e  papers  t o  those  t h a t  a r e  r e p r e s e n t a t i v e  

and can c o n t r i b u t e  t o  t h e  index.  In t h e  event  t h a t  i t  was observed t h a t  

t h e  a u t h o r ' s  a b s t r a c t  f o r  a c r i t i c a l  paper  i s  not  complete,  a r e v i s e d  

a b s t r a c t  is given and so  i n d i c a t e d .  

The compilat ion o f  such informat ion  i s  r ep re sen ta-  

Abst rac ts  

I t  i s  not  t h e  i n t e n t  o f  t h i s  index 

A s e l e c t i o n  pro-  
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The c a t e g o r i e s  of t h e  t o p i c a l  index  were s e l e c t e d  t o  encompass 

t h e  s u b j e c t  ma t t e r  as well as genera l  background m a t e r i a l  on t h e  u l t r a -  

son i c  i n t e r r o g a t i o n  method. 

t h e o r e t i c a l  and exper imental  i n v e s t i g a t i o n s .  

of t h e  t o p i c a l  index p r e s e n t s  a datum p lane  of  r e f e r ence  for a l l  l e v e l s  

of e x p e r t i s e .  

An attempt has been made t o  i nc lude  both 

Moreover, t h e  c a t e g o r i z a t i o n  
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TABLE I 

JOURNAL SEARCHED 

AMERICAN WELDING SOCIETY JOURNAL (1937 - Present) 
BRITISH JOURNAL OF NON-DESTRUCTIVE TESTING (1961 - Present) 
BRITISH WELDING JOURNAL (1954-1968) 

Metal Construction and British Welding Journal (1969-1974) 
Metal Construction (1975 - Present) 

DEFEKTOSKOPIYA (Soviet Journal of Nondestructive Testing) (1965 - Present) 
INSTITUTE OF ELECTRICAL & ELECTRONICS ENGINEERS (1970 - Present) 

(TRANSACTIONS ON SONICS & ULTRASONICS) 
INTERNATIONAL JOURNAL OF NONDESTRUCTIVE TESTING (1971 - Present) 
MATERIALS EVALUATION (1953 - Present) 
ULTRASONICS (1963 - Present) 
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TABLE I1 
TOPICAL INDEX 

ULTRASONIC WELD INTERROGATI@N/EVALUATION 

I GENERAL INFORMATION (1-13*) 
I1 COMPARISON WITH OTHER NDT WELD INTERROGATION METHODS (14-23) 

I11 USAGE BY INDUSTRY 
1. Architecture (22, 24-28) 
2. Nuclear (29-37) 

3. Petroleum (38-43) 

4. Shipbuilding (44-48) 

5. Transportation (49-55) 
6. Tubing & Piping (56-63) 

IV EXISTING PROCEDURES - GENERAL BACKGROUND 
1. Types of flaws 

a) Surface (185-189) 

b) Subsurface/Volumetric (2, 3, 78, 190, 191) 
2. Sensitivity (1, 150, 161, 192-196) 

3. Resolution (159, 197-199) 

4. Reference Standards (66, 138, 161, 195, 200, 201, 203, 204) 
5. Procedures/Acceptance Standards (44, 204-212) 

V AUTOMATED SYSTEMS (29, 45, 48, 60, 64-72) 
VI FLAW CHARACTERIZATION TEaNIQUES 

1. Delta Method (72-74) 
2. Amplitude Response Width (22, 76-82) 

3. P-Scan (83-85) 
4. DGS (3, 45, 78, 86-89) 
5. B-Scan (32, 85, 90, 91) 
6. Location of Max Amplitude (92,93) 

VI1 FLAW CHARACTER1 ZATION 
1. Size (19, 22, 46, 80, 91, 94, 95) 
2. Shape (84, 97) 
3. Location (9, 19, 65, 84, 98-100) 
4. Orientation (84, 96, 101) 
5. Characterization Errors (98, 102-107) 

*Indicates paper numbers and listing in the Appendix 
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VI1 I FACTOR INFLUENCING FLAN DETECTION AND CHARACTERIZATION 

1. Cladding (78, 84, 90, 108, 109) 
2. Materials 

a) Pearlitic (19, 110) 
b) Stainless Steel (35, 99, 110-120) 
c) Inconel (121) 

3. Weld Configuration (121-123) 

4. Artificial Reflections (36, 95, 111, 115, 122-125) 
5 .  Attenuation (35, 99, 110, 112, 117-119, 121, 126, 127) 
6. Course Grain Structure (35, 99, 110, 114, 115, 118, 128, 129) 
7. Microstructure (35, 99, 114-117, 128, 130, 202) 
8. Noise (99, 115, 117, 118, 126, 128, 131) 

9. Shear Wave Polarization (110, 114, 121) 
10. Operator (36, 59, 108, 132-134) 

11. Pressure (135, 136) 

12. Flaw Orientation (75, 78, 101, 139, 140, 141-144) 
13. Flaw Surface Roughness (75, 137, 138) 

14. Interrogation Surface Roughness (145-147; 

IX RELIABILITIES (1, 91, 139, 144, 148-151) 
X NEW/NOVEL FLAW CHARACTERIZATION TECHNIQUES 

1. Spectroscopy (152-157) 
2. Radiation Variations (158) 

3. Location of Maximum Amplitude (92) 

XI FLAW DETECTION MODELS (91, 101, 139, 140, 144, 159, 160) 
XI1 GENERAL BACKGROUND INFORMATION 

1. Transducers 

a) Radiation fields (162-167) 

b) Focusing Action (168-172) 
c) Arrays (173-176) 
d) Evaluation (177-180) 

2. Reflection from Various Shaped Reflectors (67, 181-184) 
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V. THE STATE-OF-TLIE-ART OF ULTRASONIC METHODS 

P r i o r  t o  any d i s cus s ion  of t h e  procedures and techniques  o f  t h e  

u l t r a s o n i c  weld i n t e r r o g a t i o n  method, it would be advantageous t o  

acquaint  t h e  r eade r  wi th  t h e  genera l  concepts involved i n  t h e  i n t e r r o -  

g a t i o n  of homogenious materials. This  w i l l  provide t h e  unders tanding 

necessa ry  t o  a p p r e c i a t e  t h e  subsequent d i s cus s ions  involv ing  i nhe ren t  

a b i l i t i e s  and l i m i t a t i o n s  o f  t h e  a v a i l a b l e  techniques  and procedures  

involved.  Moreover, such work w i l l  provide t h e  b a s i s  f o r  suggest ing 

improvements f o r  flaw d e t e c t i o n  and c h a r a c t e r i z a t i o n .  

I t  i s  important  t h a t  one r e a l i z e  t h e  d i f f e r e n c e  between t h e  flaw 

d e t e c t i o n  and c h a r a c t e r i z a t i o n  processes .  

imp l i e s  i t  is t h e  p rocess  where an anomaly i s  noted and loca ted  e i t h e r  

wi th  r e s p e c t  t o  t h e  i n t e r r o g a t i n g  t r a n s s u c e r ( s )  o r  wi th  r e spec t  t o  a 
specimen coo rd ina t e  system. 

d a t a , i s  a p r e r e q u i s i t e  f o r  f law c h a r a c t e r i z a t i o n .  

a s  used i n  t h i s  r e p o r t ,  invo lves  a minimum of i n t e r r o g a t i o n  and is t h e  

a s s o c i a t e d  measurements and deduct ion process  which d i s ce rns  t h e  charac-  

terist ics of t h e  flaw -- e . g . ,  s i z e ,  l o c a t i o n ,  o r i e n t a t i o n  and shape.  

A s  t h e  phrase  flaw d e t e c t i o n  

The d e t e c t i o n  even t , inc lud ing  l oca t i on  

Flaw c h a r a c t e r i z a t i o n ,  

' 1. Flaw Detect ion Process  

A l l  t h e  procedures of  t h e  u l t r a s o n i c  flaw d e t e c t i o n  have one common 

f a c t o r  -- i . e . ,  t h e y  are a l l  amplitude dependent.  Success fu l  flaw d e t e c t i o n  

by t h e  pulse- echo procedure i s  based upon two necessary  cond i t i ons .  

some u l t r a sound  must s t r i k e  t h e  f law and, second, some u l t rasound  must reach 

t h e  i n t e r r o g a t i n g  t r ansduce r .  

case o f  t h e  s t r a i g h t  o r  normal beam i n t e r r o g a t i o n .  

from both  t h e  t r ansduce r  and flaw o r  r e f l e c t o r  are shown and d e t e c t i o n  

is e s s e n t i a l l y  governed by t h e  s p a t i a l  i n t e r p l a y  of t h e  two f i e l d s .  The 

amplitude response a t  two p o s i t i o n s  of  t h e  t r a v e r s e  of t h e  t r ansduce r  on 

t h e  i n t e r r o g a t i o n  s u r f a c e  a r e  shown. 

o f  u l t rasound  s t r i k e s  t h e  r e f l e c t o r  as i n d i c a t e d  by t h e  r a d i a t i o n  f i e l d  

i n  t h e  d i r e c t i o n  o f  t h e  r e f l e c t o r .  

o r i e n t a t i o n  o f  t h e  r e f l e c t o r  wi th  r e s p e c t  t o  t h e  beam, e s s e n t i a l l y  none 

of t h i s  u l t rasound  r e t u r n s  t o  t h e  i n t e r r o g a t i n g  t r ansduce r .  A t  po in t  B 

much less u l t rasound  impinges upon t h e  r e f l e c t o r ,  bu t  because of  t h e  

favorab le  al ignment of t h e  r a d i a t i o n  f i e l d s  involved,  an app rec i ab l e  

amount of u l t r a sound  r e t u r n s  t o  t h e  t r ansduce r .  The o v e r a l l  e f f e c t ,  

First,  

This i s  i l l u s t r a t e d  i n  Figure  1 f o r  t h e  

The r a d i a t i o n  f i e l d s  

A t  p o s i t i o n  A ,  a s u b s t a n t i a l  amount 

However, because of  t h e  r e l a t i v e  
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Figure 1 - The pulse-echo flaw detection process in terms of the spatial 
interaction of the radiation fields of both the transducer 
and flaw. After Serabian and Lawrie (21). 
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as one performs a transverse scan, is that the amplitude first increases, 

maximizes, then decreases to produce essentially a bell shaped amplitude 

display. 
an angle beam. The form of interrogation shown in Figure 1 is the most 
widely used process and will henceforth be referred to as the conventional 
flaw detection process. 

Much the same considerations apply for an interrogation by 

a. Theoretical Analysis 

The above described detection process as described in Figure 1 is one 
form of echodynamics; a term used by G~rvich'~) to characterize the locus of 
the amplitudes observed in terms of transducer motion. In Figure 1, the 

transducer motion involved is directly over the flaw. 
number of other possible forms of echodynamics; see Figure 2 .  

models have been generated for the amplitude response envelope shown in 

Figure 1. ( 5 ' 6 )  

zation and will be used to indicate the factors that influence the detected 

amplitude response. 

- 

Gurvich shows a 
A number of 

A more recent model (21) involves a great deal of generali- 

Figure 3 indicates the geometric parameters of the model for the straight 
and angle beam interrogations. 

the reflectors and transducer are such that the far field of radiation is 
involved. This is a reasonable assumption since most interrogations are 

performed within the far field. 
are flat and smooth and also that both reflectors and transducers are circular. 
The latter requirement is not a necessity; however, it does greatly simplify 

the experimental verification of the model. 

given in terms of the sampling parameter (e) .  
of reflector distance and specimen geometry are obviated. 
Figure 3, the relative magnitudes of ultrasound from the transducer and re- 
flector are determined by the radiation directivity function evaluated at 

€IT and OR, respectively. 
and transducer sizes will be considered in terms of the predominant wave 

length involved: nA and NA for the reflector and transducer diameters, res- 
pectively. 
a circular transducer is only a function of N and is given by 

It will be assumed that the distances between 

It will also be assumed that the reflectors 

The amplitude response A(8) is 
In this manner all specifics 

In each case of 

Also, for the sake of generalization, the reflector 

With such notation the directivity function, for example, for 
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Figure 2 - Amplitude and time envelopes of various forms of weld 
interrogation echodynamics. After Gurvich (7). 
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a] STRAIGHT BEAM b) ANGkBEAM 

Figure 3 - The salient model parameters and their associated symbols for interrogation 
from a flat surface. After Serabian and Lawrie (21). 



where J is  t h e  first o r d e r  Bessel f u n c t i o n  of  t h e  f i r s t  k ind ,  I t  should 

be mentioned t h a t  r a d i a t i o n  o u t s i d e  t h e  main beam w i l l  be neglec ted .  

t h e  d e r i v a t i o n  of such d i r e c t i v i t y  f u n c t i o n s  involves  cont inuous waves t h e r e  

is  ample evidence t h a t  i n d i c a t e s  t h e i r  u s e  f o r  pulsed u l t r a sound .  

1 
Although 

(22) 

I t  i s  impera t ive  t h a t  t h e  o r i e n t a t i o n  o f  t h e  r e f l e c t o r  i s  def ined  i n  

a meaningful manner. 

o r i e n t a t i o n  ($) with r e s p e c t  t o  t h e  i n t e r r o g a t i n g  beam, as i n  Figure 4 .  

Thus, t h e  misor ie r i ta t ion  angles  are rl and n - p  f o r  t h e  s t r a i g h t  and 

ang le  beam i n t e r r o g a t i o n s ,  r e s p e c t i v e l y .  The angle  n is t h e  i n c l i n a t i o n  

o f  t h e  p l ane  o f  t h e  r e f l e c t o r  whi le  p 

beam. 

m i s o r i e n t a t i o n  angle  with a l l  o t h e r  f a c t o r s  being equa l .  

I t  i s  much more advantageous t o  speak o f  t h e  m i s -  

is t h e  e n t r y  angle  o f  t h e  angle  

This  means t h a t  t h e  ampli tude response i s  only  dependent upon t h e  

I f  we c a l i b r a t e  t h e  ampli tude response i n  terms o f  a r e f l e c t o r  s i ze  

o f  n X o r i e n t e d  pe rpend icu la r ly  t o  t h e  i n t e r r o g a t i n g  heam, t h e  model 

y i e l d s  t h e  ampli tude response f o r  a r e f l e c t o r  o f  nX : 
0 

where DT and DR are t h e  r a d i a t i o n  d i r e c t i v i t y  func t ions  of  t h e  t r a n s -  

ducer  and r e f l e c t o r ,  r e s p e c t i v e l y .  The cons tan t  a i s  t h e  a t t e n u a t i o n  

and R i s  t h e  r e f l e c t o r  d i s t a n c e  involved.  The s u b s c r i p t s  on Q and I 

provide  f o r  c a l i b r a t i o n  i n  an e x t e r n a l  s t anda rd  with i t s  own a t t e n u a t i o n  

(a,) and flaw d i s t a n c e  ( i o ) .  

A s  i n d i c a t e d  i n  Equation 2 ,  t h e  amplitude response i s  composed of  t h r e e  

func t ions  which are  diagrammatical ly  shown i n  F i g u r e  5 .  The f i r s t  f imc t ion ,  
F1, i n d i c a t e s  t h a t  t h e  ampli tude response  i s  p ropor t iona l  t o  t h e  a r e a  of  t h e  

r e f l e c t o r .  This  i s  a d e s i r a b l e  r e l a t i o n s h i p  and f a c i l i t a t e s  t r u e  r e f l e c t o r  

s ize de t e rmina t ions  taken  d i r e c t l y  from t h e  amplitude response.  The second 

func t ion ,  F2,  i n d i c a t e s  t h e  ampli tude l o s s  o r  degrada t ion  due t o  any miso r i en t-  

a t i o n  between t h e  r e f l e c t o r  and t h e  i n t e r r o g a t i n g  beam. 

n o t e  t h a t  t h e  amount o f  ampli tude degrada t ion  i n c r e a s e s  w i t h  e i t h e r  an  i n c r e a s e  

i n  t h e  r e f l e c t o r  s i z e  (n) o r  t h e  t r ansduce r  s ize ( N ) .  Moreover, it should be  

noted  that f o r  any combination of re f le \  t o r  and t r ansduce r  s izes  t h e r e  i s  a 

X t  i s  s i g n i f i c a n t  t o  
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Figure 4 - The flaw orientation angle (4) for straight and angle beam 
interrogations. After Serabian and Lawrie (21). 
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Figure 5 - Diagrammatical representation of the three functions responsible for the 
amplitude response envelope of the model. 



reflector misorientation where detection is essentially not possible. 

third function contains the influence of material attenuation and the loca- 
tion of the reference reflector. 
ciably minimized or eliminated by proper calibration procedures. 

the amplitude degradation due to reflector misorientation is the flaw 
characteristic which has the most influence on the observed amplitude response. 

The 

The effects of this function can be appre- 
Therefore, 

Figure 6 displays the computer runs of the amplitude envelopes or scan 

signatures for a scanning transducer whose diameter is 3 wavelengths (N=3)  

for a variety of reflector sizes (n) with a misorientation angle of 10 degrees 
from the beam. of Equation 2 is unity, - 
i.e., that its variation is negligible. The use of transducer and reflector 

size normalization by the wavelength renders such displays applicable to any 
frequency and type of ultrasonic wave. Moreover, the generalized notation 
allows one to view this data as representing the results of a straight beam 

interrogation of a reflector whose normal is inclined ten degrees from the 
vertical. Likewise, the data may be looked upon as representing an angle beam 
interrogation of a reflector whose normal is inclined 70 degrees while using an 

entry angle of 60 degrees, a reflector inclination of 55 degrees for a 45 

degree entry angle, or in general, a reflector inclination of p++ - . As 

the reflector size is increased three distinct characteristic changes occur 
in the amplitude response envelopes typified by Figure 6. 
that the detected amplitude jncreases (see normalization gain), there is a 

decrease in the lateral extent of the envelopes and the location of the maximum 
amplitude on the interrogating surface approaches the misorientation angle. 
All intelligence from the conventional ultrasonic interrogation methods is 

derived from one or more of the latter three amplitude response envelope 

char ac t er i s t i c s . 

It is assumed that the function F 3 

It can be seen 

As previously indicated, the misorientation angle is most responsible 

for amplitude degradation. 
a misorientation angle of So. 

N<2) - the amplitude-reflector size relationship is linear and is essentially 
the function F1 of Figure 5. The amplitude has been calibrated with the 

respollse from a reflector whose diameter is 2A or n = 2 of Equation 2 .  

This is indicated in Figure 7 for the case of 
It can be noted that for a small transducer 

0 

This is an arbitrary standard, however, its selection does not 
with the observation of amplitude differences. It is apparent 

ducer size of N < 2  - the beam diameter is so wide spread that a 

interfere 
that for trans- 

transducer 
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Flgure 6 - Amplitude response envelopes o r  scan signatures for a variety of reflector sizes as 
noted by a transducer whose diameter is three wavelengths; flaw mksorientation angle 
is ten degrees. 
reflector and transducer, respectively, After Serabian and Lawrie (21). 

The designations n and N are the diameters in wavelength of the 
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Figure 7 - Detectable maximum amplitude as a function of transducer 
and reflector sizes; flaw misorientation angle is five 
degrees. After Serabian and Lawrie (21). 
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position can be found to facilitate the return of the maximum possible 

reflection from the reflector. In effect, for sufficiently small trans- 

ducers, the flaw misorientation angle has no influence upon the detected 
maximum amplitude. However, the real significance of the N<2 - line is 

that it can be used as a standard to note amplitude degradation caused by 

radiation field effects. It can be observed that as the transducer or 
reflector sizes increase the resulting radiation fields becam more 
directional, thus reducing the ability to align the radiatioi fields during 

interrogation, and thereby, causing amplitude degradation. The amplitude 
degradation for any given combination of transducer and reflector would 
increase with misorientation angle; compare Figures 7 and 8 for the So 
and 15O misorientation angles, respectively. The degradation in amplitude 
may be so extensive as to prohibit detection i.e., detection would involve 
radiation outside the main beam from the transducer and/or reflector. 
Such situations are indicated as solid circular terminal points in Figure 8 

The influence of the misorientation angle upon amplitude degradation 
for a transducer whose diameter i s  5 wavelengths is shown in Figure 9. As 

a matter of interest, the transducer sizes at the frequencies most used in 

longitudinal wave flaw detection jn steel for the N = 5  condition is also  
shown; all these transducers have equivalent radiation fields. The reflector 

sizes at these frequencies are also indicated. It can be seen that for a 

misorientation of 15 degrees, the amplitude from a 1/4" and 1/2" diameter 
flaws as noted by a 9/16'# diameter transducer operating at 2-1/4 MHz would 

experience a degradation of 13 and 23db, respectively. At a 20 degree 
misorientation angle the dsgradation in amplitude would be 23 db for the 1/4" 
flaw and 58 db for the 1/2" flaw. For example, the reflector generated by a 
lack of fusion area on an 80' weldment face as detected by a 60 degree entry 
angle represents such a 20' misorientation angle situation. 
10% of the calibration amplitude as the level below which indications are not 

investigated, three of the four above jndications would not be recorded. 

If one accepts 

The above model does not take into consideration the surface roughness 
of the reflector. Haines and Langston (6) have modelled this effect and 
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Detectable maximum amplitude as a function of transducer 
and reflector sizes; flaw misorientation angle is fifteen 
degrees. After Serabian and Lawrie (21). 
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Figure 9 - Detectable maximum amplitude as function of reflector size and 
misorientation angle. 
lengths. 
frequencies of 1, 2 1/4 and 5 MHz. After Serabian and 
Lawrie (21). 

The transducer diameter is five wave- 
The reflector size particulars are given for the 
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have found that the rough surface response is the response from an iden- 

tically shaped and oriented smooth surface multiplied by a frequency depend- 
ent roughness factor. 

and size and is solely a function the ratio of the component of roughness in 
the incidence direction to the wavelength involved. 

The roughness factor is independent of surface shape 

b. Experimental Evidence 
Aluminum blocks typified by Figure 10 were used for confirmation of 

the model of Equation 2 .  ( 2 3 )  

surface of the flat bottom holes. The orientations of such reflectors were 
selected to provide misorientations from zero to 20 degrees with respect to 

a straight beam. Four different size reflectors were considered: 1/4", 3/811, 

5/8" and 3/411. 
were used. 

priate amplitude response envelopes of the model. 

Flaws were simulated by the reflecting end 

A total of four blocks, each with a given size reflector, 
Figure 11 shows typical experimental data along with the appro- 

The degradation of amplitude with the misorientation angle is shown in 
The detected maximum amplitude is very sensitive to the reflec- Figure 12. 

tor size as well as the misorientation angle. 

from a 1/4" reflector experiences a 20 db reduction when the misorientation 
angle is increased from zero to 20 degrees. 

orientation angle the 5/8" reflector encounters a reduction of approximately 

50 db. Also, note that when no misorientation exists the detected amplitude 
is proportional to the area of the reflector; a 16 db range for the indicated 
spectrum of reflector sizes. 

creased, the amplitudes from the larger reflectors decrease much more dras- 
tically than the smaller reflectors. 

amplitude advantage due to reflector area is counterbalanced by the effects 
of the misaligned radiation fields such that all reflectors give approximately 
equal response. 
lost such that the smaller reflectors produce a larger amplitude response. 

For example, the amplitude 

For this same range of mis- 

However, as the misorientation angle is in- 

At a misorientation angle of 15' the 

At a misorientation of 20' the size advantage is completely 
- 

Figure 13 shows the influence of transducer size and substantiates 
the fact that smaller transducers with their broad angular radiation fields 
provide better detection of the more adversely oriented flaws. 
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Figure 10 - The specimen used to experimentally study amplitude response 
envelopes. After Serabian and Lawrie (23). 
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Figure 12 - Amplitude degradation due to reflector misorientatioa 
and size. After Serabian and Lawrie (23). 
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2.  Flaw Cha rac t e r i z a t i on  

I t  must be emphasized t h a t  f u l l  flaw c h a r a c t e r i z a t i o n  involves  t h e  

de te rmina t ion  o f  s i z e ,  o r i e n t a t i o n ,  l o c a t i o n  and shape. Location d e t e r -  

minat ions  involves  s t r a igh t fo rward  techniques  and can be accomplished 

q u i t e  a c c u r a t e l y .  

techniques  t o  minimize t h i s  e r r o r  a r e g i v e n  by Krug (*’) and Gurvich and 

Analysis  of t h e  e r r o r  is  t y p i f i e d  by G ~ r v i c h ( * ~ )  whi le  

Desynatik.  (26) Shape is perhaps t h e  most d i f f i c u l t  flaw, c h a r a c t e r i s t i c  

t o  determine.  

de te rmina t ions .  (27) For example, a wide amplitude response envelope is 

u s u a l l y  accep ted  as emanating from a sphere  o r  from a c y l i n d e r  when t h e  

r a d i a t i o n  i s  i n c i d e n t  upon i t s  l o n g i t u d i n a l  a x i s .  

ampli tude response envelopes t h a t  a r e  narrow i n  ex t en t  are u s u a l l y  asso-  

c i a t e d  w i th  p l a n a r  t ype  f laws .  Also, t h e  e x i s t e n c e  of p l a n a r  type flaws 

may a l s o  be j u s t i f i e d  by no t i ng  an app rec i ab l e  amplitude increase when 

two t r ansduce r s  i n  t h e  t r a n s m i t t e r - r e c e i v e r  mode a r e  used. 

cedure  i s  on ly  v a l i d  i f  an app rop r i a t e  r e l a t i v e  p o s i t i o n  between t h e  trans- 
mitter and r e c e i v e r  can be found such t h a t  t h e  amplitude can be maximized. 

Flaw size and o r i e n t a t i o n  con t inue  t o  c o n s t i t u t e  t h e  major flaw charac-  

terist ics t h a t  must be determined. 

Q u a l i t a t i v e  i n f e r ences  a r e  u sua l l y  r e spons ib l e  f o r  such 

On t h e  o t h e r  hand, 

Such a pro-  

In  t h e  following a r e  l i s t e d  t h e  major methods of  flaw c h a r a c t e r i z a t i o n  

as i n d i c a t e d  by t h e  l i t e r a t u r e  s ea rch .  

them i n  any o r d e r  t o  i n d i c a t e  usage o r  e f f e c t i v e n e s s .  

No at tempt  has been male t o  l i s t  

a .  

As i n d i c a t e d  i n  Figure  6 ,  t h e  convent ional  flaw d e t e c t i o n  process  has 

only t h r e e  u s e f u l  c h a r a c t e r i s t i c s  i n  t h e  observed amplitude response enve- 

lope t h a t  can be used i n d i v i d u a l l y  o r  c o l l e c t i v e l y  f o r  t h e  purpose o f  f law 

c h a r a c t e r i z a t i o n .  These a r e  t h e  maximum ampli tude,  width o f  t h e  amplitude 

response and t h e  l o c a t i o n  of  t h e  maximum amplitude on t h e  i n t e r r o g a t i n g  

su r f ace .  

a c t e r i z a t i o n  techniques  i n  t h e  sense  t h a t  they  do n o t  depend on t h e  observed 

magnitude o f  t h e  ampli tude pe r  s e .  

of c h a r a c t e r i z a t i o n  tcchniques  based on each of t h e s e  t h r e e  c h a r a c t e r i s t i c s .  

Use of Amplitude Response Envelopes 

The la t ter  two are e s s e n t i a l l y  amplitude independent f law char-  

In what fol lows a r e  b r i e f  d i s cus s ions  
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1) Maximum Amplitude 

The most popular flaw characterization method makes use of the ob- 

served maximum amplitude. 
reference standard used. 
are examples of reference standards that may be produced in the structure 

being interrogated (internal standard) or in a separate block (external 
standard). Such references are suitable for establishing interrogation 
sensitivities. However, there are many instances where such reference 
standards are used for flaw size determinations by invoking the direct 

relationship between the amplitude and the reflector area. Assuming that 

the influence of flaw distance can be properly calibrated and/or corrected 

for, the misorientation of the flaw with respect to the beam renders the 

use of the amplitude/area concept invalid. 

further complexity since the attenuation is usually different from the 
structure under interrogation. . A precaution for this situation is in- 
variably reconciled by a statement that the attenuation should be the same. 

No mention is made of how one ascertains the similiarity in attenuation 
or what steps must be taken when a difference in attenuation is present. 

There are some variations as presented by the 

Side drilled holes, flat bottom holes and notches 

The external standard has a 

Perhaps the greatest cause for concern in accepting the maximum 
amplitude as a measure of flaw size is the influence of the orientation 

of the flaw. 
for a transducer of approximately $I' in diameter, the maximum possible 
detectable flaw misorientation is about 10-15 . This assumes a detection 
threshold at 20 db below the amplitude noted from a 1/2" flaw oriented 
normal to the interrogating beam. Much the same observations have been 

presented by Wines. 

As indicated by Wustenberg and Kutzner (5) it appears that 

0 

(78) 

The advocates of the amplitude based flaw sizing technique under- 

estimate the influence of the flaw misorientation by reasoning that the 

roughness and contour of the flaw surface substantially increases the 
angular distribution of the radiation from the flaw and thereby provides 
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an i n c r e a s e  i n  t h e  p r o b a b i l i t y  of d e t e c t i o n .  This  is t r u e ,  bu t  t h e  e x t e n t  

of t h e  increase i n  t h e  p r o b a b i l i t y  of d e t e c t i o n  is  not  app rec i ab l e .  For 

t h e  most p a r t ,  t h e  l i t e r a t u r e  on t h e  i n f l u e n c e  of f law s u r f a c e  roughness 

has been concerned with t h e  d i f f u s i v i t y  of t h e  ensuing r a d i a t i o n  f i e l d s .  

Kloth (30) has  i n d i c a t e d  t h a t  i f  t h e  f law has  s u r f a c e  i r r e g u l a r i t i e s  of less 

than  a t h i r d  of a wavelength, then t h e  s u r f a c e  may be regarded as smooth. 

Working wi th  a t ransducer  w i th  a c e n t e r  shea r  wave frequency of 2.25 MHz i n  

steel,  t h i s  amounts t o  s u r f a c e  i r r e g u l a r i t i e s  of approximately 0.020". 

(28,291 

a l s o  ag rees  t h a t  i t  is a matter of t h e  r a t i o  of t h e  i r r e g u l a r i t i e s  

t o  t h e  wavelength involved. H e  noted t h a t  below x/5 t h e  sound is considered 

t o  be s c a t t e r e d  incohe ren t ly .  Above x/5 t h e  coherent  component of t h e  beam 

w i l l  travel i n  a specu la r  d i r e c t i o n  which means t h a t  t h e r e  is no enhancement 

of d e t e c t i o n  due t o  s u r f a c e  roughness.  Haines (78) sugges t s  t h a t  t h e  s u r f a c e  

roughness may only  be neglec ted  when t h e  roughness i s  less than 

and Langston (6) have exper imenta l ly  s t u d i e d  t h e  e f f e c t s  of s u r f a c e  roughness 

of r e f l e c t o r  i n  a l i q u i d  medium; see t y p i c a l  d a t a  i n  F igure  14. The d a t a  w a s  

obtained by t i l t i n g  t h e  r e f l e c t o r  once t h e  maximum r e f l e c t i o n  w a s  noted when 

t h e  t r ansduce r  and r e f l e c t o r  were p e r f e c t l y  a l i gned .  S ince  t h e  centermost 

p o r t i o n  of t h e  r a d i a t i o n  from t h e  t ransducer  i s  always i n  use ,  t h e  observed 

ampli tude is c h a r a c t e r i s t i c  of t h e  r e f l e c t o r .  S ince  t h e  r a d i a t i o n  f i e l d  

r o t a t e s  two degrees  f o r  every r e f l e c t o r  degree  of r o t a t i o n ,  i t  fo l lows  t h a t  

i f  t h e  i n d i c a t e d  t i l t  ang le  is doubled t h e  d a t a  may be i n t e r p r e t e d  as t h e  

d i r e c t i v i t y  f u n c t i o n  of t h e  r e f l e c t o r .  The p l o t t e d  s o l i d  l i n e  is  t h e  pre-  

d i c t e d  r e f l e c t e d  ampli tude based on t h e i r  model l ing of t h e  r e f l e c t i o n  process .  

The experimental  p o i n t s  and t h e i r  a t t e n d a n t  range of v a l u e s  are a l s o  ind i-  

ca ted .  The r e f l e c t o r  w i th  a s u r f a c e  roughness of less than 5 um may be 

taken as a smooth r e f l e c t o r .  It should be noted t h a t  t h e  maximum ampli tude 

drops by a f a c t o r  of 12 db f o r  an RMS s u r f a c e  roughness of 41  um o r  

as compared t o  t h e  wavelength of water a t  5 MHz. A t  extreme divergence 

ang le s  t h e r e  is ve ry  l i t t l e  d i f f e r e n c e  ( 9 d b )  i n  t h e  r a d i a t i o n  of t h e  two 

r e f l e c t o r s .  This  i n d i c a t e s  t h a t  t h e r e  is  no a d d i t i o n a l  incoherent  s c a t t e r i n g  

of t h e  r e f l e c t e d  r a d i a t i o n  due t o  s u r f a c e  roughness.  From t h e  s t andpo in t  of 

r e l i a b i l i t y  it  seems more reasonable  t o  des ign  an  i n t e r r o g a t i o n  procedure 

based on t h e  probable  occurrence of f l a t  and smooth f laws  s i n c e  they are more 

d i f f i c u l t  t o  d e t e c t .  

Cof f ey (30) 

x/20. Haines 

h/8 
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Figure 14 - Influence of surface roughness upon the radiation from a 6 m  
diameter ref lector  i n  water at  5 MHz. 
is the ref lector  t i l t  angle. After b i n e s  and Langston (6 ) .  

The independent variable 
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There have been a number of measures adopted i n  an endeavour t o  in-  

crease t h e  r e l i a b i l i t y  of t h e  ampli tude based f law d e t e c t i o n  processes. 

The more important  ones may be l i s t e d  as t h e  use  of focused u l t r a s o n i c  beams 

and tandem t ransducer  systems, and t h e  a p p l i c a t i o n  of c o r r e c t i o n s  t o  obv i a t e  

t h e  e f f e c t s  of t hose  parameters t h a t  a f f e c t  ampli tude degradat ion.  

The tandem system is  diagrammed i n  F igure  15. (32’ 33) The technique 

is pr imar i l y  f o r  t h e  d e t e c t i o n  of those  f laws  o r i en t ed  n e a r l y  normal t o  

t h e  i n t e r r o g a t i n g  su r f ace .  As shown, d e t e c t i o n  is accomplished by two 

t r ansduce r s  whose s e p a r a t i o n  is determined by t h e  depth a t  which i n t e r -  

r o g a t i o n  is  des i r ed .  

would be t h e  same as f o r  d e t e c t i o n  by a s i n g l e  t ransducer  w i th  a zero  m i s -  

o r i e n t a t i o n .  As t o  be expected,  ampli tude degrada t ion  w i l l  occur when t h e  

r e f l e c t o r  is r o t a t e d  from t h i s  o r i e n t a t i o n .  However, t h e  tandem technique 

does  p r e s e n t  t h e  oppor tun i ty  t o  d e t e c t  a range of f l aw o r i e n t a t i o n s  which 

cannot be de t ec t ed  by a s i n g l e  t ransducer  ang l e  beam. 

For such n e a r l y  normally o r i en t ed  f laws ,  t h e  ampli tude 

I n  focused beams ( 3 4 )  t h e  no t ion  is  t h a t  i f  one s t r i k e s  t h e  f l aw with  

more u l t rasound  t h e  p r o b a b i l i t y  of d e t e c t i o n  w i l l  i nc r ea se .  As prev ious ly  

s t a t e d  t h e r e  are two requirements  f o r  s u c c e s s f u l  u l t r a s o n i c  f l aw d e t e c t i o n ,  

i.e., you must h i t  t h e  f l a w  wi th  u l t rasound  and you must g e t  Some back. 
Any improvement of f l aw d e t e c t i o n  c a p a b i l i t i e s  must c a t e r  t o  both of t he se  

requirements.  The u s e  of focused t r ansduce r s  as presen ted  by contoured 

s u r f a c e s  o r  a r r a y s  does no t  a l ter  t h e  second requirement.  As Wustenberg and 

Ku t zner  ( 5 )  p o i n t  ou t ,  f o r  t h e  same given range of m i s o r i e n t a t i o n  angle ,  t h e  

s i n g l e  t ransducer  and t h e  tandem system a r e  more s u i t a b l e  than focused beams; 

see Figure  16. 

A more r e a l i s t i c  approach i n  t h e  u s e  of amplitude d a t a  would be t o  

cons ider  c o r r e c t i o n s  t o  t h e  observed ampli tude.  These c o r r e c t i o n s  would 

minimize t h e  e f f e c t  of ampli tude degrada t ion .  

t o  approach t h e  func t i on  F1 of Equation 2 by e l im ina t i ng  t h e  i n f l uence  

of t h e  parameters  of t h e  o t h e r  two func t ions .  For example, i f  t h e  

m i s o r i e n t a t i o n  ang l e  is determined, i t s  c o n t r i b u t i o n  t o  t h e  ampli tude 

I n  e f f e c t ,  one would a t t emp t  

- 37 - 



I 

w 
00 

I 

Figure 15 - The distance between the transducers for a given entry angle i n  the 
tandem angle beam technique i s  determined by the ref lector  depth.  

I 



Figure 16 - The influence of the reflector size and misorientation 
upon the detectable maximum amplitude for interrogations 
by a single transducer, two transducers in tandem fashion 
and for a single focused transducer. 
and Kutzner (5). 

After Wustenberg 
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Jegrada t ion  can be formulated and e l imina ted .  

would s t e m  from t h e  e f f e c t  of f l aw d i s t a n c e ,  a t t e n u a t i o n  and 

t h e  s tandard  used. 

which d e a l s  w i t h  t h e  de te rmina t ion  of f l aw s l z e  i n  l a r g e  r o t o r  fo rg ings  

used f o r  steam turb ine- genera tor  sets. 
measures can account f o r  up t o  two o r d e r s  of magnitude change i n  t h e  observed 

maximum ampli tude response.  Needless t o  say ,  c o r r e c t i o n s  due t o  flaw s u r f a c e  and 

contour  cannot be  app l i ed .  Thus, t h e  determined f law s i z e  must s t i l l  be 

viewed as a minimum f law s i z e .  

measureably b e t t e r  than those  ob ta ined  by using any eva lua t i on  process  

which d i r e c t l y  u se s  t h e  uncorrected ampli tude d a t a .  

and applying such c o r r e c t i o n s  have been a v a i l a b l e  f o r  some t i m e ,  thus  

is d i f f i c u l t  t o  env i s ion  why more use  has  no t  been made of t h i s  da ta-  

c o r r e c t i n g  concept .  

The o the r  c o r r e c t i o n s  

An example of t h i s  concept is provided by Serab ian  (35) 

It was found t h a t  such c o r r e c t i v e  

However, such s i z e  de te rmina t ions  are im- 

The methods f o r  making 

i t  

2)  Width of t h e  Amplitude Response Envelope 

A r e l a t i v e l y  popular  technique (9’36) adopts  t h e  p ro j ec t ed  d i s t a n c e  

(Ax) between two s p e c i f i e d  ampli tude r e f e r e n c e  p o i n t s  on e i t h e r  s i d e  of 

t h e  maximum along t h e  scan  l i n e  as t h e  dimension of t h e  flaw; see Figure  

1 7 .  I n  t h e  l a t te r ,  t h e  6 dbdown o r  ha l f  amplitude p o i n t s  are used a s  t h e  

ampli tude r e f e r e n c e  p o i n t s .  The 20 dbdown p o i n t s  as w e l l  as t h e  p o i n t s  where 

t h e  ampli tude complete ly  van ishes  are a l s o  used. (37 ’ 79) 
is va l id  when t h e  flaw is much l a r g e r  than  t h e  i n t e r r o g a t i n g  beam a t  

t h e  d e t e c t i o n  p lane .  As shown i n  F igure  18, t h e  u n c e r t a i n t y  of l o c a t i n g  

the end p o i n t s  of t h e  f law becomes a minor p a r t  of t h e  t o t a l  measurement 

of t h e  f law s i z e  or l eng th  i n  t h e  d i r e c t i o n  of t h e  t ransducer  motion. 

The r e f l e c t i o n  from t h e  f law i s  pure ly  geometr ic  i n  n a t u r e  and is essen-  

t i a l l y  void  of d i f f r a c t i o n  e f f e c t s .  This is  not  t h e  ca se  when t h e  flaw 

is  smaller than  t h e  beam. Under t h i s  cond i t i on  t h e  d e t e c t i o n  process  i s  

t o t a l l y  dependent upon t h e  s p a t i a l  i n t e r p l a y  of t h e  r a d i a t i o n  f i e l d s  from 

both  t h e  f l aw and t h e  t r ansduce r .  (38) The problem has  been s tud i ed  w i th  

t h i s  premise.  

The technique 

The width  ( A e )  of F igure  1 7  of t h e  amplitude response (21) 
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Figure 17 - Me surable ck r t risti (AX and A0) of the width 
of amplitude response envelopes; use of the -6 db 
amplitude decay points are illustrated. 
Serabian and Lawrie (21). 

After 
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Figure 18 - Using specif ied amplitude decay points (-6 db points 
shown) for  estimating the size of flaws that are larger 
than the beam on the detection plane. 
s i z e  (AX) i s  invariably larger than t h e  true size ( L ) .  

The determined 
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envelope was monitored by t h e  ampli tude decay a t  t h e  6 db down p o i n t s  from 

t h e  maximum ampli tude p o i n t s .  The c a l c u l a t e d  r e s u l t s  f o r  a m i s o r i e n t a t i o n  

angle of So are shown i n  F igu re  19. A s  expected,  t h e  width of t h e  ampli tude 

response envelope is  a f u n c t i o n  of bo th  t h e  t ransducer  and r e f l e c t o r  sizes, 
The proponents  of t h i s  s i z i n g  technique a t t empt  t o  d e l e t e  t h e  i n f l u e n c e  of 

t h e  t ransducer  by s u b t r a c t i n g  t h e  beam width a t  t h e  d e t e c t i o n  p lane .  It is 

ev iden t  t h a t  t h e  s u b t r a c t i o n  of a cons t an t  width r e p r e s e n t i n g  t h e  t ransducer  

beam width would no t  d e t r a c t  from t h e  observed f a c t  t h a t  t h e  width of t h e  

ampli tude response  envelope f o r  a g iven  s i z e  t ransducer  dec reases  w i th  f law 

s i z e  and/or  o r i e n t a t i o n .  

From F igu re  17, it is a l s o  ev ident  t h a t  any f l aw  s i z e  de t e rmina t ion  

which depends on an ampli tude response  envelope is  inf luenced  by t h e  depth  

of t h e  f law.  F igure  20 i n d i c a t e s  t h i s  e f f e c t  f o r  a f law a t  a m i s o r i e n t a t i o n  

a n g l e  of 10'. Working with a 1/2"-2 1 /4  MHz t ransducer ,  1/4" and 1" f laws  

a t  a dep th  of 4 i nches  would b e  s i z e d  as 0.72" and 0.28",  r e s p e c t i v e l y .  

The e r r o r  involved is  u s u a l l y  t o  ove re s t ima te  t h e  smaller f l aws  and under- 

estimate t h e  l a r g e r  f laws ,  The la t ter  is  t h e  more harmful r e s u l t  i n  t h a t  

an  o p t i m i s t i c  s t a n c e  is adopted f o r  t h e  f l a w  con ten t  of t h e  material or 
s t r u c t u r e  be ing  eva lua ted .  

3) The Locat ion of t h e  Maximum Amplitude 

The l o c a t i o n  of t h e  maximum ampli tude of t h e  ampli tude response  from a 

misor ien ted  f l a w  is Artermined by t h e  s i z e s  of t h e  t ransducer  and r e f l e c t o r  

involved. (39) Assume t h a t  t h e  r e f l e c t o r  

s i z e  of d iameter  (nX) is much l a r g e r  than  t h e  t ransducer  s i z e  (NX) , so 

much l a r g e r  that t h e  t ransducer  may be  considered a p o i n t  source.  Under t h i s  

c o n d i t i o n  t h e  r a d i a t i o n  f i e l d  of t h e  r e f l e c t o r  is r e s p o n s i b l e  f o r  t h e  l o c a t i o n  

of t h e  maximum ampli tude.  This  is shown f o r  both t h e  s t r a i g h t  and a n g l e  beam 

on t h e  top  h a l f  of F igu re  21. It should be noted t h a t  when n>>N t h e  l o c a t i o n  

of t h e  maximum ampli tude i n  terms of t h e  scanning parameter (0)  of t h e  f law 

d e t e c t i o n  model of F igure  3, approaches t h e  m i s o r i e n t a t i o n  angle.  When nc<N 
i t  is t h e  r a d i a t i o n  f i e l d  of t h e  t ransducer  t h a t  is  r e s p o n s i b l e  f o r  t h e  

F igure  21 i n d i c a t e s  t h i s  concept.  
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IN WAVE LENGTHS (N) 

MISORIENTATION ANGLE - 5' 
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REFLECTOR SIZE IN WAVE LENGTHS ((11 

Figure 19 - Width of the amplitude response envelope at the -6 db decav 
points as a function of the transducer and reflector sizes; 
reflector misorientation is five degrees. After Serabian 
and Lawrie (21). 
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Figure 20 - 

TRANSDUCER DIAMETER (inches) 

Reflector size determinations using the projected -6 db 
decay points of the amplitude response envelope. 
width of the amplitude response envelope between the -6 db 
points; D i s  the depth of the flaw. 
Lawrie (21). 

AX is the 

After Serabian and 
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Figure 21 - Extremes i n  the location of  t h e  maximum amplitude 
for  the straight and angle beam interrogations. 
Serabian and Lawrie (39). 

After 
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location of the maximum amplitude and em approaches zero and p for the straight 
and angle interrogations, respectively; see bottom half of Figure 21. Figure 22 

displays the location data for a variety of misorientation angles as determined 

by the detection model of Serabian and Lawrie. (21) Figure 23 shows experi- 
mental verification of this by using the blocks described in Figure 10. 

Of prime importance is the display of Figure 22. It can be used to 
derive intelligence of the flaw causing the detected maximum amplitude. 

Assume that a transducer size of N indicates a amplitude maximum location 1 
of eml . As shown in Figure 24a, this could mean that the reflector has 
a size of n1 and a misorientation of 4 or size n with a misorien- 

tation of $2 , etc. These possibilities are plotted in Figure 24b. If 

another (smaller) transducer of diameter N2 is used,the resulting em3. 
would suggest a different set of flaw sizes 

rnfsorientations (+i) . This second set of data is also shown in Figure 24b 

and the intersection is representative of the true flaw size and misorien- 

tation. It is significant to note that these determinations of size and 
misorientation were made without recourse to the magnitude of the maximum 
amplitude. Moreover, a small amplitude response from a large adversely 

oriented flaw would be given equal status as a large amplitude response as 

created by a small favorably oriented flaw. It should be noted that the 
orientation of the flaw is also determined. It is significant to note that 
since the location of the maximum is a function of relative sizes of the re- 

flector and transducer only, such determinations are independent of frequency. 

Figure 25 indicates experimental support for this observation. 

1 2 

(ni) and their associated 

This procedure has had no field evaluation with natural flaws as yet. 
However, the proven experimental success of the model to date indicates great 

promise for this novel flaw characterization technique. 
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Figure 22 - Location of the maximum amplitude in  terms o f  the r a t i o  
of the ref lector  t o  transducer s i z e s .  
and Lawrie (39) .  

After Serabian 
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Figure  23 - Experimental d a t a  on t h e  l o c a t i o n  of  t h e  amplitude maximum i n  terms o f  t h e  
r a t i o  of t h e  r e f l e c t o r  and t ransducer  sizes; 
miso r i en t a t i ons  are shown. Af t e r  Serabian and Lawrie (231.  

two d i f f e r e n t  r e f l e c t o r  



"t  
I 

VI 
0 
I 

FLAW MISORIENTATION (6) 

(b) 

Figure 24 - Determination of the true flaw size [T-I 1 and its associated misorientation 
angle (4 ) by the use of the location ?e,,,) of the maximum amplitude, 
interseceion of two such location measurements made with different 
transducer sizes is involved. After Serabian and Lawrie (391. 
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Figure 25 - The location of  the maximum o f  an amplitude response envelope i s  independent 
of  frequency. After Serabian and Lawrie (39) .  



b. DGS Techniaue 

The d i s t ance- ga in- s i ze  (DGS) technique is  used q u i t e  ex t ens ive ly  i n  

The technique a t tempts  t o  r e l a t e  flaw d i s t a n c e ,  ga in  o f  t h e  Europe. (40) 

flaw ampli tude above a s tandard  amplitude and t h e  flaw size involved.  The 

approach is t o  fo rmula te  t h e  amplitude o f  u l t r a sound  t h a t  s t r i k e s  t h e  flaw 

which t hen  becomes t h e  source  of  t h e  r a d i a t i o n  back t o  t h e  i n t e r r o g a t i n g  

t r ansduce r .  In  t h e  far f i e l d  of r a d i a t i o n  t h i s  formulat ion makes use  of  

t h e  p r e s s u r e  f i e l d  genera ted  by a p i s t o n  source  o s c i l l a t i n g  i n  s e m i- i n f i n i t e  

space.  

of r e f l e c t o r s  i n  wate r .  

t h e  s i d e  oppos i t e  t h e  t r ansduce r  is determined exper imenta l ly  and used as a 

r e f e r e n c e  s t anda rd .  

nea r  f i e l d  l eng ths .  

t r an sduce r  s i z e  o r  frequency as wel l  as any flaw d i s t a n c e  and specimen t h i c k-  

ness .  

s t anda rd  which e l im ina t e s  t h e  need f o r  a r t i f i c i a l  r e f l e c t o r s  such as s i d e  

d r i l l e d  or f l a t  bottom ho le s .  

db d i f f e r e n c e  i n  amplitude between t h e  flaw and back s u r f a c e  r e f l e c t i o n s .  

This  d i f f e r e n c e  is p l o t t e d  a t  t h e  app rop r i a t e  back s u r f a c e  d i s t ance ;  see 
p o i n t  1 o f  Figure  26. 

p o i n t  t o  a p a r t i c u l a r  ampli tude-dis tance curve (po in t  2 ) ,  thus  a l lowing one 
t o  r ead  t h e  flaw size i n  terms of  t h e  t r ansduce r  size. 

- 

The n e a r  f i e l d  r a d i a t i o n  i s  determined exper imenta l ly  wi th  t h e  use 

The amplitude o f  u l t r a sound  from t h e  back wal l  on 

Figure  26 

The l a t t e r  permi t s  t h e  use  o f  such  d i s p l a y s  f o r  any 

shows t h e  amplitude d a t a  p l o t t e d  i n  terms of 

O f  p a r t i c u l a r  i n t e r e s t  i s  t h a t  t h e  back r e f l e c t i o n  is used a s  t h e  

The procedure  is,  f i rst ,  t o  determine t h e  

A l a t e r a l  s h i f t  t o  t h e  f law d i s t a n c e  moves t h e  

Ope1 and Ivens  (41) proposed a procedure t o  c o r r e c t  f o r  material 

a t t e n u a t i o n .  

is void  of d i f f r a c t i o n  e f f e c t s  and has  a uniform i n t e n s i t y  a t  any p o i n t  

within-a given  c r o s s  s e c t i o n .  The c o r r e c t i o n  is independent of frequency 

and t h e  t r u e  worth of the c o r r e c t i o n  ha s  never been adequately  eva lua t ed .  

There are many o t h e r  s u i t a b l e  techniques  f o r  t h e  measurement of a t t e n u a t i o n  

that are based.upon p r i n c i p l e s  more i n  l i n e  wi th  r e a l i s t i c  phys i ca l  concepts .  

The measurement procedure assumes t h a t  t h e  u l t r a s o n i c  beam 
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-DISTANCE D (IN TERMS OF NEAR FIELD LENGTHS) 

Figure 26 - The distance-gain-size (DGS) technique of flaw sizing. 
amplitude difference betKeen the flaw and the back reflection; the amplitude difference 
is plotted at the back reflection distance. 
the appropriate flaw distance, thus facilitating its location on a particular amplitude- 
distance-size curve. 
After Krautkramer (40). 

Point 1 represents the 

Point 2 is the translation of point 1 to 

The size may then be read in terms of the transducer size. 



DGS diagrams have been modified for use for both angle beam and for the 
The DGS tech- (42) double transducer or tandem procedure of interrogation. 

nique of flaw characterization has some merits in that it has generalized 

application in terms of transducer sizes, frequency and flaw distance. How- 

ever, it does not take into consideration the misorientation between the flaw 

normal and the interrogating beam. For this reason the technique is limited 

in its application. The German Commission on NDT has taken steps to eliminate 
the connotation that the use of the DGS technique can determine flaw size. 

They have adopted the use of the phase "Reflectivity Diagrams" for DGS 
diagrams. (43) 

C. Ultrasonic Spectroscopic Techniques 

there has been an increasing interest in the use of ultra- (44) Since 1963 
sonic spectroscopic techniques for flaw characterization. In essence, one 
analyzes the characteristics of the frequency content in the radiation from a 

reflector or flaw which has experienced an incident pulse consisting of a broad 

band of frequences. The flaw, by virtue of its size, orientation, shape, 
surface roughness and contour, generates selected interference-produced maxima 

and minima in the resulting reflected radiation. 

considered the Bragg type interference phenomenon while the most recent work 

utilizes the interference minima of amplitude-frequency-direction spectra. 

(45,471 The initial work 
(48) 

The use of Bragg type interference presents a means of determining flaw 
size and orientation. This would permit one to correct for the effects of flaw 
orientation in any amplitude-dependent flaw characterization process. 

is based upon the interference resulting from the superposition of the 

spherical wavelettes emanating from the opposing extremes of the reflector. 

As shown in Figure 27, the total path length difference, 
well into the far field of radiation, is given by 2 a i n B  . 
interference condition may be written as 

The analysis 
t 

2(2b), which is 

The constructive 
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TRANSDUCER -I t-* 

Figure 27 - The path length difference of the spherical wavelets emanating from the 
ref lector  extremes produce a phase-induced interference mechanism a t  the 
interrogating transducer. Far f i e l d  of radiation i s  considered. After 
Whaley and Adler (45). 



nV 2dSin8 = nX = - f 

where h is the wavelength and n is the order number. At interference 
conditions the spectral content of the returned pulse packet will take on 
the characteristics indicated in Figure 28. 

0.250 inches in diameter at an orientation angle of 30°, thus 

A 

As an example, consider a flaw 

2dSin8 = .250 = nX (4) 

Constructive interference would occur at h = 0.250, .125, .063,  .032, 
.016, ... or at frequencies of 1.0, 2.0, 3.96,  7.8, 15.6 ... These fre- 
quencies are realistic interrogation frequencies when one considers the 
prevalent use of broadband transducers. 

Of prime importance for flaw characterization is  the frequency interval 

(Af) between consecutive frequency peaks. From Equation 3 ,  this frequency 

interval becomes: 

V 
2d Sin 8 Af = (5) 

By using the two transducer configuration indicated in Figure 29, the fre- 

quency intervals observable at receiving points 1 and 2 are given by (47) * 

V - - 
1 d [Sin(e+a,)+Sine] 
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0.125-in.- DlAM REFLECTOR 

0 1  2 3 4 0  i 2 3 4  
FREOUENCY (MHZ) 

Figure 28 - Ultrasonic frequency spectra for a 0.125 inch diameter 
reflector at various angles of orientation. 
Whaley and Adler (45). 

After 

Figure 29 - Geometric parameters for calculating flaw size by the 
use of ultrasonic spectra. After Whaley and Cook (47). 
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where each a n g l e  a is computed from known D and S d i s t a n c e s .  Solving t h e  

above equa t ions  w i l l  y i e l d  both t h e  f law s i ze  (d) and i ts  o r i e n t a t i o n  (e). 
No i n f e r e n c e  is  made regard ing  t h e  shape of t h e  f law,  t hus  t h e  s i z e  determined 

p e r t a i n s  t o  t h e  f l aw  l eng th  i n  a p lane  con ta in ing  the  t r ansduce r s  and f law.  

Therefore,  one should cons ider  a t  least  two or thogonal  d i r e c t i o n s .  I n  t h i s  

manner, a more rea l is t ic  eva lua t ion  of s i z e  and o r i e n t a t i o n  would be obta ined .  

F igu re  30 (80) p r e s e n t s  a measure of t h e  e x c e l l e n t  success  of t h i s  technique.  

The work of L. Adler et a1 (49) summarizes t h e  use  of t he  technique f o r  t h e  

eva lua t ion  of weldments by t h e  immersion method. The presence  of t h e  water 

b u f f e r  n e c e s s i t a t e d  changing t h e  frequency i n t e r v a l  equa t ions  as s t a t e d  above. 

Johnson (81) has  adapted t h e  work of Neubauer (82) t o  gene ra t e  a model 
f o r  t h e  i n t e r f e r e n c e  effects observed by Whaley and Adler .  

based on Huygen's o p t i c a l  p r i n c i p l e .  Each p o i n t  is  considered t o  be a sec- 

ondary s p h e r i c a l  source  whose c o n t r i b u t i o n  a t  t h e  t ransducer  must be  summed 

wi th  due regard  t o  ampli tude and phase. The model has  been a b l e  t o  p r e d i c t  

t h e  p o s i t i o n s  and t h e  number of maxima and minima of t h e  ref lector- modulated 

frequency s p e c t r a  of F igure  28. 

The model is 

Another i n t e r f e r e n c e  technique (48) makes use  of t h e  f a c t  t h a t  t h e  d i r e c-  

t i v i t y  f u n c t i o n  of a t ransducer  may be i n t e r p r e t e d  as e i t h e r  an  amplitude-  

d i r e c t i o n  d i s t r i b u t i o n  f o r  a g iven  frequency o r  as an amplitude- frequency 

d i s t r i b u t i o n  f o r  a g iven  d i r e c t i o n .  F igure  31 i n d i c a t e s  t h i s  no t ion  f o r  a 

r e c t a n g u l a r  t ransducer .  

t e r i z a t i o n  cons ider  F igure  32. A t r a n s m i t t e r  is loca t ed  d i r e c t l y  over t h e  f law 

t o  be  eva lua ted .  This  l o c a t i o n  can be noted by t h e  minimum f law d i s t a n c e .  

Two obse rva t ions  are made a t  p o s i t i o n s  where frequency minima are observed; 

p o s i t i o n s  A & B. 

t r ansduce r ,  then  i t  r a n  be  assumed t h a t  they are due t o  t h e  flaw. With t h i s  

i n  mind t h e  f i r s t  minima may be descr ibed  by: 

A s  an  a p p l i c a t i o n  of t h i s  concept f o r  f law charac-  

I f  i t  is  e s t a b l i s h e d  t h a t  t h e s e  minima are  no t  those  of t h e  

C 
FIA = df Sin(2a-OA) 

. 

and FIB are t h e  f r equenc ie s  
FIA where c i s  t h e  v e l o c i t y  of propagat ion and 
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Determination 

Determination by 
Frequency Analysis 

I 1 I 1 
0 0.2 0.4 0.6 0.8 

Actual Size (in.) 

Figure 30 - A comparison of flaw sizing by the frequency analysis 
method (0 points) and the use of conventional amplitude 
considerations (0 points). After Whaley and Adler (80). 
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1.0  

?r d f  - S i n e  
C 

For A Given Frequency ---------- H, Sin0 
For A Given Direction ----------- %f 

Figure 31 - The directivity function of a transducer may be interpreted as 
either an amplitude-direction distribution for a given frequency 
or as an amplitude-frequency distribution for a given direction. 
A rectangular transducer whose one di.mension d is indicated. 
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Figure 32 - Geometric aspects for flaw size and orientation determinations 
by ultrasonic spectroscopy. 



of t h e  f i r s t  minima a t  p o s i t i o n s  A and B, r e s p e c t i v e l y .  Also, t h e  a n g l e s  

and 6 may be determined by t h e  geometry of F igure  32. Solving t h e  

above equa t ions  w i l l  y i e l d  d and a which are t h e  f law diameter  and o r i en -  

t a t i o n ,  r e s p e c t i v e l y .  As i n  t h e  prev ious  i n t e r f e r e n c e  technique  t h e  s i z e  

and o r i e n t a t i o n  de t e rmina t ions  are those  i n  t h e  p lane  con ta in ing  t h e  f law 

s i te  and t h e  t r ansduce r s .  It i s  necessary  t o  make a t  least f o u r  s p e c t r a l  

measurements a t  two or thogonal  d i r e c t i o n s  f o r  realist ic f law c h a r a c t e r i z a t i o n .  

B 
f 

This  c h a r a c t e r i z a t i o n  technique  has been e x t e n s i v e l y  eva lua ted  as 

work of t h i s  program. The r eade r  is  r e f e r r e d  t o  Sec t ion  VII. 

d. 

The 

s u i t a b l e  

upon t h e  

sound of 

The Delta Technique 

d e l t a  technique  is  a 

f o r  bo th  t h e  c o n t a c t  

mul t i- t ransducer  weld i n t e r r o g a t i o n  

and immersion modes. The technique  

p a r t  of  t h e  

scheme 

is based 

d e t e c t i o n  of r e d i r e c t e d  u l t r a sound ,  r a t h e r  than  t h e  d i r e c t e d  u l t r a- .  

convent iona l  d e t e c t i o n  techniques.  F igure  33 (83) i l l u s t r a t e s  t h e  

v a r i o u s  types  of r e d i r e c t e d  u l t r a s o n i c  energy and t h e  manner i n  which such 

energy from a t r a n s m i t t e r  (T) can reach  t h e  r e c e i v i n g  t r ansduce r  ( R ) .  Three 

types  of d e f e c t s  are shown; v e r t i c a l  smooth, s p h e r i c a l  and a rough o r  n a t u r a l  

d e f e c t .  F igu re  34 d i s p l a y s  t h e  b a s i c  t r ansduce r  c o n f i g u r a t i o n  f o r  t h e  immer- 

s i o n  d e l t a  system and i n d i c a t e s  t h e  reason  f o r  t h e  u se  of " de l t a"  as a des-  

c r i p t i v e  phrase ;  t h e  t r ansduce r s  and f l aw  o r  r a d i a t i o n  s i t e  form a t r i a n g l e .  

As many as s i x  t r ansduce r s  can be u t i l i z e d  wi th  s can  rates up t o  50 f e e t  p e r  

The u s e  of m u l t i p l e  t r ansduce r s  makes i t  p o s s i b l e  t o  d e t e c t  r e f l e c t o r s  

a t  o r i e n t a t i o n s  which can be  unfavorable  f o r  t h e  convent iona l  s i n g l e  o r  double  

t ransducer  assembl ies .  The i n t e r p r e t a t i o n  of t h e  observable  r e s u l t s  are 

dependent upon t h e  s e p a r a t i o n ( s )  and t h e  inc luded  a n g l e ( s )  between t h e  t r a n s-  

ducers .  However, s i n c e  t h e  s e l e c t i o n  of t h e  la t ter  appears  t o  be a r b i t r a r y ,  

it is d i f f i c u l t  t o  e s t a b l i s h  meaningful s t a n d a r d s  and r e f e r e n c e s .  Therefore ,  

t h e  d e l t a  i n t e r r o g a t i o n  procedure is n o t  condusive t o  q u a n t i t a t i v e  reasoning .  

The l i t e r a t u r e  (83' 8 5 )  i n d i c a t e s  t h a t  a l l  normally encountered weld 
(86) imperfec t ions  has  been d e t e c t e d  by t h e  d e l t a  technique.  

r e p o r t  b e t t e r  d e t e c t i n g  a b i l i t y  than  convent iona l  u l t r a s o n i c  techniques  o r  

Cross  and Tooley 

- 62 - 



radiography. The la t ter  is  i l l u s t r a t e d  by F igure  35. Figure  36 is  a 

meta l lographic  examination of p o i n t  A of Figure 35. However, t h e s e  r e s u l t s  

cannot  be  i n t e r p r e t e d  as a gene ra l  testimony f o r  t h e  a b i l i t i e s  of t h e  d e l t a  

technique.  One must admit t h a t  s l i g h t  changes in t h e  a l r eady  a r b i t r a r i l y  

s e l e c t e d  geometr ic  c o n f i g u r a t i o n  of t h e  t r ansduce r s  can conceivably o b v i a t e  

t h e  i n d i c a t e d  d e t e c t i o n  r e s u l t s .  

The above remarks are  a t t e s t e d  by t h e  f a c t  t h a t  t h e  l i t e r a t u r e  is 

e s s e n t i a l l y  vo id  of any app rec i ab l e  u se  of t h e  d e l t a  technique s i n c e  i t s  

i n t r o d u c t i o n  i n  1967. It would appear t h a t  t h e  d e l t a  technique has unique 

a b i l i t i e s  as an a u x i l i a r y  i n t e r r o g a t i o n  scheme. I n  i t s  p r e s e n t  form, t h e  

a b i l i t y  of t h e  d e l t a  technique f o r  f law c h a r a c t e r i z a t i o n  is q u a l i t a t i v e  a t  

b e s t  and does n o t  seem t o  be a p p l i c a b l e  t o  q u a n t i t a t i v e  assessments .  
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Smooth VertirA Defect Spherical Defect Irregular Defect 

a. Reflected Energy 

Figure 33 - Various modes of pro- 
pagation of redirected ultrasound 

Irregular Defect from a flaw. After Cross e t  a1 Smooth Vertic SI Defect Spherical Defect 

(83) * b. Mode Converted Energy (Direct) 

t .  Mode Converted Energy (Indirect) 

\ -  
y;, P y, - 

- 

Smooth Vertical Defect Spherical Defect Irregular Defect 

d .  Reradiated Energy 

Figure 34 - The basic del ta  
interrogation configuration. 
After Cross and Tooley (86 ) .  

Effective Beam 
Diameter 
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POINT A 
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RADIOGRAPH 

60" SHEAR WAVE RECORDING - - -- 

POINT A 

DELTA SCAN RECORDING . - _-_ __-__ ___-. 

Figure 35 - A comparison of the delta scan technique with conventional 
ultrasonics and radiography. After Cross and Tooley (86). 
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4X Nital  Etch 

SOX Ni t a l  Etch 

Figure 36 - The source  of t h e  i n d i c a t i o n  notcc! a t  p o i n t  A of F i g u r e  35. 
After Cross and Toolcy (86) .  
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e. lmaging 

Data p r e s e n t a t i o n s  considered i n  t h i s  r e p o r t  w i l l  be l i m i t e d  t o  those  

produced by conven t iona l  A, B and C-Scans. However, t h e  accumulation and com- 

p u t e r  r e c o n s t r u c t i o n  of such scan  d a t a  can provide a three- dimensional 

a n a l y s i s .  The b a s i s  f o r  such d i s p l a y s  has  been repor ted  by Watkins 

i n  England (1973) and Sask i  (50) i n  Japan (1974). 

developmental  s t a g e s  and have i n d i c a t e d  encouraging pre l iminary  r e s u l t s .  

The d e t e c t i o n  assembly is  i n  t h e  immersion mode and c o n s i s t s  of a v a r i a b l e  

a n g l e  beam wi th  a range of - +70° and a normal inc idence  l o n g i t u d i n a l  wave; 

both  o p e r a t i n g  i n  t h e  pulse-echo manner. The dis tance- t ime coord ina tes  

(X,Y) of t h e  r e f l e c t e d  u l t rasound  noted by t h e  a n g l e  beam and/or  t h e  normal 

beam ( Y )  a t  a given Z c o o r d i n a t e  are  processed i n t o  a B-Scan d i s p l a y .  A t  

each scan p o i n t ,  i t  i s  necessa ry  t o  determine t h e  d i r e c t i o n  and ampli tude of 

t h e  r e f r a c t e d  i n t e r r o g a t i n g  ang le  beam as w e l l  as t h e  r e t u r n i n g  r e f l e c t e d  

components. For a given m a t e r i a l  t o  be  i n t e r r o g a t e d  such de te rmina t ions  are 

a f u n c t i o n  of t h e  i n c i d e n t  a n g l e  and can be accomplished by a p p r o p r i a t e  pro- 

grammed computers. The s p o t  i n t e n s i t y  i s  modulated by t h e  ampli tude of t h e  

r e f l e c t e d  u l t rasound .  F igures  37 and 38 i n d i c a t e  some exper imental  r e s u l t s  

obta ined by Watkins. The system i s  being developed f o r  remote automat ic  

i n t e r r o g a t i o n s  f o r  a p p l i c a t i o n s  i n  t h e  nuc lea r  power g e n e r a t i n g  f i e l d .  The 

d a t a  can be s t o r e d  and d i f f e r e n c e s  between s u c c e s s i v e  i n t e r r o g a t i o n s  can be  

noted.  

(20) 

The systems are s t i l l  i n  t h e  

I n  comparing.the d a t a  d i s p l a y s  of F igures  37 and 38 wi th  t h e  h i g h l y  

s o p h i s t i c a t e d  d a t a  processed images of holography and s y n t h e t i c  a p e r a t u r e  

i t  becomes apparen t  t h a t  t h e  r e s o l u t i o n s  involved are q u i t e  d i f f e r e n t .  The 

r e s o l u t i o n  of t h e  l a t t e r  a r e  i n  t h e  realm of t h e  wavelength used s i n c e  

d i f f r a c t i o n  e f f e c t s  are involved.  The r e s o l u t i o n  l i m i t s  f o r  t h e  d i s p l a y s  of 

F igures  37 and 38 are  dependent upon beam width and t ransducer  s i z e s .  

However, such d i s p l a y s  can provide a unique c o n t r i b u t i o n  w i t h i n  t h e  t o t a l  

spectrum of image forming techniques .  

Perhaps a more in format ive  approach t o  t h e  d i s p l a y s  t y p i f i e d  by F igures  

37 and 38 would be  t o  c o n s t r u c t  a three- dimensional image by cons ider ing  a 

c o l l e c t i o n  of such d i s p l a y s  a s  obta ined by a v a r i e t y  of p a r a l l e l  scans .  This  

can be accomplished by computer d a t a  p rocess ing  techniques  -- i . e . ,  u l t r a s o n i c  

tomography. 
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Figure 37 - A B-Scan image o f  a v e r t i c a l l y  o r i e n t e d  weld crack as 
generated by an angle  beam sweeping - + 70' and a s t r a i g h t  
beam. After Watkins ( 2 0 ) .  
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Figure  38 - A H-Sc;in image of  a f a t i g u e  crack as genera ted  by an ang le  
beam swz'ct~piiig -. + 70" and a s t r a i g h t  beam. After Watkins (20) .  
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The medical  f i e l d  has been us ing  u l t r a s o n i c  techniques  i n  some form 

s i n c e  1930. These a c t i v i t i e s  are summarized i n  an e x c e l l e n t  paper by 

Er ikson e t  a l ;  376 r e f e r e n c e s  are l i s t e d  (89). 

becoming aware of t h i s  technology and i t  is a n t i c i p a t e d  t h a t  a r e l a t i v e l y  

c o n s i d e r a b l e  l e n g t h  of time w i l l  be  r e q u i r e d  f o r  any s i g n i f i c a n t  adap t ion  

of such procedures .  

The NDT community i s  slowly 

(87,881 A nove l  imaging technique proposed by t h e  Danish Welding I n s t i t u t e  

invo lves  a d a t a  p r e s e n t a t i o n  i n  t h e  form of a p r o j e c t i o n  of t h e  f l aw o n t o  any 

d e s i r e d  p lane  w i t h i n  t h e  medium being i n t e r r o g a t e d .  The technique i s  r e f e r r e d  

t o  as t h e  p r o j e c t i o n  scan (P-scan). While t h e  technique can be  adapted t o  a 

number o f  i n t e r r o g a t i o n  schemes it has ,  t h u s  f a r ,  been used totally f o r  the 

e v a l u a t i o n  of weldments. The elements of t h e  ins t rumenta t ion  are shown i n  

F igure  39. Attached t o  a convent ional  a n g l e  beam t ransducer  is  a c a n t i l e v e r  

beam c o n t a i n i n g  a l i n e a r  a r r a y  of d e t e c t o r s .  C a l i b r a t i o n  of each d e t e c t o r  

c o n s i s t s  of i t s  a c t i v a t i o n  when i t  is  d i r e c t l y  over a known source  of an  

u l t r a s o n i c  i n d i c a t i o n .  I n  t h e  i n i t i a l  des ign ,  t h e  d e t e c t i o n  was i n d i c a t e d  by 

a series of l i g h t- e m i t t i n g  diodes .  A s  i n d i c a t e d  i n  F igure  39, t h i s  in format ion  

w a s  recorded by photographic means i n  a darkened area; a normal photographic 

exposure w a s  a l s o  made  t o  p h y s i c a l l y  s i t u a t e  t h e  f l aw response  t o  t h e  welded 

s t r u c t u r e .  F igure  40 d i s p l a y s  t y p i c a l  r e s u l t s  a t  t h r e e  d i f f e r e n t  s e n s i t i v i t y  

levels .  

ampli tude of an  i n d i c a t i o n .  The d a t a  i s  s t o r e d  i n  a computer and later d i s-  

played a t  any s e n s i t i v i t y  l e v e l .  Also, t h e  u s e  of t h e  computer a l lows  t h e  d a t a  

t o  be r e c o n s t r u c t e d  as a p r o j e c t i o n  on any d e s i r e d  plane.  F igure  4 1  shows t h e  

top  and s i d e  p r o j e c t i o n s  of t h e  f l aw con ten t  of a weldment a t  v a r i o u s  sen- 

s i t i v i t y  levels.  

The c u r r e n t  P-Scan equipment c o n t a i n s  d e t e c t o r s  which can measure t h e  

It i s  apparen t  t h a t  t h e  P-Scan provides  a unique and convenient  method 

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

normally a s s o c i a t e d  wi th  a conven t iona l  a n g l e  beam i n t e r r o g a t i o n .  

it does p rov ide  f o r  r e t r i e v a l  procedures  f o r  conven t iona l  scan  d a t a  t o  f a c i -  

l i t a t e  on- l ine  o r  subsequent a n a l y s e s ;  a l s o  see Sec t ion  V I .  

It does n o t  p rov ide  any d e t e c t i n g  a b i l i t y  above t h a t  

However, 
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b.  Typical Recording Configuration 

Figure  39 - P r o j e c t i o n  scan system wi th  a photographic  p r e s e n t a t i o n .  
After Lund and Jensen ( 8 7 ) .  

Figure 40 - Photographic P r e s e n t a t i o n s  of a p r o j e c t i o n  scan of  a 
weld a t  v a r j o u s  s e n s i t i v i t y  l e v e l s .  
Jensen ( 8 7 ) .  

A f t e r  Lund and 
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Figure 41 - Computer display of P-Scan results at three different 
sensitivitv levels. Danish Welding Institute - 78.101. 
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