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Pattern  Recognition  in  the  Ultrasonic  Imaging of 
Reverberant  Multilayered  Structures 

Abstract-Often the  existence of reverberations  in  the  ultrasonic 
pulse-echo  imaging  of  multilayered  structure  prevents  the  direct  char- 
acterization of each  layer.  The  reverberating  pattern is governed by 
the integrity of the  layers,  and  deterioration of these  layers  can  gen- 
erate  complex  and  unpredictable  patterns.  Analytical  models of clas- 
sification  of  reverberant  patterns  using  both  normal  and  oblique  angle 
scanning  schemes  are  presented.  The  theoretical  model  has  been  uti- 
lized in the  experimental  studies of a  particular  multilayered  rever- 
berant  environment  that  exists in the  detection  of Corrosion and/or  vol- 
atile  changes in steam  generator  tubing  used in nuclear  power  plants. 
Various  reverberant  patterns  can  be  recognized  that  are  in  close  agree- 
ment with theoretical  predictions. 

T 
INTRODUCTION 

HE ULTRASONIC  EXAMINATION of multilay- 
ered  structures  using a pulse-echo  detection  scheme 

results in multiple  reverberant  echoes  that  complicate  the 
characterization  of  the  layers of the  target. In  the  nondes- 
tructive  evaluation  of  materials  the  problem of reverber- 
ating  patterns  arises  frequently.  In fact,  some  structures 
by their very nature  are so reverberant  that  the  reverber- 
ating  echoes  comprise  the  entire  signal.  Reverberating 
patterns  can  occur in the  measurements  of  thin  planar  de- 
fects in metal, in lamination  of  composite  bonds, in gap 
thickness  measurements  of  metal  adhesively  bonded sys- 
tems,  oil film measurements,  fatigue  crack  analysis,  etc. 
[ 11-[41. 

The pulse-echo  imaging  of  reverberant  targets  consist- 
ing of an  isolated  single layer  has been  analyzed to  some 
extent in the  past [3]-[5]. Reverberations  were  studied  for 
the case in which  the  incident  sound  pulse is of  approxi- 
mately the  same or longer  duration as the  traveling  time 
within  the  thin  layer.  It  has  been  found  that  a  moderately 
accurate  thickness  measurement  be  obtained by examin- 
ing the  ratio of the first pronounced  peak  to  the  following 
peak of  the  backscattered  signal [3]. Although  this  pattern 
recognition  technique is useful for  measuring  the thick- 
ness of a single  thin  film, it cannot  be  extended  to a struc- 
ture  composed of multiple  layers in which  each layer 
causes  reverberations. 

The mathematical  analysis  of  continuous  wave  propa- 
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gation in layered  media is known  explicitly [ 6 ] .  However, 
the  use of continuous  excitation  to  characterize a multi- 
ple-layered  structure  requires  that  the  wave  must  be of a 
long  enough  duration  to  reach a steady-state  value.  This 
constraint  introduces  range  ambiguity in the  imaging of 
the target,  and the  steady-state  value  represents  only  the 
overall  characteristics of the  multilayered  structure. Con- 
sequently,  the  continuous  mode of testing  lacks  the  ca- 
pability  of  displaying  local  information,  and the  charac- 
terization  of  each  subsequent layer  becomes virtually 
impossible. 

Of particular  interest  to  present  research is character- 
izing  the  multilayered  reverberant  environment  that  exists 
in the  detection  of  corrosion or volatile  changes in the 
steam-generator  tubing  system.  Steam  generators  cur- 
rently in use  contain  Inconel  (steel  alloy)  tubing,  which 
fits loosely  through  holes  drilled in a carbon  steel  support 
structure, as can  be  seen in Fig. l (a). Nonprotective  mag- 
netite  can  accumulate  on  the  inner  surface of the  support 
plate  holes,  and if allowed  to  continue  unchecked,  will 
fill the  gap and  eventually  dent or fracture  the  tube  wall. 
Therefore  the  periodic  inspection of the  tube/support 
structure is needed to  assess  the  degree of  corrosion  pro- 
truding in the  water  gap  and  possible  deterioration in the 
tube wall. In  examining  such  structures it is noted that a 
variety of reverberant  patterns  can  be  expected  due  to  the 
geometry  of  the  layer, or more  importantly,  the  random 
nature of corrosion  growth.  These  patterns can  be  recog- 
nized  and  classified for the  evaluation of tubeisupport 
structures.  Through  our  earlier  studies [7], [8], a theoret- 
ical  model  describing  the  reverberation  phenomenon for 
multilayered  structures  has  been  developed  that  provides 
critical  insight in the  characterization of boundaries of 
multilayered  structures. 

The  tube/support  structure is inspected by transmitting 
an  ultrasonic  pulse  through  the  tube  well, as shown in 
Fig.  l(b), which  results in two  dominant  sets of  reverber- 
ating  echoes  corresponding  to  the  tube wall (tube  echoes) 
and  the  support  plate  (support  plate  echoes). These  sets 
of multiple  echoes  must  be  decomposed  and  separated in 
order to evaluate  the  tubeisupport  structure  effectively. 
This  paper  presents a theoretical  model  for  both  normal 
and oblique  angle  scanning in conjunction  with  different 
processing  and  pattern-recognition  techniques to facilitate 
the  characterization  of  the  tube/support  structure in terms 
of gap  size,  degree of  corrosion  growth,  and  denting. 
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Fig. 1. (a) Typical  configuration for tubelsupport  structure . .  
pulse-echo  examination of tube/support  structure. 

(h) Setup for 

NORMAL  INCIDENT  BEAM-ECHO  CLASSIFICATION 
For  the  sake of developing  a  theoretical  base  of  analyz- 

ing the  back-scattered  echoes  from  a  highly  reverberant 
discrete  structure,  we will first focus  our  attention on the 
simple  case of  examining  a  single  thin  layer.  Illustrated 
in Fig. 2 is an  outline of the  reverberation  process  which 
shows  the  normal  incident  beam  and  the  corresponding 
transmitted  and reflected beams as a  function  of  time, 
where  region I, region 11, and  region I11 are defined by 
their  density, p l ,  and  the  velocity  and  sound in that  media, 
denoted by U ; .  These  two  quantities  define  the  acoustic 
impedance, ZI, of a  given  region i :  

1 

Pi  V, 
2. = -. 

The incident  ultrasonic  beam  impinging  the  thin  layer is 
partially reflected and  transmitted  at  each  boundary  as 
shown in Fig. 2.  Using  the  characteristic  impedances,  the 
reflection  and  transmission  coefficients  of  each  boundary 
can  be  calculated using 

( 1 )  

where au and Ov are the  reflection  and  transmission  coef- 
ficients of adjacent  regions i and j ,  respectively. 

The  successive reflections  and  transmissions  within  a 
single  layer result in multiple  received echoes, which can 
be modeled as 

W 

r ( t )  = a 1 2 u ( r )  + C a,u(r - XT, )  ( 3 )  
k =  I 

where 

I I1 111 

Fig. 2 .  Reverberation  path in single  thin  layer 

r (  r )  is the received signal, T, is the  time it takes the echo 
to travel  the  ith region,  and U ( t )  is the  impulse  response 
of  the  measuring  system.  The received  signal  can be 
thought of as  a set  of  multiple  echoes  spaced  evenly  apart 
in time,  separated by a  time 27;. The effect of  grain  noise 
and  system  noise  are  considered  negligible in this  deri- 
vation  and are not included in the  preceding  equation. 

An example  of  the  reverberant  pattern  resulting  from 
the  examination of a  thin  steel  plate is shown in Fig. 3(a). 
From  the  measured  signal,  the  thickness of the  plate  can 
be determined.  The  time  between  echoes is 2T2, and  this 
can  be used to  calculate  the  thickness of region i ,  d l ,  since 

Q = Z J ~  T, ( 5 )  

where 2:; is the  velocity of sound  (longitudinal) in the  ith 
region.  In  addition,  the  amplitude  of  sequential  echoes 
decreases by a  factor  of a2 I .  This  phenomenon,  for  the 
case  where a 2 3  = aZI = a.  is demonstrated  for  different 
reflection  coefficients a in Fig.  3(b).  The least  reverberant 
case is shown in graph I ,  where  most  of  the  energy  arrives 
within  the first few  echoes.  This is due  to  the low imped- 
ance  of  the thin layer, which  allows  much  energy  to  es- 
cape within the  initial  reverberations.  However, as the thin 
layer  becomes  more  mismatched with its surroundings,  as 
shown  progressively in graphs 11-IV, later  echoes in- 
crease in energy, resulting in prolonged  reverberations. 
Increasing in acoustical  mismatch  at  the  interface  of  the 
layer  makes  the  signal  more  reverberant  since  less  energy 
is allowed to leak  out  of  the  layer  at  each  reverberation. 
The  Inconel  tube of the  tube/support  structure  can  be 
characterized by the  highly  reverberant  case  shown in 
graph IV, where  a  drop  of 20 dB  can  be  expected from 
the first reverberation in comparison  to the first received 
echo.  Generally, highly reverberant  layers let very  little 
energy  penetrate  and  therefore  make  imaging  through  the 
layer  more  difficult.  The  envelopes  of  reverberant  echoes 
contain  information  that  can  lead  to  estimates  of ayiJ and 
byiJ and  result in estimates of the  acoustical  impedance of 
the layer, Zj, provided  that  the  attenuation of the  layer is 
negligible or  known. 

With  multilayered  structures, the recognition  of  rever- 

Authorized licensed use limited to: Illinois Institute of Technology. Downloaded on September 18,2020 at 15:09:34 UTC from IEEE Xplore.  Restrictions apply. 



82 IEEE  TRANSACTIONS ON ULTRASONICS,  FERROELECTRICS,  AND  FREQUENCY  CONTROL,  VOL. 36. NO. I .  JANUARY 1989 

i i  Fig. 4 .  Multilayered  structure  consisting  of  four  different  regions 

~ 1 1  411 

l ) (  1 1 1  411 c11 SI1 :(,I] I ?  I )  

(b) 
Fig. 3. (a)  Back-scattered  signal from A-scan of thin  steel  layer. (b) En- 

velope of reverberation  echoes  from  thin  layer for different values of a:  
I) a = 0.54; 11)  U = 0.74: 111) a = 0.88;  and IV) cy = 0.94. 

Fig. 5 .  Variations 

I 11 111 IV 

of wave paths with  equivalent  traveling  time  for case 
where k = 2 and I = 2. 

berant  patterns is more  complex  due  to multiple  interfer- 
ing  echoes  produced  at  each  interface.  The  tube/support  technique was  developed  that  allowed  characterization of 
structure  can  be  represented by a  model  shown in Fig. 4, the  layered  structure  represented by detected  echoes of 
where  region  I is inside  the  tube,  region I1 is  the  Inconel  significant  intensities [g]. As a  result of classification the 
tube  wall,  region I11 is the  water  gap,  and region  IV  is  the  generalized  model for  the received  echoes  given in (6) can 
steel  support  plate. In the  pulse-echo  examination  of  the  be  presented  differently: 
tubeisupport  structure,  the  received  signal  is  comprised 
of  multiple  echoes  detected after  traveling k times in re- 
gion I1 and l times in region 111: 

m 

r ( t )  = [ Y , ~ K ( ~ )  + c a k u ( t  - 2kT2) 
k =  I 

r ( t )  = c C Yklu(r  - 2kT2 - 21T3) ( 6 )  
k = O  / = o  

the  term ykl  is the  received echo  amplitude related to the 
reflection coefficient, mu, or the  transmission  coefficient, 

(note: i and j indicate  which  regions  constitute  the in- 
terface).  The term ykl can not be  expressed  explicitly in 
terms of cyu, l ,  and k ,  since  there  are many echoes  of  dif- 
ferent  intensities  and  paths  traversed  that  have  equivalent 
travel  times. These  echoes  are then  summed  together  to 
form a composite  amplitude, y k l .  A simple  example  of 
this  for  the case  where k = 2 and l = 2 is  shown in Fig. 
5 ,  in which  there are  three  unique  paths that  comprise y22. 
For  large  values  of k and 1, the  number of paths will in- 
crease  tremendously. 

Through  extensive  experimentation  and  computer  sim- 
ulation, an appropriate  identification  and  classification 

+ C b,u(t - 27; - 2kT2) 
k =  1 

where ak is the  amplitude  of  the  class “a”  echoes, which 
reverberate in region I1 only; bk is the amplitude of the 
class “b”  echoes, which  reverberate  continually in region 
I1 and  once in region 111; ck is the  amplitude  of the class 
“c”  echoes, which  reverberate  continually in region I1 
and  twice in region 111; dk is  the  amplitude  of  the “d” 
echoes, which  reverberate  continually in region I1 and 
three  times in region 111; etc. 
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The  amplitude of  these  classes  of  echoes  are  given [8] 
as 

ak = ( - ) A i ;  612021  for k L 1 
a2 l 

d2 = (%) [A3& + A2Al]  

where 

One of the  major  advantages  of  wave  classification is 
that class “b” echoes  increase  while  class “a” echoes 
decrease.  This  increase  is  true  for  several  reverberations 
and  depends  solely  on  the  characteristics  of  region I11 (or 
the first thin  layer).  The  effect of region IV (support  plate) 
changes  the  class “b” linearly,  as  can  be  seen in (9). As 
the  impedance  of region IV  increases, b, increases, which 
is a  highly  desirable  situation for  detection. 

The  evaluation of the bk in terms  of k and  regions I ,  11, 
111, and IV is  more  involved  than in the  previous  discus- 
sion of ak for  the  analysis  of a single layer.  However, 
insight  to  the  behavior  of bk can  be  found by examining 
the  maximum  of “b” echoes in terms  of  the  reverberation 
number k:  

dbk _ -  
dk 

- 0. 

Hence  the  solution  for k can  be  determined  as 

where k is  an  integer.  The  maximum  value of bk varies 
according  to  the  characteristic  impedance  of  region I1 rel- 
ative to regions I and 111. The  reverberation is prolonged 
as the  impedance of the thin layer  increases. On  the  other 

hand,  for  a  lower  impedance of  the  thin  layer, the  strong- 
est  “b”  echoes  are  the first few. 

Envelopes  of  class “b” echoes  for  various  character- 
istic  impedances  of  regions I-IV are  shown in Figs. 
6(a)-(d).  Figs. 6(a)-(d)  shows  instances of severe-to-mild 
reverberation in region 11. In  each  figure.  graphs I-IV rep- 
resent  insignificant-to-significant  acoustical  mismatch  be- 
tween  regions 111 and IV, where a34 takes  on  the  follow- 
ing values:  I) 0 . 2 5 ;  11) 0 . 5 4 ;  111) 0 . 7 4 ;  and  IV) 0.93. Fig. 
6(a)  closely  resembles  the  class “b” echoes  of  the  tube/ 
support  structure  for  various  reflection  coefficients of the 
support  plate. This is beneficial in determining  how  de- 
terioration  of  the  support  plate will affect the  integrity of 
the signal.  Furthermore,  these  graphical  results  are very 
useful in interpreting of  the received  signal,  which  leads 
to  determining  the  best  region in time  for  class “b”  echo 
evaluation. As shown in Fig. 7 (this  figure  exhibits  char- 
acteristics  very  similar  to  that  of  the  tube/support  struc- 
ture),  comparison  of  the  envelopes  of  the “a” and “b” 
echoes  reveals  that  the  best  region for  observing “b” 
echoes  is  near  the  eighth  reverberation, b8. A simulated 
back-scattered  signal (A-scan) of  the  tube/support  struc- 
ture,  where  the  water gap  delay is smaller  than  the  rever- 
beration  time in the  tube  wall,  can  be  seen in Fig. 8 .  This 
plot  gives  clear  indication  of  the  exact  position  of  both 
the “a” and “b”  echoes.  The  tube  thickness (region 11) 
and  gap  size  (region 111) can also  be  determined  from  this 
figure,  where  the  tube  thickness  corresponds to the  delay 
between  the  peaks  of  the  echoes  within  each  class,  and 
the gap  distance is given by the  time  delay  between  the 
“a” and “b” echoes.  Similar  discussions  hold  for  class 
“c,”  “d,”  etc.  echoes, but  their  amplitudes  are  much 
smaller  than  class “a” and “b”  echoes. In experimental 
data,  detection of these  echoes  becomes very difficult. 
Furthermore,  no  additional  information will be  gained by 
their  evaluation. 

Using  a  transducer  with a center  frequency of 20 MHz 
and  a  10-MHz  bandwidth,  experimental  results  (shown in 
Fig. 9) confirm  theoretical  model  predictions. Fig.  9(a) 
shows  the  ultrasonic  examination  of  a  planar  multilayered 
(consisting  of four  regions)  structure in which  the  rever- 
berating  thin  layer is aluminum.  Class “a,”  “b,”  “c,” 
and “d” echoes  exist  for  several  reverberations. As ex- 
pected,  the “a” echoes  decrease with time,  and it is ap- 
parent  that  the  intensity  of “b” echoes  increases  for  a  few 
reverberations,  which  coincides with theoretical  findings 
of the  model. 

Fig.  9(b)  displays  the  back-scattered signal  from an In- 
cone1 tube/support  structure,  which is more  reverberant 
than  aluminum.  The  “a” and “b” echoes  are  clearly  vis- 
ible,  yet  are not as  pronounced as in the  upper  trace, and 
the  presence of “c”and  “d”  echoes is negligible.  Thus 
the  previous  model  can  be  simplified  somewhat by focus- 
ing on  the two  dominant  classes of echoes,  to  give 

r ( t )  = a 1 2 u ( r )  + c a k u ( t  - 2kT2) 
m 

k =  1 

W 

+ c bku(r - 2T3 - 2kT2) + n ( t )  (18)  
k =  I 
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Fig. 6 .  Envelopes of “b” echoes for various  values of a),,: I)  ~1~~ = 0.25; 11) azl = 0.54; 111) aZJ = 0.74; IV) a?, = 0.93; 
and  V) cyj4 = 0.97. a) cy = 0.94. b) Q = 0.88. c) a = 0.74. d)  01 = 0.54 .  ( a  = a l l  = cy3*) .  
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Fig. 7 .  Comparison of envelope of class  “a”  echoes  (dashed  line) with 
envelope of class “b” echoes (solid line). 

where n ( I )  represents  the error, which  includes all other 
low-intensity  reverberant  echoes not considered  and  noise 
introduced by the  measuring system.  Furthermore, it 
should be noted  that  variations in the  gap  size  (region 111) 
can  situate  the “a” and “b” echoes  such  that  they  be- 
come  close  enough to interfere  with  each other.  Also,  poor 
reflective  surfaces (i.e., support  plate) will cause  deteri- 
oration in the  signal in which  the  class “b” echoes  are 
severely  affected.  Thus  separation or decomposition 
would  be  advantageous in characterizing  the  tube  and 
support-plate  echoes.  One method of decomposition in- 
volves  oblique  angle  scanning,  discussed  next, which au- 
tomatically  rejects  the  interfering  tube  echoes  and  thus 

OBLIQUE  ANGLE  SCANNING 
Oblique  angle  scanning  (OAS) provides  the  automatic 

rejection of “a” echoes  (tube  echoes)  while  still  preserv- 
ing the  information-bearing “b” echoes  (support-plate 
echoes) in the  back-scattered  signal [9]. In general, as the 
scanning  angle  varies,  the  degree of refraction  and reflec- 
tion  and  energy  transfer  that  occurs at  each  interface 
changes  dramatically  and  complicates  the  evaluation of 
detected  multiple echoes.  Thus,  for  this  technique to  be 
most  effective,  the  choice of the  oblique  angle  must  sat- 
isfy the  optimality criterion, which  means  the  scanning 
angle  must  be  chosen to reject a sufficient amount of “a” 
echoes  and  maximize  the  energy  of “b” echoes in the 
received  signal.  Besides  satisfying  the  optimality  crite- 
rion,  the  scanning  angle is confined by system  con- 
straints,  such as the range of detection of the transducer 
or the  physical  dimensions of the  tube/support  structure. 
In this  study  the  relationship  between  the  scanning  angle 
and the beam  interactions  at  each  boundary  are  given  ex- 
plicitly and  analyzed  to  satisfy  the  optimality  criterion. 

The effect of refraction  and  reflection in the  oblique  an- 
gle  scanning of a modified planar  tubeisupport  model is 
illustrated in Fig. 10. Mode  conversion is evident  at  the 
liquid/solid  interface,  where  the  incident beam penetrates 
an  elastic  medium  (solid)  and  creates two transmitted 
waves,  one  longitudinal  and  the  other  shear.  The  propa- 
gation  of  these two waves  differ in  intensity,  direction, 
and  velocity.  However,  liquid  do not support  the  propa- 

improves ;he Gisibility of the  lower-intensity “b”  echoes. gation of shear  waves  since  they  are  inelastic by nature. 
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INCONEL + WATER GAP + SUPPORT  PLATE  (STEEL) 
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Fig. 8.  Simulated  results of backscattered  signal  from  inspection of tubeisupport  structure. 
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Fig.  10.  Planar  model of oblique  angle  scanning of tubeisupport  structure. 
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(b) 
Fig. 9. Experimental  results  depicting  reverberation  process  from  A-scan 

of multilayered target consisting of four regions.  (a)  Planar  model  (water- 
aluminum-water-steel).  (b)  Tubular  model  (water-Inconel-water-steel). 

The effect of  the  mode  conversion at the  solid  interface 
increases  the  number  of  reverberant  echoes  tremendously. 

The redirection of the  incident  energy is governed by 
Snell’s  Law: 

sin Ol  sin O2 sin y2 
L’l I VI 2 L’, 2 

- - (19) 

where O i  and yi are  the  angles  (measured  with  respect  to 
the  normal of the  boundary)  and vli and usi are  the veloc- 
ities of the  longitudinal  and  shear  waves,  respectively, in  
the given  medium i (where medium 1 is  liquid  and me- 
dium 2 is solid). As can be seen  from  the  preceding  equa- 
tion,  the  velocities  of  the  waves  before  and  after  imping- 
ing the  boundary  determine the  degree of  refraction or 
reflection. The velocity of the  longitudinal  wave is ap- 
proximately  twice  that of the shear  wave in most  mate- 
rials,  which  infers  that  the  longitudinal  wave will have 
greater  refraction  than  the shear  wave  for  oblique  angles. 

The reflections  and  refractions  that  take  place in the  tube 
structure  eliminate  the  detection  of “a” echoes by di- 
recting  the  backscattered  echoes  away  from  the  trans- 
ducer.  This  can  be seen in Fig.   l l(a) (only  the  longitu- 
dinal  class “a” echoes  are  shown  for  visual  clarity). If 
the first reflected wave is out of the  detection  range,  then 
all subsequent  reverberations  will not be  detected,  since 
the  returning  echoes are  shifted  laterally  as  the  reverber- 
ations  progress.  The  composite effect of this  shifting  will 
result in a  greater  rate  of  decay  of  the “a”  echoes. It can 
be  shown  from (19) that  as the  scanning  angle  is  in- 
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Fig. 1 1 .  (a) Progression of reverberations of “a”  echoes. (b) Progression of “b” echoes in tubeisupport plate structure 
using OAS. 

creased,  the  beams  are reflected farther  away  from  the 
transducer.  Thus  a  lower bound on  the  scanning  angle  can 
be  constructed  to  eliminate  a  significant  amount  of “a” 
echoes.  This  lower  bound, elmi,, can  be  derived  from  the 
geometry  of Fig.  ll(a): 

1 
2 

elmin = - tan-’ ($1 
where X, is  the path distance  from  the  center  of  the  trans- 
ducer to tube  wall  and B is the  beam field for  class “a” 
rejection  criteria. For  example, the 20-MHz transducer 
used to  obtain  experimental  data  has  a  detection  beam field 
of approximately 2 mm and  a  path  distance, Xf, of 1.5 
cm, which corresponds  to  a  minimum  angle  of 1 .9”.  

Unlike  the “a”  echoes,  the  “b”  echoes  are  preserved, 
since  the  angle  of  incidence of the returning  echoes is 
equivalent  to  the  initial  incident  beam.  Fig. l l (b )  illus- 
trates  the  oblique  angle  scanning  reverberation  process  for 
the “b”  echoes,  and  to simplify  the  figure,  does not show 
the shear waves or the “a”  echo  patterns. Although  the 
returning “b” echoes  have  been  unaltered in terms  of  di- 
rection in the  refraction  process,  the “b” echoes  have 
been shifted  laterally,  similar  to  the “a” echoes  discussed 
previously.  As  the  scanning  angle  increases,  the  refracted 
angles  increase  and  lateral  shifting  becomes  more  domi- 
nant.  Thus, to capture  a  minimum  number  of  reverbera- 
tions,  an  upper bound  on  the  scanning angle, 8’ m a x ,  may 
be found by examining  the  geometry  of  Fig. 1 l(b),  which 
gives 

B 
DN tan e2 cos 0 ,  = 

where e l  is the  incident angle, e2 is  the  longitudinal re- 
fracted angle, D is the tube  thickness, N is the  minimum 
number  of  returning  echo  paths  detected,  and B is the 
known  beam  field.  Using  Snell’s law, (21)  can be solved 
to find elmax: 

elmax = sin-’ dh[( 1 + v * >  - J(1 + v’)* - 4v2k2] 

fork  < 1 (22) 

where 

VI 1 B 
v1 2 2ND ‘ 

k = -  and v = -  

The  preceding  equation  can  be used to  examine the  num- 
ber  of  possible “b” echoes  that  can  be  detected.  For  ex- 
ample, using  a  tube  thickness  of 1 mm and  requiring  five 
reverberations  to  be  within  the  detection field forces  an 
upper  bound  on  the  incident angle, O 1  = 2.7”. In  prac- 
tice,  the  incident  angle O1 must  be  bounded by 19,,,,~, and 
81 max, i.e. 9 

e l m i n  5 61 5 61 mm. (23) 
In general,  the  preceding  condition may not be satisfied 
if the  value  of N exceeds  the  physical  limits  of  the  system. 
If this  example is modified so that  there  are ten required 
reverberations,  the  result is e lmax = 1.4”, which  is  con- 
tradictory to the  optimal  criterion.  Equation (23)  simpli- 
fies the  analysis  of  the  energy  transfer  functions of the 
reverberant  tube/support  plate  structure  considerably. 

During  the  reverbation  process of oblique  angle scan- 
ning,  there are  three  types of  mode-boundary  wave  inter- 
actions  that  occur, which are circled in Fig. 10 and  la- 
beled  ‘‘cases 1, 2 ,  and 3 .  ” All three  have different energy- 
transfer  characteristics  and  contribute  to  the  development 
of  the “b” echoes in some  way.  The  longitudinal wave 
incident on  a  liquid/solid boundary is referred  to as case 
1, as  shown in Fig. 10. The  case 1 interface  determines 
how much  of  the  energy  that is transmitted  into  the  tube 
wall.  This  energy  must  be  maximized  subject to the  con- 
straint  given in (23).  Case 2 corresponds  to  the  situation 
of a  longitudinal  beam  that is incident  on  a  solidiliquid 
boundary in which its energy  transfer  characteristics  de- 
scribe  how  much  energy  leaks  out of the  tube wall  and 
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also the  degree  of  mode  conversion. To increase  the  en- 
ergy  of  the “b”  echoes,  transmission into  the  water gap 
should be maximized.  Case 3 refers to  a shear-wave in- 
cident on a  solid/liquid  boundary  and  has  optimal  require- 
ments  similar to case 2. The  explicit  solutions  for  the  en- 
ergy-transfer  functions (i.e.,  shear and  longitudinal) of 
these  cases  are  known [6], [lo], assuming  that  the  inci- 
dent  beam is a  plane  harmonic  wave  and  that  the  boundary 
is homogeneous. 

Wave  generation  for  case l consists  of  one reflected 
wave  and  two  transmitted waves in which  the  energy re- 
lationships  with  respect  to  the  incident  beam  are  given 
[61, [l01 as 

- Z ,  G12Gt2 + G,’ cos2 272 + 
Z, GI2Gs2 + Gs2  cos2 27, + Gi2  sin2 2y2 

(24) 
2 4p, tan 1 9 ~  (2) = p2 tan e2 

G,, cos h’ 
* 12, G12G,s2 + G,, cos’ 27, + G,2 sin2 2y2 1‘ 

(25) 
4pl tan O 1  

G12 sin 27, 
* 12, Gi2 Gs2 + G,y2 cos’ 2y2 + G,, sin’ 2y2 

tics of the  reflected  and  refracted  waves  are  examined 
using  computer  simulation,  and  the  value  of  the  parame- 
ters used in this  simulation  are 

p, = 1.00 (g/cm3) v l l  = 1.483 (km/s)  

v,, = 0.000 ( k m / s )  

p? = 8.51 (g/cm3) ui2 = 5.476 (km/s)  

u S 2  = 3.302 (km/s) .  

The intensity of the  normalized  waves  versus  the inci- 
dent  angle e , ,  are  shown in Fig. 12. In keeping  with the 
previous  constraints  of O 1  being  less  than  approximately 
three degrees,  the  amount of  energy  transmitted  into  the 
medium is relatively  constant in this  interval.  This  can  be 
assessed by observing  the reflected energy, ( p ;  /pl  )’, in 
this  interval. As can  be seen  from  Figs. 12(c) and 12(d), 
changing  the  incident  angle would  only  transfer  the  en- 
ergy from one  mode  to the other.  It is important  to  point 
out  that  the  amount of transmitted  shear wave is signifi- 
cantly  smaller  than  the  longitudinal  wave  over  the  angles 
of interest. 

The  energy  relationships  between  the  transmitted  and 
reflected waves  with  respect  to  the  incident  beam  for  case 
2 are  as  follows [6], [ 101: 

Z1 G,, Gs2 - Gr2 cos2 2y2 + Gi2 sin’ 2y2 
Z1 Gi2Gs2 + GF2 cos2 2y2 + Gi2 sin2 2y2 /? 

(29) 
2 

(26) ($ = ~ ZI G 2  
cos4 27,  (30) where  subscript 1 indicates  the  propagating  medium is 

water,  and  subscript 2 indicates the  propagating medium 4 

is Inconel  (hardened  steel).  The  variables used in all  three 
cases  represent tan y2 cos2 2y2 11 -51. (31) 

tan e2 sin’ 2e2 
2 

intensity  of  the  longitudinal  wave in region i, 
intensity  of  the  reflected  longitudinal  wave in re- 

intensity  of  the shear wave in region i, 
intensity of the  reflected shear wave in region i, 
angle of the  longitudinal  wave in region i, 
angle of the shear  wave in region i, 
density  of the  region i, 
velocity of the  longitudinal  wave in region i, 
velocity  of  the shear  wave in region i. 

gion i, 

The plot of the  intensity  of  normalized  waves  against  the 
range of  incident  angles 8, is  shown in Fig. 13. Fig. 13(b) 
reveals  that in the  transmitted  energy ( cpl/p2)2 maximi- 
zation  occurs  when  the  scanning  angle is minimized.  This 
minimization also results in making  the  longitudinal waves 
more  dominant,  and  mode  conversion  becomes  negligible 
at  this  interface. 

The  energy  relationship  between  the  transmitted  and re- 
flected  waves  and  the  incident  wave for  case 3 are [6], 
101 

Also, in order  to simplify  the  energy relationship, the 
acoustic  impedance  and  admittance will be defined as Z ,  Gi2 Gs2 + GJ2 cos2 2y2 - GI? sin2 2y2 

Z, Gi2 Gs2 + Gs2 cos’ 2y2 + Gi2 sin2 2y2 

where  subscripts 1 and S refer to the  longitudinal and shear p, tanh BI 
waves,  respectively.  The  energy  conversion  characteris- (34) 
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Fig. 12. (a)  Geometrical  representation  of  refracted  and reflected waves 

for  case 1. (b)-(d)  Respective  intensities  of  refracted (pz. i 2 )  and re- 
flected ( p; ) waves  as  function  of 6,. 

0.0 m 

0' 30' 0' 30' 

( C )  (dl 
Fig. 13. (a) Geometrical  representation  of  refracted  and reflected waves 

for  case 2 .  (b)-(d)  Intensities of refracted (p , )  and reflected (pi. p ' )  
waves as function of 0 , .  

The preceding  energy  relationships  versus  the  incident  an- 
gle 8 ,  can  be  seen in Fig. 14. Fig. 14(b)  indicates  that  the 
transmitted energy, (p, ,I'$~)~, into  the  water  gap will in- 
crease by increasing  the  incident angle.  This will also re- 
sult in increasing  mode  conversion  and  the  generation  of 
surface  waves. 

In consolidating  the  results  of  the  three  previous  para- 
graphs, it becomes  apparent  that  minimization  of  the  shear 
waves  and  mode  conversion  would  be  concurrent  with  the 
optimality  criteria. This is supported by the  fact  that  cases 

1.0 

0.0 

LIQUID l 

0.0 
n. 30' 

1.0 

0.0 

Fig. 14. (a)  Geometrical  representation  of  refracted  and reflected waves 
for case 3. (b)-(d)  Intensities of refracted (p,) and  reflected (p;, i ; )  
*aves  as  function of 6,. 

1  and  2  are not efficient in  producing shear  waves.  Fur- 
thermore, in comparing  cases  2  and 3,  as  far  as effective- 
ness  in  transmitting  energy  into  the  water  gap,  case  2 
transmits  considerably  more  energy.  Thus  the  smallest 
scanning  angle  should  be  chosen in order to  minimize  the 
energy  lost  in  mode  conversion  and to  maximize  the  in- 
tensity of the "b" echoes. 

OAS EXPERIMENTAL PATTERNS 

Oblique  angle  measurements  were  made using  planar 
and  tubular  multilayered  models.  Within  the  permissable 
range  of  scanning  angles  given in (23),  experimental re- 
sults  have  been  found to  be  concurrent  with  theoretical 
predictions.  Planar  measurements  were taken  using  sev- 
eral  angles  inside  and  outside  the  bounds  described  by 
(23), showing  how  the  characteristics  of "b" echoes  are 
affected  as  a  function  of  the  incident angle.  Similar results 
were  observed  using  the  tubular  model. Both planar  and 
tubular  measurements  demonstrated  the  effectiveness of 
OAS in recovering  information  from  the  target  hidden by 
a  highly  reverberant  thin  layer. 

The setup for  the  planar OAS measurements  is  similar 
to  that  shown in Fig.  10.  The  front-layer  thickness  is 2 
mm, a  target  distance  of 5 cm, and  the  3-dB  beam field 
of the  transducer used is approximately 6 mm.  The  con- 
straints  on  the  incident  angle  are  1.74" 5 8 ,  5 4.15", 
where  at  least five reverberations are within the 3-dB  beam 
field. The three  measurements are  shown in Fig. 15, where 
the  scanning  angles  are  0.35",  1.94",  and  5.10". In Fig. 
15(a),  class "a" echoes  are  interfering  with "b" echoes, 
which  makes  direct  evaluation  difficult. As the  angle is 
increased  to 1.94" (shown in Fig.  15(b)), "a" echoes  are 
completely  eliminated  from  the  region of interest. The 

Authorized licensed use limited to: Illinois Institute of Technology. Downloaded on September 18,2020 at 15:09:34 UTC from IEEE Xplore.  Restrictions apply. 



SANIIE AND NAGLE: PATTERN RECOGNlTlON I N  REVERBERANT  MULTlLAYERED STRUCTURES 89 

0.0 U I I I I I 

0.OJ.Isec 

1 

1 
l0.0psec 

__ ’b’ echoes 

0.0pJec l0.0psec 

(C)  

Fig. 15. OAS  experimental  results  from  planar  model.  (a) 0,  = 0.35”. (b)  8, = 1.94”. (c) 0 ,  = 5.1” 

“b” echoes  are  clearly  visible,  bearing  minimal  distor- 
tion.  However, if the  angle is increased  further  to 5 .1  O ,  

then the “b”  echoes  decrease in magnitude,  as  shown in 
Fig.  15(c),  due  to  the  lateral  shifting of the  echoes  out of 
the  detectable field of the  transducer,  as  discussed  earlier. 
In  addition,  echoes not accounted  for in the  model  are 
present due  to the effect of  mode  conversion. 

The tubular  measurements  using OAS are  shown in Fig. 
16.  These  measurements  follow the  constraints  calculated 
in the  theoretical  analysis, in which  the  scanning  angle 
used was approximately  two  degrees.  Fig. 16(a) shows 
the  results  of  the OAS of the  tube  structure without the 
support  plate  behind it, displaying  only “a”  echoes.  The 
rejection of “a” echoes is evident,  although  more noise 
is  observed  because  the  measurements  are  taken in an  en- 
closed  space  and  all  the  reverberant  echoes  are  trapped 
within  the  structure. Fig.  16(b)  shows  the OAS of  the 
tube/support  plate, in which  the “b” echoes  are  clearly 
visible  and  resolvable.  These  results  can  be  beneficial in 
characterizing  the  support  plate  integrity. It is  important 
to mention  that  the  oblique  angle  scanning  scheme  per- 
forms well for the  case  where  the  target is orientated in 
such  a  manner to reflect a sufficient amount of energy  to- 
wards  the  transducer [ 121. In  general, OAS can  be  em- 
ployed in examining  multilayered  structures  where  cracks 
or flaws  are  present  and  where  normal  incident  scanning 
proves  ineffective. 

l( 
rejected  and  distorted ’a’ echoes 

I ,In backscattered  echoes from support   plate 

o.o*sec 10.0psec 

(b) 

Fig. 16. OAS  experimental  results  from  tubular  models. (a) A-scan of tube 
wall. (b) A-scan  tube  wall with  support  plate  behind i t .  

PATTERNS ASSOCIATED WITH DETERIORATED LAYERS 
The  ultrasonic  evaluation of  the  integrity of tubeisup- 

port structures in the  presence of inhomogeneuities (i.e., 
corrosion  and/or flaws)  becomes  very difficult and re- 
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quires  a  high-performance  measuring  system.  For  all  data 
acquisitions  presented in this section,  a 20-MHz focused 
transducer with a  3-dB  bandwidth  of  10 MHz was  used, 
which  provided  resolution of about 20  pm in water.  The 
resolution of the  transducer  cannot  be  improved  without 
increasing  the  frequency, but in doing so, the  energy of 
the  backscattered  signal  will  decrease  significantly  due  to 
absorption  and  scattering  caused by the  granular  charac- 
teristics of the  material.  Another  important  feature of this 
transducer is its  focusing  capabilities,  since  the  tubular 
geometry of the  target is a  source of distortion  as  the  trav- 
eling  time of the  echoes  varies  with  position.  Proper  fo- 
cusing  decreases  the  spreading of the  incident  beam  and 
consequently  limits  the  amount  of  distortion  introduced  to 
the  signal.  Thus  the  resolution,  focusing  characteristics, 
and  sensitivity of the  transducer  do play a  significant  role 
in its  performance. 

Several  measurements  were  taken  to  display  predictable 
experimental  results  corresponding  to  different  deteriora- 
tion  scenarios  of  the  tube/support  structure.  These  sce- 
narios  are  concerned with the detection of flaws  within 
the  tube wall or  corrosion  growth  stemming  from  the  sup- 
port  plate.  This  structural  deterioration  will  cause  a re- 
duction in the  energy of the  back-scattered  signal,  al- 
though the effects on the  class “a” and  class “b” echoes 
differ with scenario. 

The  deterioration of the  tube  wall in terms of flaws  and 
erosion  results in significant  attenuation of the “a” echoes 
caused by scattering.  To  illustrate  the effect flaws  have  on 
the  reverberant  patterns, two  tube  samples  have  been  al- 
tered by drilling  a  tapered  notch in depths of 100  and 200 
pm.  The resulting  back-scattered  signals  can  be  seen in 
Fig.  17,  where  the  signal intensity  suffers and,  as  ex- 
pected,  is  dependent  on  the  size of the  notch. For the  tube 
containing  a  100-pm  notch,  the  back-scattered  signal is 
shown in Fig.  17(b),  the  signal intensity drops  6  dB  com- 
pared to the  reference  signal  shown in Fig.  17(a), and in 
Fig.  17(c) the  200-pm  notch  causes  the  signal  to  decay  an 
additional 3 dB.  This  confirms  the reliability of examining 
“a” echoes  to  evaluate  the  overall  condition of the  tube 
wall in which  inhomogenuities of relatively  small  size  can 
be  characterized.  Thus  the  evaluation of the  tube wall can 
be obtained  from  a  mapping  of  these  patterns,  which  pro- 
vide  information of location  and  depth of the  dents or 
flaws. 

To  simulate the  effects of  tube  erosion, the  surface  of  a 
sample  has  been  tapered  as  shown in Fig.  18(a).  The 
smallest  thickness  of  the  tapered  tube is 37.5  mil, which 
might  be  greater  than  would  occur in general, but is done 
to emphasize  its effect on  the  received  signal.  Results of 
the  radial  scanning of the  tapered  tube  can  be  seen in Fig. 
18(b),  containing nine  measurements,  referred  to as traces 
1-9.  In  comparison  to  trace  1  (the  reference  signal),  trace 
2 reveals  rejection of the  signal  similar to that seen in the 
oblique  angle  analysis,  where  a  majority  of  the  backscat- 
tered  signal is directed  out of the  detection field of  the 
transducer.  This  creates  another  practical  application of 

TUBE LYALL IVITH TAPERED NOTCH 0 

Fig. 17. Reverberant  patterns  derived from tube  samples with tapered 
dents.  (a)  Depth of taper is zero for  reference  signal.  (b)  Depth of taper 
is 100 pm for  reference  signal. ( c )  Depth of taper is 200 pm for  reference 
signal. 

OAS in which the  search for reflectors  oriented at  some 
angle  can  describe  the  degree of erosion  present.  Traces 
3-S show  progressive  improvements in the  received  sig- 
nal,  since the  outer  surface  of  the  tube  wall  becomes  more 
parallel  to  the  inner  wall  and  thus  a  greater  amount of 
energy is directed  back  towards  the  transducer.  The re- 
producibility of these  measurements  can  be  seen in traces 
6-9,  where  few  variations  are  discernable  from  the  ge- 
ometry of the  opposing  traces.  Also,  as the  tube-wall 
thickness  reduces,  the  distance  between “a” echoes  de- 
creases,  which is evident  when  comparing  traces l and S .  

In examining the corrosion  growth  stemming  from the 
support  plate,  several  deteriorated  samples  were  exam- 
ined which  illustrate  common  patterns  associated  with  dif- 
ferent  degrees of corrosion.  The first sample  corresponds 
to the  case  where  corrosion is significant  but  has not com- 
pletely filled the  water  gap between  the  tube  wall  and  sup- 
port  plate.  The radial  scan  of  the  first  sample  can  be  seen 
in Figs.  19(a)-(c),  where  each  trace was  taken  at  different 
positions.  In  the  traces of Figs.  19(a)-(c),  the  presence of 
“b” echoes  is  practically  nonexistent.  This  is  expected 
due  to  the poor  reflective  properties  of the  support  plate 
resulting from the presence  of  corrosion. Also, Fig.  19(b) 
displays  signs  of  disruption in the  tube  wall  since  the “a” 
echoes  are  less  reverberant than in the  other  traces.  This 
effect can  be  seen  more  clearly in latter  reverberations of 
the “a”  echoes.  Thus  observations of later  reverberations 
will be  conducive  for  detecting  significant  deterioration in 
the “a” and “b” echoes  due to  corrosion  growth. 

In  cases  where  severe  corrosion  growth  effects  the  tube 
wall,  several  patterns  can  be  anticipated. A high  degree 
of corrosion  alters  the  tube  wall  upon  contact,  which  scat- 
ters  and  distorts  both  the ”a” and “b”  echoes.  The traces 
Figs. 19(d)  and  19(e)  show  the  radial  scan of  a corroded 
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1- 

(a) (b) 
Fig. 18. Tube  erosion  study. (a) Schematic of altered  tube.  (b)  Traces 1-9 are radial  scanned  measurements of erroded  tube. 

echo from support plate 

Fig. 20. Reverberant  patterns  showing  different  scenarios  that  may  be 
present in case of severe  corrosion. 

Fig. 19. A-scan of corroded  tube/support  structure. (a)-le) Various  mea- 
surements  shown  in  traces. 

and  dented  sample in which  scattering  effects  are  apparent 
in reverberation  patterns.  Slight  resemblance  to  tube 
echoes  can be seen  from  these  figures,  although the  pat- 
terns  are very sporadic  and  random  in  nature.  Another 
possible effect of severe  corrosion is displayed in Fig. 20, 
where  large  pulses  appear  after  some  delay, not corre- 
sponding  to  the  expected  reverberant  patterns.  This  is  a 
direct  result of the  corrosion  diffusing  into  the  tube  wall. 
This  alters  the  previous  multilayered  structure  because  that 
reverberation  exists  mainly  between  the  inner  surface of 
the  tube  wall  and  the  support  plate.  However, in traces 

3-5 it  can  be  seen  that  diffusion  is not complete and  re- 
verberations  will  exist  within  the  tube  wall  as  well.  This 
diffusion  provides another  scenario  that must be taken  into 
account in characterizing  the  tube/support  structure. 

CONCLUSION 
It has  been  demonstrated  that  the  concept of echo  clas- 

sification  is  essential in the  ultrasonic  evaluation  of  re- 
verberant  multilayered  targets.  This  provides  methods  of 
correlating  patterns of the  back-scattered  signal  with  the 
integrity of different layers  of  the  multilayered  structure. 
The  alternative  OAS  method  can  further  enhance  the  per- 
formance of this  classification  scheme,  which  has  the  ca- 
pability of rejecting  front-layer  back-scattered  echoes 
while  preserving  the  information-bearing  echoes  from  the 
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target  behind  the  reverberant layer.  The  improvement in 
visibility of the “b” echoes is  very  significant,  as  pre- 
sented in experimental  measurements,  and  this  allows  for 
direct  evaluation of hidden  targets. In general, the  visi- 
bility of “a” and “b” echoes is not guaranteed,  and  fur- 
ther  processing is warranted (e.g.,  echo  cancellation and 
spectral  analysis [ l  l]). It has  been  shown  that  patterns 
associated  with  corrosion  for  several  frequently  occuring 
cases  are  recognizable,  although  to  produce  guidelines  for 
the  characterization of complex  patterns,  a  large  spectrum 
of samples  is  needed to determine  their  growth and cor- 
responding  reflective  properties. 
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