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AN ELECTROMAGNETIC ULTRASONIC TRANSDUCER 

K a t  s u h i r o  Kawashima 

ABSTRACT 

An e lec t romagnet ic  u l t r a s o n i c  t r ansduce r  t h a t  gene ra t e s  
and d e t e c t s  a r e l a t i v e l y  l a r g e  amount of l o n g i t u d i n a l  
u l t r a s o n i c  wave and a s m a l l  amount of r a d i a l l y  po la r i zed  
t r a n s v e r s e  u l t r a s o n i c  wave w a s  b u i l t  and t e s t e d  on s t a i n l e s s  
s tee l ,  mild s t ee l ,  and aluminum. Flaw d e t e c t i o n  a b i l i t y  of 
t h e  e lec t romagnet ic  t ransducer  w a s  compared wi th  t h a t  of 
a p i e z o e l e c t r i c  ceramic t r ansduce r ,  and t h e  s ignal- to-noise  
r a t i o s  were comparable. F i n a l l y ,  u l t r a s o n i c  f i e l d s  produced 
by t h e  e lec t romagnet ic  t ransducer  were c a l c u l a t e d  inc luding  
cons ide ra t ions  about t h e  mode conversion between a 
l o n g i t u d i n a l  wave and a r a d i a l l y  po la r i zed  t r a n s v e r s e  wave. 

'Guest from Nippon S tee l  Corporat ion,  2-6-3 Otemachi, Chiyodaku, 
Tokyo, Japan. 
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INTRODUCTION 

The method of e l ec t romagne t i c  g e n e r a t i o n  and d e t e c t i o n  of u l t r a s o n i c  
2-1 0 waves has r e c e n t l y  been developed as a new method f o r  applying u l t r a s o u n d .  

The u l t r a s o n i c  wave i s  generated d i r e c t l y  i n s i d e  t h e  m e t a l  by t h e  
i n t e r a c t i o n  of a magnetic f i e l d  and eddy c u r r e n t s  t h a t  are induced by an 
induc t ion  c o i l  placed on t h e  metal su r face .  Then a n  i n t e r a c t i o n  of t h e  
u l t r a s o n i c  wave wi th  t h e  magnetic f i e l d  g i v e s  r ise t o  eddy c u r r e n t s ,  
which are d e t e c t e d  by a n  induc t ion  c o i l .  The technique is  s imilar  t o  
eddy-current nondes t ruc t ive  t e s t i n g ,  and t h e  p h y s i c a l  phenomenon f o r  
d e t e c t i n g  f l aws  and measuring material p r o p e r t i e s  i s  t h a t  of u l t r a s o n i c  
nondes t ruc t ive  t e s t i n g .  The main advantages of t h i s  t echn ique  are 
summarized as fol lows.  

1. An u l t r a s o n i c  wave can be generated without  any c o n t a c t  between 
a t r ansduce r  and a material  being t e s t e d .  This  c h a r a c t e r i s t i c  is  u s e f u l  
f o r  materials t h a t  are a t  high temperatures ,  are moving, have rough 
s u r f a c e s ,  o r  must be p ro tec t ed  from contaminat ion by water o r  o i l  used 
i n  convent ional  u l t r a s o n i c  t e s t i n g .  

2.  The technique can g e n e r a t e  u l t r a s o n i c  waves of s e v e r a l  d i f f e r e n t  
modes. Various combinations of t h e  d i r e c t i o n s  of t h e  magnetic f i e l d  and 
eddy c u r r e n t s  can  g e n e r a t e  d i f f e r e n t  u l t r a s o n i c  wave modes, some of which 
can never be generated by a convent ional  u l t r a s o n i c  t r ansduce r .  

2E. R. D o b b s  and J. D.  Llewellyn, "Generation of U l t r a s o n i c  Waves 
Without Using a Transducer," Non-Destr. Test .  (GuiZford, E n g Z . )  4(1)  : 
49-56 (February 1971).  

Electromagnet ic  Sound Generation," J .  Phys .  D 3: L61-L63 (1970). 

Metals,'' J .  P h y s .  Chem. Solids 31: 1657-67 (1970). 

Generat ion of U l t r a s o n i c  Waves i n  Metals," J .  Acoust. Soe. h e r .  45(6):  
1393-1401 (1969). 

6 A .  G. Betjemann e t  a l . ,  "R. F. - U l t r a s o n i c  Wave Generat ion i n  
Metals," Phys .  Let t .  A 25(10) : 753-54 (1967) 

7J. R. Houck e t  a l . ,  "Direct Electromagnet ic  Generat ion of Acoustic 
Waves," Phys .  Rev. Let t .  19(5 ) :  224-27 (1967). 

*P. R. Larsen and K. Saermark, "Electromagnetic E x c i t a t i o n  of 
Elast ic  Modes i n  Aluminum," Phys .  Le t t .  A 26(7):  296-97 (1968). 

'H. Wcstenberg, Y o n t a c t l e s s  Electrodynamic U l t r a s o n i c  Transducers 
and Their  App l i ca t ion  t o  U l t r a s o n i c  Inspec t ion , "  pp. 37-48 i n  Preprints 
6. ICNT VoZ. B, 1970, Deutsche G e s e l l s c h a f t  fir Z e r s t k u n g s f r e i e  
Pr i i fverfahren e . V . ,  Be r l in .  

(February 1968). 

3 K .  0. Legg and D. J. Meredith,  "Flaw De tec t ion  i n  Metals Using 

4E. R. Dobbs, "Electromagnetic Generat ion of U l t r a s o n i c  Waves i n  

5D. 3. Meredith,  R. J. Watts-Tobin, and E. R. Dobbs, "Electromagnetic 

'OR. Botsco, "The Eddy-Sonic Test Method," Mater. EuaZ. 26(2):  21-26 
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An e lec t romagnet ic  t ransducer  t h a t  has  a s imple s t r u c t u r e  and can 
gene ra t e  and d e t e c t  a r e l a t i v e l y  l a r g e  amount of r a d i a l l y  po la r i zed  
t r a n s v e r s e  wave s imultaneous1 wi th  a s m a l l  amount of l o n g i t u d i n a l  wave 
has  been made by t h e  au thor .  

t h a t  gene ra t e s  and d e t e c t s  a l a r g e  amount of l o n g i t u d i n a l  wave and a 
s m a l l  amount 9f r a d i a l l y  po la r i zed  t r a n s v e r s e  wave and tests of i t  wi th  
mild steel ,  s t a i n l e s s  s teel ,  and aluminum. The e lec t romagnet ic  f o r c e s  
and e las t ic  waves produced by t h e  f o r c e s  are c a l c u l a t e d  and compared 
wi th  t h e  experimental  r e s u l t s .  

17 

This  r e p o r t  d e s c r i b e s  t h e  c o n s t r u c t i o n  of an  e lec t romagnet ic  t ransducer  

THE PRINCIPLE OF A TRANSDUCER 

Eddy c u r r e n t s  induced i n  a material by a c i r c u l a r  d r i v e r  c o i l  
placed on i t s  s u r f a c e  have only an  azimuthal  component, I 
magnetic f l u x  produced by fe r romagnet ic  steel po le  p i e c e s  has  a r a d i a l  
component, B r y  and a v e r t i c a l  component, B,. 

The s t a t i o n a r y  0. 
(See F ig .  1.) 

’ ’ Katsuhiro Kawashima An Electromagnetic Transducer for  Generation and 
Detection of Both Longitudinal and Transverse UZtrasonic Waves, OWL-5064 
( i n  p repa ra t ion ) .  

ORNL-DWG 7 5 - 5 7 5 5  

LARGE COIL FOR STATIONARY f MAGNETIC FIELD 

6 
r-COMPONENTOF I :OWE 

LMAGNETIC FLUX 

LONGITUDINAL WAVE i” WEAK TRANSVERSE WAVE 

Fig.  1. The P r i n c i p l e  of an  Electromagnet ic  Transducer.  
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I n  t h e  case of nonmagnetic metals, t h e  f o r c e  produced by an  
e lec t romagnet ic  f i e l d  below o p t i c a l  f r equenc ie s  i s  g iven ,  t o  a very  
good approximation, by t h e  Lorentz formula 

8 

t h e  v e r t i c a l  component of t h e  f o r c e  i s  g iven  by 

and t h e  r a d i a l  component by 

I f  t h e  p e n e t r a t i o n  depth  of high-frequency eddy c u r r e n t s  i s  much less 
than t h e  u l t r a s o n i c  wave l eng th ,  t h e  volumes f o r c e s ,  F, and Fry can be 
i n t e g r a t e d  wi th  r e s p e c t  t o  t h e  depth  t o  o b t a i n  t h e  s u r f a c e  f o r c e s ,  
Pz and Pr. 

amount of r a d i a l l y  po la r i zed  t r a n s v e r s e  waves arises from t h e  r e s t r a i n i n g  
S i m i l a r l y ,  P r  produces mainly i n f l u e n c e  of t h e  s t r e s s - f r e e  su r face .  

r a d i a l l y  po la r i zed  t r a n s v e r s e  waves, a long wi th  a s m a l l  amount of 
l o n g i t u d i n a l  waves due t o  t h e  s u r f a c e  r e s t r a i n t s .  l 1  ' 14  I n  t h i s  r e p o r t  an 
electromagnet  i s  designed t o  produce l a r g e  Pz and s m a l l  Pr s o  as t o  make 
l a r g e r  ampli tude l o n g i t u d i n a l  waves and smaller ampli tude r a d i a l l y  
po la r i zed  t r a n s v e r s e  waves. U l t r a s o n i c  waves t h a t  r e f l e c t  from t h e  
sample backs ide  are de tec t ed  by a pickup c o i l  through an e x a c t l y  reversed  
phenomenon. The c a l c u l a t i o n  of t h e s e  f i e l d s  i s  descr ibed  f u r t h e r  i n  
t h e  Appendix of t h i s  r e p o r t .  

The component Pz produces mainly l o n g i t u d i n a l  waves, but  a s m a l l  

11-1 4 

1 2 R .  L. Roderick and R. T r u e l l ,  "The Measurement of U l t r a s o n i c  
At tenuat ion  i n  So l ids  by t h e  Pu l se  Technique and Some Resu l t s  i n  S t e e l , "  
J .  AppZ. Phys. 23(2) :  267-79 (February 1952). 

Mechanical Rad ia to r s  on t h e  Free  Surface  of a Semi- Inf in i te  I s o t r o p i c  
Sol id ,"  Proc. R. Soc. London Ser. A . ,  223: 521-41 (1954). 

Acoustic Field Exerted by Eddy-Current Forces, OWL-5065 ( i n  p r e p a r a t i o n ) .  

13F. Miller and H. Pursey, "The F i e l d  and Radia t ion  Impedance of 

4Katsuhiro Kawashima, The Theory and NwnericaZ CaZcuZation of the 
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Experimental Method 

The t r ansduce r ,  shown i n  Fig.  2 ,  c o n s i s t s  of a b i g  electromagnet t o  
provide a s t a t i o n a r y  magnetic f i e l d ,  a s m a l l  d r i v e r  c o i l  f o r  gene ra t ing  
eddy c u r r e n t s ,  and a s m a l l  pickup c o i l .  I n  t h i s  work, t h e  r a d i a l  component 
of magnetic f l u x  nea r  t h e  s teel  p o l e  p i e c e s  w a s  between 5 and 2.5 kG, 
depending on t h e  s p e c i f i c  p o i n t ,  and t h e  v e r t i c a l  component w a s  between 
4 and -1 kG; t h e s e  r e s u l t s  are from Fig.  A 1  i n  t h e  Appendix of t h i s  r e p o r t .  

ORNL-DWG 7 5 - 5 7 5 6  

PICKUP COIL 

DRIVER COIL 

Fig.  2 .  Electromagnet ic  Transducer.  

The pickup c o i l  w a s  l oca t ed  c o a x i a l l y  i n s i d e  t h e  d r i v e r  c o i l  because 
(1) t h e  peak i n t e n s i t y  of t h e  l o n g i t u d i n a l  wave i s  on-axis and t h u s  t h e  
pickup c o i l  of smaller diameter d e t e c t s  i t  more e f f i c i e n t l y ;  (2 )  coupl ing 
e f f i c i e n c i e s  between t h e  c o i l s  and t h e  specimen are b e t t e r  i n  t h i s  way 
because both c o i l s  can be l o c a t e d  ve ry  near t h e  specimen. The dimensions 
of t h e  c o i l s  are as follows: 

-STEEL POLE PIECE 

COIL FOR STATIONARY 
MAGNETIC FIELD 
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Driver C o i l  Pickup C o i l  

Dimensions, mm 
Outer r a d i u s  
Inner  r a d i u s  
Thickness,  i nc lud ing  i n s u l a t o r s  

Number of t u r n s  

15 10 
1 0  7 . 5  
0.8 0.8 

8 150 

Method of Operation 

A spa rk  gap i s  used t o  make high-frequency p u l s e  c u r r e n t s  of h igh  
peak i n t e n s i t y  i n  t h e  d r i v e r  c o i l .  The p u l s e  r e p e t i t i o n  rate is  v e r y  
low (0.3-2 p u l s e s / s e c ) .  A capac i t ance  (0.015 pF) i s  charged by a dc 
high-voltage power supply (19 kV) through a l a r g e  r e s i s t a n c e  (40  MQ).  
When a v o l t a g e  breakdown occurs  i n  t h e  spa rk  gap, a resonance c i r c u i t  
c o n s i s t i n g  of t h e  c a p a c i t o r ,  t h e  d r i v e r  c o i l ,  and a r e s i s t a n c e  (0.095 Q) 
is  formed, and a l a r g e  p u l s e  of high-frequency c u r r e n t  runs  through t h e  
c i r c u i t .  The c u r r e n t  i s  est imated by measuring a v o l t a g e  d i f f e r e n c e  
a c r o s s  t h e  0 . 0 9 5 4  r e s i s t a n c e .  
pickup c o i l  i s  amplif ied and d i sp layed  on a cathode-ray tube.  A p i c t u r e  
is  taken by a Po la ro id  camera. (See Fig.  3 . )  

The u l t r a s o n i c  s i g n a l  d e t e c t e d  by t h e  

19 kV t 

ELECTROMAGNET 

Fig. 3 .  Block Diagram of Apparatus. 

Samples 

Table 1 d e s c r i b e s  t h e  s i x  d i f f e r e n t  samples t e s t e d .  The mild steel  
and one of t h e  aluminum samples are s l a b s  l a r g e  enough t o  avoid s i d e  
r e f l e c t i o n s  of t h e  u l t r a sound .  The o the r  f o u r  specimens had a r t i f i c i a l  
f l aws  d r i l l e d  i n  t h e  backside w i t h  a n  end m i l l  t o  between one-fourth and 
one-third t h e  sample t h i c k n e s s .  

A l l  t h e  samples  were t e s t e d  by t h e  same t r ansduce r  under t h e  same 
c o n d i t i o n s  wi th  t h e s e  except ions:  (1) t h e  a m p l i f i c a t i o n  f a c t o r  w a s  v a r i e d ,  
( 2 )  extra s p a c e r s  were used t o  i n t r o d u c e  ver t ical  displacement between 
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t h e  c o i l  and t h e  specimen i n  experiments r u n  t o  determine t h e  e f f e c t  of 
such displacement ,  and (3 )  h o r i z o n t a l  displacement w a s  v a r i e d  i n  
experiments run  t o  determine i t s  e f f e c t .  

Table 1. Samples 

Flaw Characteristics, mm 

Distance from Diameter Front 

Dimensions, mm 

Thickness Diameter 
Sample Material 

1 Type 304 stainless steel 82.3 52.6 58.3 3.5 

2 Type 304 stainless steel 73.5 52.6 59.1 1.3 
3 Mild steel (ferromagnetic) 55.8 large no flaw 

4 Aluminum 118.1 50.9 80.7 3.5 

5 Aluminum 118.2 50.9 85.8 2 . 1  

6 Aluminum 76.7 large no flaw 

Driver  C o i l  Current 

The peak v a l u e  of t h e  d r i v e r  c u r r e n t  w a s  between 1790 and 2320 A ,  
and t h e  frequency w a s  between 1 . 4  and 1 . 7  MHz depending upon t h e  d i f f e r e n t  
e l e c t r i c a l  and magnetic c h a r a c t e r i s t i c s  of each material ( s e e  Table 2 ) .  
The u l t r a s o n i c  waves generated have t h e  s a m e  f r equenc ie s .  

Table 2.  .Dr iver  C o i l  Currents  

. 1  

Samples Material 
Peak Value 
of Current 

(A) 

Frequency 
(MHz) 

192 Type 304 s t a i n l e s s  s teel  1.6 1 7  90 

3 Mild s t ee l  1.4  1890 

4,5,6 Aluminum 1 . 7  2320 

EXPERIMENTAL RESULTS 

Determination of t h e  Basic C h a r a c t e r i s t i c s  of t h e  Transducer 

Samples 3 (mild s t e e l )  and 6 (aluminum) were t e s t e d  f i r s t  t o  f i n d  
t h e  c h a r a c t e r i s t i c s  of t h e  t r ansduce r .  These two samples were s u i t a b l e  
f o r  t h i s  purpose because they c o n t a i n  no f l aws  and are s o  wide t h a t  no 
s i d e  w a l l  e f f e c t s  are expected. F igu res  4 and 5 show t h e  u l t r a s o n i c  
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O R N L - D W G  7 5 - 5 7 5 8  

Fig .  4 .  Ul t ra son ic  R e f l e c t i o n s  Obtained i n  Mild Steel  (Sample 3 )  
wi th  t h e  Electromagnet ic  Transducer.  Frequency, 1 . 4  MHz; a m p l i f i c a t i o n ,  
830X; t i m e  base ,  10.4 psec /d iv ;  ampli tude s c a l e ,  5 Vldiv.  

5 4  t 6 2  t 

5 2 1 , 4 t  

Fig.  5. U l t r a s o n i c  R e f l e c t i o n s  Obtained i n  Aluminum (Sample 6) 
w i th  t h e  Electromagnet ic  Transducer.  Frequency, 1 . 7  MHz; a m p l i f i c a t i o n  
107X; t i m e  base ,  21.1 psec /d iv ;  ampli tude s c a l e ,  5 V/div. 

t t t t t t  

2t 
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s i g n a l s  generated i n  t h e s e  specimens. I n  Fig.  4 t h e r e  are s e v e r a l  echoes 
t h a t  seem randomly d i s t r i b u t e d  a t  f i r s t  look. I n  Fig.  5 t h e r e  are 
r e g u l a r l y  spaced echoes and s m a l l  extra echoes i n  between, except f o r  
t h e  t i m e  per iod between t h e  i n i t i a l  p u l s e  (T) and t h e  f i r s t  bottom echo 
(Bnl). 
fol lowing assumptions: (1) Both l o n g i t u d i n a l  and r a d i a l l y  po la r i zed  
t r a n s v e r s e  waves a re  generated and de tec t ed  by t h e  t ransducer .  
conversion between l o n g i t u d i n a l  and r a d i a l l y  po la r i zed  t r a n s v e r s e  waves 
occurs  a t  each r e f l e c t i o n .  

The s i g n a l s  f o r  t h e  mild steel  sample are analyzed i n  F ig .  6 .  The 
f i r s t  s i g n a l ,  B ~ L ,  c o n s i s t s  of only t h e  l o n g i t u d i n a l  wave, and i t  is  
de tec t ed  a t  time t = 2 t ~  = 2 L / C i  (Cl is  t h e  l o n g i t u d i n a l  wave v e l o c i t y  
and L is  t h e  sample th i ckness ) .  
components: a r a d i a l l y  po la r i zed  t r a n s v e r s e  wave, which i s  produced 
from t h e  l o n g i t u d i n a l  wave through mode conversion a t  t h e  back of t h e  
sample, and t h e  l o n g i t u d i n a l  wave t h a t  i s  produced t h e r e  from t h e  t r a n s v e r s e  
wave through mode conversion.  
tt + tL = L / C l +  L/Ct (Ct i s  t h e  t r a n s v e r s e  wave v e l o c i t y ) .  The remaining 
echoes a re  explained s i m i l a r l y  wi th  r e f e r e n c e  t o  F ig .  6 and Table  3 .  The 
t a b l e  g i v e s  t h e  echo t i m e s  measured on Fig.  4 and compares them wi th  times 
c a l c u l a t e d  from 

All t h e  echoes of both F igs .  4 and 5 are explained by t h e  

(2)  Mode 

The second s i g n a l ,  Bt,t, comprises two 

S igna l  Bl,t i s  de tec t ed  a t  t = ti + tt = 

t = n t  + n t  (1) L R  t t '  

ORNL-DWG 75-5760 
REAR SURFACE 

OF SAMPLE 

-LONGITUDINAL WAVE - TRANSVERSE WAVE 

C, = 5790 m/sec 
Ct = 3170 m/sec 

TRANSDUCER TIME 

I c .:I 1 I .A+ 18[ 1 '934t  Bzl,j 1 

Fig.  6. T i m e  Table  f o r  R e f l e c t i o n s  i n  Sample 3 (Mild S t e e l ) .  
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Table 3 .  Timing of Echoes i n  Sample 3 - M i l d  Steel  

Relative Echo Time 
Time Possible  Different Paths Echo 

Measured on Fig. Calculated 

One Round Trip 
1.00 1.00 

211 
B 

11 t9. i t 2t11 

1.43 1.42 
11, t 

B 
11 t9. + tt tQ + tt ,  tt i t 

1.83 1.83 
2 t  

B 
t tt i t 2tt 

TWO Round Trips 

B 1.99 2 .oo 
4 9 .  

t + tQ + ti i ti 4 5  9. 

t i tQ + tQ + tt 9. 
tQ i ti + tt + t9. 
t9. i t 4- ti i tll 3 t t  i tt 

t 
t i tQ i tL + t9. t 

t 
t 
i tQ i tt i tt 
i tt i tt i tQ 

11 

9. 
tQ i t i t9. + tt t 

t 2t11 2tt tt i t i t9. i tQ 
tt i tll + ti + tt 
i tQ i tt i tll t t 

t i t  + t t + t t  

tt + tQ i tt tt 

i tt + tt i tQ 

1 1 t  

t9 .  3 t t  t + tt i ti + tt t 
t t 

B 2.41 
3 1 , t  

2.42 

B 2.85 2.83 
211, Z t  

3.26 3.25 
I t  

t t  3.67 3.66 B z t  t + t  i t t i t t  4tt 

Three Round Trips 

t + tll i tQ -4. tQ + tQ tll B 3.01 3.00 
611 6t11 11 

B 3.43 3.42 A t  5 t Q  + tt 6 di f f erent  paths 

3.84 3.83 BL!L 2 t  
4 5  i 2 t t  15 di f f erent  paths 

4 other 42 di f f erent  paths ' 

t i m e s  

Four Round Trips 

+ ti + tQ i tQ + ta + tQ + tQ . 3.99 4 .oo t i t 
Bell 8tQ 9 . 1  

8 other 255 di f f erent  paths 
times 

n Round Trips 

(272 i 1) 
di f f erent  

times 

Z Z n  di f f erent  paths 
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where t& and tt are  obtained from t h e  measured t i m e s  of B 2 e  and B 2 t ,  
r e s p e c t i v e l y ,  and n& and nt  are t h e  numbers of one-way pa ths  i n  t h e  
r e s p e c t i v e  modes. 

An echo t h a t  completes n round t r i p s  (2n = ne + n t )  may be  de tec t ed  
a t  2n + 1 d i f f e r e n t  t i m e s ,  as g iven  by E q .  (11, and may t a k e  22n d i f f e r e n t  
combinations of pa ths .  Examples f o r  a l l  echoes t h a t  complete one o r  two 
round t r i p s  and some t h a t  complete t h r e e  o r  f o u r  are shown i n  Table  3 .  
Table 3 shows t h a t  many echoes can ex is t ,  and t h e  number of echoes i n c r e a s e s  
r a p i d l y  wi th  t h e  i n c r e a s e  i n  t h e  number of round t r i p s .  
many echoes appear a t  t h e  longer  t i m e s .  

I n  t h e  case of aluminum, s e v e r a l  echoes come almost a t  t h e  same t i m e  
and produce an  appa ren t ly  s impler  p i c t u r e .  This  i s  because t h e  r a t i o  of 
t h e  l o n g i t u d i n a l  t o  t h e  t r a n s v e r s e  wave v e l o c i t y  i s  ve ry  s l i g h t l y  g r e a t e r  
t han  2 f o r  aluminum. (See F igs .  5 and 7 . )  

This  i s  why 

REAR SURFACE 
OF SAMPLE 

TRANSDUCER 

I 

i 
I 

5 
ORNL- DWG 7 5 -  5761 

-LONGITUDINAL WAVE 
- T R A N S V E R S E  WAVE 

CJ = 6330 m/sec 
C, = 3080 rn/sec 

“t/, = 2.05 

___c TIME 

1 I I r( II , I /  

Fig.  7 .  T i m e  Table  f o r  Re f l ec t ions  i n  Sample 6 (Aluminum). 

The t ransducer  i s  designed t o  g ive  a b e t t e r  e f f i c i e n c y  f o r  t h e  
l o n g i t u d i n a l  wave than  f o r  t h e  r a d i a l l y  po la r i zed  t r a n s v e r s e  wave. (See 
t h e  magnetic f l u x  d i s t r i b u t i o n  i n  Fig.  A l . )  However i n  t h e  case  of a 
ferromagnet ic  material t h e  magnetic f l u x  shown i n  F ig .  A 1  i s  g r e a t l y  
changed, t o  make a l a r g e r  v e r t i c a l  t han  h o r i z o n t a l  component very  c l o s e  
t o  t h e  specimen s u r f a c e ,  where t h e  u l t r a s o n i c  waves are generated and 
de tec t ed .  Consequently, t h e  e f f i c i e n c y  f o r  d e t e c t i n g  a r a d i a l l y  
po la r i zed  t r a n s v e r s e  wave becomes g r e a t e r  than  t h a t  f o r  a l o n g i t u d i n a l  
wave. This  i s  probably why B2t i s  l a r g e r  than  B 2 l  i n  F ig .  4 .  Magneto- 
s t r i c t i o n  i s  a l s o  considered t o  c o n t r i b u t e  t o  t h e  d i f f e r e n t  c h a r a c t e r i s t i c s  
of t h e  t ransducer  f o r  fe r romagnet ic  material. 
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The mode conversion between l o n g i t u d i n a l  and r a d i a l l y  po la r i zed  
t r a s n v e r s e  waves w i l l  be  considered i n  d e t a i l  later i n  t h i s  r e p o r t .  

F l a w  Detec t ion  

Two p ieces  of s t a i n l e s s  steel  (samples 1 and 2) and two p i e c e s  of 
aluminum (samples 4 and 5)  were t e s t e d  t o  examine t h e  f l aw  d e t e c t i o n  
a b i l i t y  of t h e  e lec t romagnet ic  t r ansduce r .  The samples were a l s o  t e s t e d  
by a commercial u l t r a s o n i c  nondes t ruc t ive  test instrument  wi th  a ceramic 
t ransducer  (2.25 MHz, 25.4 mm diam). The instrument  used is  considered 
t o  be r e p r e s e n t a t i v e  of good ins t ruments  commercially a v a i l a b l e .  

Sample 1 ( type  304 s t a i n l e s s  s t e e l )  has  a f a i r l y  l a r g e  a r t i f i c i a l  
f l aw  (3.5-mm-diam d r i l l e d  ho le )  i n  i t  ( see  Table  1). The test r e s u l t s  
wi th  t h e  e lec t romagnet ic  t ransducer  are shown as Fig .  8 ( a ) .  Echo F1 
i s  from t h e  f law;  B 2 R  and B p t  are  back-surface echoes as def ined  i n  
Table  3. We cons ider  S1 and S2 t o  be back-surface echoes delayed through 
mode conversion a t  s i d e  w a l l s  of t h e  sample and t h e  d r i l l e d  h o l e  ( f law) .  
I n  t h i s  case, t h e  mode conversion occurs  between t h e  l o n t i g u d i n a l  wave 
and l i n e a r l y  po la r i zed  t r a n s v e r s e  wave. The p a t h  of S1 is  cons idered  
t o  be  1-2-3-4-5 as shown i n  F ig .  9; S2 i s  s i m i l a r l y  cons idered  t o  be 
1-2-3-6-7-8. Such s i d e  r e f l e c t i o n s  are w e l l  known i n  u l t r a s o n i c  
nondes t ruc t ive  t e s t i n g .  1 5  

The ang le  a i s  c a l c u l a t e d  approximately from 

and t h e  delayed echo t i m e s  by 

where L = sample l eng th ,  d = sample d iameter ,  and d f  = f l aw  d iameter .  
The r e s u l t s  c a l c u l a t e d  wi th  E q s .  (3 )  and (4) ag ree  very  w e l l  w i th  t h e  
r e s u l t s  measured on Fig .  8. Sample 1 w a s  a l s o  t e s t e d  wi th  t h e  ceramic 
t r ansduce r ,  and t h e  r e s u l t  i s  shown i n  F ig .  8 (b )  without  r e c t i f i c a t i o n  

'J. Krautkrgmer and H. Krautkrgmer , Ultrasonic Testing of Materials, 
Springer-Verlag,  New York, 1969. 
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b+ 
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I N I T I A L  
(b)PULSE WIDTH 

Fig .  8. U l t r a s o n i c  Echoes i n  Type 304 S t a i n l e s s  S t e e l  Sample 1 -  
82.3 mm Thick by 52.6 mm i n  Diameter, 3.5-mm-diam Flaw D r i l l e d  t o  58.3 mm 
from Fron t  Surface.  ( a )  Observed wi th  e l ec t romagne t i c  t ransducer  w i th  
960X a m p l i f i c a t i o n ,  5 V ampli tude,  5.2 psec /d iv  t i m e  base ,  1 .6  MHz. 
(b)  Observed wi th  ceramic t r ansduce r ,  2.25  MHz, 25.4  mm i n  d iameter .  
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ORNL-DWG75-5768 

Fig. 9. Paths of Delayed Back-Surface Echoes S1 and S2 in Sample 1. 
Echo SI arises from path 1-2-3-4-5; S2 from 1-2-3-6-7-8. 

ror Detter comparison or tne signal-to-noise ratio witn tnat or tne 
electromagnetic transducer, because true information about the signal- 
to-noise ratio is sometimes lost in the video mode. The echoes F 1 ,  

B2., and S1 are the same as shown in Fig. 8(a). 

magnetic and ceramic transducers, and Fig. 10 shows the echo patterns. 
Results with both transducers for type 304 stainless steel are compared in 
Table 4. Both showed a good signal-to-noise ratio. 

The method of comparison is not perfect because the diameter and 
the frequencies are not the same for both transducers. However we can 
obtain some idea of the ability of the electromagnetic transducer through 
this comparison. We can say that the signal-to-noise ratio of the 
electromagnetic transducer is as good as that of the ceramic transducer 
as far as this experiment is concerned. Especially, the electromagnetic 
transducer detected a small flaw ( 1 . 3  mm diam) in sample 2 (type 304 
stainless steel) very clearly [see Fig. 10(a)]. This is considered to 
be very good sensitivity for an electromagnetic transducer because the 
efficiency of an electromagnetic transducer is considered to be greatly 
affected by the electrical conductivity of a sample. 

Sample 2 (type 304 stainless steel) was also tested by the electro- 

Most of the previously 
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ORNL-DWG 75-5770 

t t  
F2 84Q 

t t  t 
f l  e21 s, 

t f N I T I A L  
(b) T ~ U L S E  WIDTH 

Fig. 10. Ultrasonic Echoes in Type 3 0 4  Stainless Steel Sample 2 - 
7 3 . 5  mm Thick by 52.6 mm in Diameter, 1.3-mm-diam Flaw Drilled to 59.1 mm 
from Front Surface. (a) Observed with electromagnetic transducer with 
960X amplification, 2 V/div amplitude, 5.2  psec/div time base, 1 . 6  MHz 
(b) Observed with ceramic transducer, 2.25 MHz, 2 5 . 4  mm in diameter. 
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Table 4 .  Comparison Between Electromagnet ic  and Ceramic Transducers 
Tested on Type 304 S t a i n l e s s  S t e e l  

Transducer Diameter 
(mm) 

Echoes 
Af t e r  Frequency Front  Dead 

Zone 
B2.t 

(MHz 1 

Electromagnet ic  Dr ive r  c o i l  (OD) 30 1 .6  l a r g e  many 
Pickup c o i l  (OD) 20 

Ceramic 25.4  2.25 s m a l l  few 

repor t ed  work on e l ec t romagne t i c  t r a n s d u c e r s  has  d e a l t  only wi th  good 
e l e c t r i c a l  conductors l i k e  aluminum. The good e f f i c i e n c y  of t h e  e l e c t r o -  
magnetic t r ansduce r  r epor t ed  h e r e  i s  due t o  (1) high p u l s e  c u r r e n t  i n  t h e  
d r i v e r  c o i l  (peak va lue  about 2000 A) and ( 2 )  a l a r g e  number of t u r n s  
(150) i n  t h e  pickup c o i l .  A f r o n t  dead zone a r i s i n g  from t h e  i n i t i a l  
p u l s e  width i s  ve ry  l a r g e  ( e .g . ,  25 mm f o r  s t a i n l e s s  steel) ,  which i s  
one of t h e  disadvantages of an  e l ec t romagne t i c  t r ansduce r .  

Samples 4 (aluminum, f l a w  diameter  3 . 5  mm) and 5 (aluminum, f l a w  
diameter  2 . 1  mm) were a l s o  t e s t e d ,  and Fig.  11 shows t h e  echoes observed. 
Echoes T, F 1 ,  B&.and SI correspond t o  analogous echoes i n  t h e  s t a i n l e s s  
steel  samples. Echoes X I ,  X 2 ,  and X3  are n o t  f u l l y  exp la ined ,  bu t  w e  can 
say t h a t  t hey  are  a s s o c i a t e d  wi th  t h e  a r t i f i c i a l  f l aw  because they  do not  
appear i n  t h e  absence of a f law.  

E f f e c t  of Transducer-to-Specimen Spacing 

The re la t ive changes of echo amplitude due t o  inc reased  d i s t a n c e  
between t h e  sample and t h e  t r ansduce r  w e r e  t e s t e d  f o r  s t a i n l e s s  s tee l  
sample 1. Added d i s t a n c e s  w e r e  0.38 and 0.76 mm. The echo p a t t e r n s  
observed wi th  t h e s e  s p a c e r s  are shown i n  Fig.  12 ;  t h e  corresponding 
p a t t e r n  without  t h e  s p a c e r s  i n  Fig.  8 ( a ) .  The re la t ive  ampli tudes of 
t h e  echoes are p l o t t e d  i n  Fig.  1 3 .  A s  expected,  t h e  ampli tudes of 
F 1 ,  B 2 1 ,  and 51 a l l  dec rease  a t  almost t h e  same rate wi th  d i s t a n c e .  
The dec rease  r a t i o  i s  rep resen ted  approximately by exp(-l.6h), where h 
i s  t h e  d i s t a n c e  i n  millimeters between t h e  specimen and t h e  t r ansduce r  
This  dec rease  is  no t  as sha rp  as had been expected. This  makes t h e  
e l ec t romagne t i c  t r ansduce r  f a v o r a b l e  i n  many r e s p e c t s .  

E f f e c t  of Hor i zon ta l  Displacement 

The e f f e c t s  of h o r i z o n t a l  displacement of t h e  t r ansduce r  and 
sample 1 were examined f o r  displacements  from 1.27 through 5.08 mm. 
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t T t  t 
Fig. 11. Ultrasonic Echoes Observed in Aluminum with the Ultrasonic 

Transducer. Amplification, 1 1 O O X ;  time base, 5.2 usec/div; amplitude, 
5 V/div; frequency 1.7 MHz. (a) Sample 4 ,  118.1 mm thick by 50.9 mm diam, 
3.5-mm-diam flaw 80.7 mm from front surface. (b) Sample 5, 118.2 mm thick 
by 50.9 mm d i m ,  2.1-mm-diam flaw 85.8 mm from front surface. 
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F ig .  1 2 .  E f f e c t  of Added Spacers  on t h e  Echo P a t t e r n s  Observed i n  
Type 304 S t a i n l e s s  Steel  Sample 1 w i t h  t h e  Electromagnet ic  Transducer .  
(a) 0.38 mm spacer  added. (b) 0.76 mm spacer  added. 
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Fig.  13 .  V a r i a t i o n  of Echo Amplitudes wi th  Dis tance  Between 
Electromagnet ic  Transducer and Type 304 S t a i n l e s s  S tee l  Sample 1. 

Figure  1 4  shows t h e  echo p a t t e r n s ,  and Fig .  15 shows t h e  v a r i a t i o n  of 
re la t ive ampli tudes of t h e  echoes wi th  displacement .  Echo F1 decreases  
more r a p i d l y  than  w a s  expected from t h e  s i z e  of t h e  t ransducer  ( d r i v e r  
c o i l  30 mm diam, pickup c o i l  20 mm diam). This  shows t h a t  t h e  u l t r a s o n i c  
wave beam produced by t h e  e lec t romagnet ic  t ransducer  i s  ve ry  sharp ,  which 
i s  a l s o  shown i n  t h e  c a l c u l a t e d  u l t r a s o n i c  f i e l d  i n  t h e  Appendix of t h i s  
r e p o r t  ( s e e  Fig.  A 6 ) .  I n  F ig .  15 5'1 a l s o  dec reases ,  as i s  expected 
because t h e  s i d e  w a l l s  of a sample and a d r i l l  ho le  l o s e  symmetry wi th  
r e s p e c t  t o  t h e  axis of t h e  u l t r a s o n i c  wave when a h o r i z o n t a l  displacement 
inc reases .  The s l i g h t  i n c r e a s e  of B z l  i s  considered t o  be  due t o  t h e  
recovery of some of u l t r a s o n i c  wave energy t h a t  is  i n t e r r u p t e d  from 
reaching  t h e  bottom by t h e  d r i l l e d  h o l e  when t h e  axes of t h e  u l t r a s o n i c  
wave beam and t h e  f l aw  coinc ide .  

Wave Veloc i ty  Measurement 

The l o n g i t u d i n a l  and t r a n s v e r s e  wave v e l o c i t i e s  w e r e  obtained by 
measuring t h e  t iming of t h e  echoes ( B z x ,  B R , t ,  B 2 t ,  ... e t c . )  on t h e  
photographs. 
an average measurement. 
r e p o r t .  

Seve ra l  photographs f o r  each material  were used t o  o b t a i n  
Not a l l  t h e  photographs used are shown i n  t h i s  

The r e s u l t s  are shown i n  Table  5. 
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Fig. 14. Effect of Horizontal Displacement on the Echo Patterns 
Observed in Type 304 Stainless Steel Sample 1 with the Electromagnetic 
Transducer. (a) 2.54 mm displacement. (b)  5.08 mm. 
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Fig .  15. Relative Changes of S i g n a l  Amplitudes Due t o  Increased  
Hor i zon ta l  Displacements Between t h e  Transducer and t h e  Sample. 

Table  5. U l t r a s o n i c  Wave V e l o c i t i e s  Measured 
by t h e  Electromagnet ic  Transducer 

Material 
Wave Ve loc i ty ,  m/sec 

Long i tud i n a l  Transverse  
~ 

Type 304 s t a i n l e s s  s teel  5630 2690 

Mild steel 57 90 3170 

Aluminum 6330 3080 
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CONSIDERATIONS OF THE MODE CONVERSION 

Echo s i g n a l s  s i m i l a r  t o  t hose  i n  F igs .  4 and 5 have a l r e a d y  been 
observed wi th  convent iona l  p i e z o e l e c t r i c  t r ansduce r s .  ' 6-1 
none of t h e  r e p o r t s  proper ly  explained t h e  phenomenon. 

wave i s  very  d i f f e r e n t  from t h e  mode conversion between a l o n g i t u d i n a l  wave 
and a l i n e a r l y  po la r i zed  t r a n s v e r s e  wave. F igure  16 (sample 6 ,  aluminum), 
shows t h a t  t h e  mode conversion e f f i c i e n c y  between a l o n g i t u d i n a l  wave and 
a r a d i a l l y  po la r i zed  t r a n s v e r s e  wave i s  f a i r l y  l a r g e  even a t  r e f l e c t i o n s  
wi th  very  s m a l l  i n c i d e n t  angles .  
B391,t, B421, etc .  can be  i n f e r r e d  from Table  3. For example, B431,t i s  
de tec t ed  by t h e  pickup c o i l  as a r a d i a l l y  po la r i zed  t r a n s v e r s e  wave t h a t  
is  produced from a l o n g i t u d i n a l  wave, B431, through mode conversion a t  t h e  
l a s t  r e f l e c t i o n  a t  t h e  sample back s u r f a c e .  The i n c i d e n t  a n g l e  of t h e  
l o n g i t u d i n a l  wave, B431, a t  t h e  sample bottom must be less than  0 ( see  
Fig.  1 7 ) ,  g iven by 

However 

The mode conversion between a l o n g i t u d i n a l  wave and a r a d i a l l y  po la r i zed  

The meanings of B381, B371,t, B401, 

10 mm 
44 X 76.7 mm 0 = tan-' r / 4 4 ~  = tan-'  X 0.17" , 

where L = sample th i ckness ,  
r = o u t e r  r a d i u s  of pickup c o i l .  

Mode conversion e f f i c i e n c y  f o r  t h e  i n c i d e n t  ang le  8 (Z 0.17") u s i n  t h e  

i n  t h i s  c a s e ) ,  which can d e f i n i t e l y  no t  exp la in  t h e  f a i r l y  l a r g e  
ampli tudes of B371,t, B391,t, B411,6, and B431,t i n  F ig .  16 ,  because t h e  
d e t e c t i n g  e f f i c i e n c y  of t h e  pickup c o i l  for a r a d i a l l y  po la r i zed  t r a n s v e r s e  
wave cannot  be g r e a t e r  than t h e  e f f i c i e n c y  f o r  a l o n g i t u d i n a l  wave by a 
l a r g e  f a c t o r  ( f o r  example, as l a r g e  as 1 /2 .9  X % 300). 

beam lead  us  t o  t h e  fo l lowing  s imple cons ide ra t ions  t h a t  he lp  u s  t o  under- 
s tand  t h e  mode conversion between a l o n g i t u d i n a l  wave and a r a d i a l l y  po la r i zed  
t r a n s v e r s e  wave. 
i n t e n s i t y  d i s t r i b u t i o n  a r r i v e s  a t  a boundary [ s e e  F ig .  1 8 ( a ) ] ,  i t  deforms 
t h e  boundary. A p o i n t  A on t h e  boundary i s  d i sp laced  n o t  on ly  v e r t i c a l l y  
but  a l s o  h o r i z o n t a l l y  by t h i s  deformation. 

assumption of a p lane  wave i s  extremely s m a l l  ( l e s s  t han  2.9 X 10 -5 , 

The r e s t r a i n t  by t h e  s o l i d  s u r f a c e  and t h e  sharpness  of t h e  u l t r a s o n i c  

When a l o n g i t u d i n a l  wave t h a t  has  an a x i a l l y  symmetric 

Hor izonta l  d i sp lacements  

' 6J. Krautkrimer and H. Krautkramer, Ultrasonic Testing of Materials, 

' 7W. Grabend'drf er and J. Krautkramer , "Impuls-Echo-PrGfung on 

18M. A. Kassem, "Echo-Phantoms," Iron Steel Int. 29(12):  503-9 (1956). 

Springer-Verlag,  New York, 1969. 

P l a t t en f s rmigen  Korpern," 2 .  Metallk. 49: 22-26 (1958). 
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Fig. 16. High-Order Reflections Observed in Aluminum (Sample 6) with 
the Electromagnetic Transducer. 
transverse crossing, showing importance of mode conversion even at very 
low angles of incidence. Amplification lOOOX, time base 10.4 psec/div, 
amplitude 5 V/div. 

Note prominence of echoes with one 
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FRONT END OF A SURFACE 
FAR END OF A SURFACE 

L :  SAMPLE THICKNESS 
r :  OUTER RADIUS OF A PICKUP COIL 

-: PATH OF LONGITUDINAL WAVE 
- - :  PATH OF TRANSVERSE WAVE 

Fig. 17. Path of Echo B 4 3 1 , t .  
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=> DIRECTION OF WAVE PROPAGATION 
* TRANSVERSE PARTICLE DISPLACEMENT - LONGITUDINAL PARTICLE DISPLACEMENT 

_ _ - -  

u u 
( b )  (c) I 

Fig. 18. I n t e r a c t i o n s  of I n c i d e n t  B e a m s  of Ultrasound wi th  Sur face ,  
Showing P o s s i b i l i t y  of Mode Conversion. (a )  I n c i d e n t  l o n g i t u d i n a l  wave 
produces la teral  compression, gene ra t ing  r a d i a l l y  p o l a r i z e d  t r a n s v e r s e  
wave. (b) Lateral r e s t r a i n t  of v i b r a t i o n s  from i n c i d e n t  r a d i a l l y  p o l a r i z e d  
t r a n s v e r s e  wave sets up l o n g i t u d i n a l  v i b r a t i o n s  i n  r e f l e c t e d  wave. 
(c) V i b r a t i o n s  of i n c i d e n t  l i n e a r l y  p o l a r i z e d  t r a n s v e r s e  wave .are n o t  
r e s t r a i n e d ,  s o  no mode conversion occurs .  

d i s t r i b u t e  symmetrically around t h e  a x i s ,  producing a r a d i a l l y  p o l a r i z e d  
t r a n s v e r s e  wave. When a r a d i a l l y  p o l a r i z e d  t r a n s v e r s e  wave a r r i v e s  a t  
a boundary [ s e e  F ig .  1 8 ( b ) ]  and causes  a r a d i a l  h o r i z o n t a l  displacement ,  
some of t h e  material i s  squeezed ou t  v e r t i c a l l y  because t h e  material can 
n o t  s h r i n k  i n f i n i t e l y .  Consequently, a p o i n t ,  B,  on t h e  boundary i s  
d i sp laced  n o t  only h o r i z o n t a l l y ,  bu t  also v e r t i c a l l y ,  and some l o n g i t u d i n a l  
wave is generated.  When a l i n e a r l y  p o l a r i z e d  t r a n s v e r s e  wave arrives 
v e r t i c a l l y  [see F ig .  1 8 ( c ) ]  a t  a boundary and causes  a h o r i z o n t a l  d i s p l a c e -  
ment, no v e r t i c a l  displacement occurs  because a one -d i r ec t ion  h o r i z o n t a l  
displacement can be absorbed i n t o  t h e  spreading material without  causing 
any v e r t i c a l  displacement.  

Very high s e n s i t i v i t y  and s p e c i a l  c a r e  are  necessary f o r  both a 
l o n g i t u d i n a l  wave and a r a d i a l l y  p o l a r i z e d  t r a n s v e r s e  wave t o  b e  d e t e c t e d  
by a p i e z o e l e c t r i c  t r ansduce r  made f o r  a l o n g i t u d i n a l  wave. 1 6 - 1 8  
case  of a convent ional  p i e z o e l e c t r i c  t r a n s d u c e r ,  t h e r e  is  u s u a l l y  a l i q u i d  
l a y e r  between t h e  t r ansduce r  and sample ( s e e  F ig .  1 9 ) .  Only l o n g i t u d i n a l  
waves (91) can t r a v e l  through l i q u i d .  
small amount of r a d i a l l y  p o l a r i z e d  t r a n s v e r s e  wave (t2) are generated a t  
t h e  boundary of l i q u i d  and s o l i d  through mode conversion. A t  t h e  f a r  end 
of t h e  s o l i d ,  mode conversion occur s ,  and both waves (.e3, 53) are generated 
The l o n g i t u d i n a l  wave ( L 3 )  is  d e t e c t e d  e a s i l y  as l o n g i t u d i n a l  wave (14). 
bu t  t h e  r a d i a l l y  p o l a r i z e d  transverse wave ( t 3 )  can be d e t e c t e d  only as 
l o n g i t u d i n a l  wave (&) a f t e r  mode conversion a t  t h e  boundary. Thus ve ry  
high s e n s i t i v i t y  and special  c a r e  are  necessary t o  d e t e c t  L s ,  s i n c e  i t s  
amplitude has  been made smaller and smaller through s e v e r a l  mode con- 
v e r s i o n s  and i s  t o o  s m a l l  t o  be d e t e c t e d  by u s u a l  techniques.  

I n  t h e  

A l o n g i t u d i n a l  wave (&) and a 



25 

ORNL-DWG 7 5 - 5 7 8 5  

-: L O N G I T U D I N A L  WAVE 

- - -1 RAD1 A L L Y  POL A R I Z E D 
T R A N S V E R S E  WAVE 

Fig.  19. Mechanism of De tec t ing  Transverse U l t r a s o n i c  Waves wi th  
a P i e z o e l e c t r i c  Transducer. 

SUMMARY AND CONCLUSION 

An e l ec t romagne t i c  t r ansduce r  t h a t  gene ra t e s  and d e t e c t s  a r e l a t i v e l y  
l a r g e  amount of l o n g i t u d i n a l  u l t r a s o n i c  wave and a s m a l l  amount of r a d i a l l y  
p o l a r i z e d  t r a n s v e r s e  u l t r a s o n i c  wave w a s  made and t e s t e d  on s t a i n l e s s  
s t ee l ,  mild s teel ,  and aluminum. The f l a w  d e t e c t i o n  a b i l i t y  of t h e  
e l ec t romagne t i c  t r ansduce r  i s  almost as good as t h a t  w i th  a commercially 
a v a i l a b l e  ceramic t r ansduce r .  F i n a l l y ,  u l t r a s o n i c  f i e l d s  produced by t h e  
e l ec t romagne t i c  t r ansduce r  w e r e  c a l c u l a t e d ,  and t h e  i n t e r a c t i o n  between 
t h e  l o n g i t u d i n a l  wave and a r a d i a l l y  p o l a r i z e d  t r a n s v e r s e  wave was a l s o  
considered. 
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. 
C a l c u l a t i o n  of t h e  U l t r a s o n i c  Wave F i e l d s  Produced 

by t h e  Electromagnetic Transducer 

The u l t r a s o n i c  wave f i e l d  produced i n  sample 1 ( type  304 s t a i n l e s s  

The method i s  based 
s t e e l )  by t h e  e l ec t romagne t i c  t r ansduce r  used i n  t h i s  experiment w a s  
c a l c u l a t e d  by t h e  method developed by t h e  au tho r . '  
on t h e  fol lowing assumptions: 

c l a s s i c a l  and macroscopic phenomena. 

are l i n e a r ,  i s o t r o p i c ,  and homogeneous throughout t h e  sample, which 
occupies  s e m i i n f i n i t e  space.  

c u r r e n t s  and s t a t i o n a r y  magnetic f i e l d s  i s  r ep resen ted  by t h e  Lorentz 
formula : 

1. Ultrasound i s  generated by t h e  electromagnet ic  f o r c e  through 

2 .  The e l e c t r i c ,  magnetic,  and e l a s t i c  p r o p e r t i e s  of t h e  material 

The electromagnet ic  f o r c e  t h a t  i s  produced by an i n t e r a c t i o n  of eddy 

which w e  can r e s o l v e  i n t o  

Fr = BZ . 

The s t a t i o n a r y  magnetic f l u x  produced by t h e  electromagnet a t  t h e  s u r f a c e  
of a sample w a s  measured by a H a l l  element. 
t h e  magnetic f l u x  i s  no t  changed by t h e  presence of t h e  material. The 
measured r e s u l t s  are shown i n  F ig .  A l .  
B,, is  r e l a t i v e l y  more cons t an t  and l a r g e r  t han  t h e  v e r t i c a l  component, 
B z ,  a t  t h e  l o c a t i o n s  of t h e  d r i v e r  and pickup c o i l s ,  as is  expected from 
t h e  des ign  of t h e  electromagnet.  Notice  t h a t  B z  changes i t s  s i g n  a t  p o i n t  
C y  where B,  = 0. 

I f  a material i s  nonmagnetic, 

The h o r i z o n t a l  and r a d i a l  component, 

'Katsuhiro Kawashima, The Theory and Numerical Calculation of the 
Acoustic Field Exerted by Eddy-Current Forces, OWL-5065 ( i n  p r e p a r a t i o n ) .  
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6 ,HORIZONTAL AND R A D I A L  COMPONENT 

Fig .  A l .  Magnetic Flux a t  the Sur face  of a Nonmagnetic Sample, 

The eddy c u r r e n t  d 'ensi ty  is  obtained by 

-k -k 
I = UE 

a -+ - -  - U - ( V x A ) ,  a t  
-k 

where A = v e c t o r  p o t e n t i a l  of a c o i l ,  and 
0 = e l e c t r i c  conduc t iv i ty  of t h e  material .  

A r i g o r o u s  method f o r  c a l c u l a t i n g  t h e  v e c t o r  p o t e n t i a l  of a c o i l  shown 
i n  Fig.  A2 was developed by Dodd and Deeds2 and Onoe. C o i l  dimensions,  

2 C .  V.  Dodd and W. E .  Deeds, "Ana ly t i ca l  S o l u t i o n s  t o  Eddy-Current 
Probe-Coil Problems , I 1  J .  AppZ.  Phys .  39 ( 6 )  : 2829-38 (May 1967) .  

'M. Onoe, "An Analysis  of a F i n i t e  Solenoid C o i l  Near a Conductor," 
Denki Gakkai Zasshi, 88(10) : 1894-1902 (October 1968).  
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I D :CONDUCTIVITY 

Fig.  A 2 .  V a r i a b l e s  f o r  t h e  C a l c u l a t i o n  of t h e  Vector P o t e n t i a l  of 
a C o i l  a t  any Po in t .  

d r i v e r  c u r r e n t  (1790 A) , e l e c t r i c a l  conduc t iv i ty  ( 7 4  VR-cm f o r  sample 1) 
and magnetic pe rmeab i l i t y  ( 4 ~  X 10-7H/m f o r  sample 1) are necessary 
f o r  t h e  c a l c u l a t i o n .  

The c a l c u l a t i o n  w a s  made f o r  s i n u s o i d a l  c u r r e n t s  w i th  an  amplitude 
equa l  t o  t h e  peak v a l u e  of t h e  p u l s e  c u r r e n t .  The r e s u l t  can b e  considered 
as a good approximation f o r  p u l s e  c u r r e n t s  as  f a r  as t h e  peak v a l u e  i s  
concerned. The steel  po le  p i eces  are neg lec t ed  i n  t h e  c a l c u l a t i o n .  They 
are n o t  considered t o  have a g r e a t  e f f e c t  on t h e  eddy-current d i s t r i b u t i o n ,  
because most of t h e  t u r n s  of t h e  d r i v e r  c o i l  are f a r  from t h e  steel  p o l e  
p i e c e s  when they are ve ry  near  t h e  sample. The r e s u l t s  of c a l c u l a t i o n s ,  
t h e  eddy-current d e n s i t y  a t  t h e  sample s u r f a c e  and a t  a depth of 0.5 mm, 
are shown i n  F i  The maximum eddy-current d e n s i t y  a t  a s u r f a c e  i s  
about 1.15 X 10'' i?i2, which i s  v e r y  l a r g e  b u t  smaller than t h e  c u r r e n t  
d e n s i t y  i n  t h e  d r i v e r  c o i l ,  about 3 . 6  X lo1' A/m2. 
t h e  s k i n  e f f e c t ,  t h e  eddy-current d e n s i t y  dec reases  r a p i d l y  as t h e  depth 
i n c r e a s e s .  

r e s u l t s  are shown i n  Fig.  A 4 .  
t h e  o u t e r  r a d i u s  of t h e  d r i v e r  c o i l  and dec reases  ve ry  r a p i d l y  toward b o t h  
t h e  o u t s i d e  and t h e  i n s i d e  of t h e  d r i v e r  c o i l .  The h o r i z o n t a l  and r a d i a l  
component of t h e  f o r c e ,  F,, has ze ro  v a l u e  and changes i t  phase a t  t h e  
p o i n t  where t h e  v e r t i c a l  component of t h e  s t a t i o n a r y  magnetic f l u x  has  
ze ro  va lue .  (See F igs .  A 1  and A 4 ) .  

Notice t h a t  because of 

The f o r c e  pe r  u n i t  volume is c a l c u l a t e d  by E q s .  ( A l )  and ( A 2 ) ,  and t h e  
The v e r t i c a l  f o r c e ,  F,, has i t s  peak near 
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STEEL POLE PIECES 

Fig .  A 3 .  Eddy-Current 
Densi ty  i n  Sample 1. 

F i g ,  A 4 .  Electromagnet ic  
Force P e r  Un i t  Volume Produced 
i n  Sample 1 by t h e  E lec t ro -  
magnetic Transducer.  
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The s u r f a c e  f o r c e s ,  P, and Pry which are obtained through i n t e g r a t i o n  
of t h e  volume f o r c e s  w i t h  r e s p e c t  t o  t h e  depth,  are shown i n  F i g .  A5. 
is  proper t r ea tmen t  of t h e  f o r c e s  i f  t h e  s k i n  depth of t h e  eddy c u r r e n t  i s  
much less than t h e  e l a s t i c  wavelengths.  I n  t h e  case of sample 1 ( type  304 
s t a i n l e s s  steel ,  where t h e  e lec t r ica l  conduc t iv i ty  is  74 pR-cm, t h e  longi-  
t u d i n a l  wave v e l o c i t y  i s  5630 m/sec, t h e  t r a n s v e r s e  wave v e l o c i t y  i s  
2690 m/sec, and t h e  frequency i s  1.6 MHz), t h e  s k i n  depth (about 0.34 mm) 
i s  no t  much less than  t h e  wavelengths (3.5 and 1.7 mm f o r  l o n g i t u d i n a l  and 
t r a n s v e r s e  waves, r e s p e c t i v e l y ) .  
assumption f o r  s i m p l i c i t y ,  knowing that some minor e r r o r s  may come from i t .  

f o r c e s  i s  almost t h e  same. 
P h ( P z )  , does no t  change much i n  t h e  r e g i o n  where t h e  ampli tude,  IP, I , is  
l a r g e  enough t o  c o n t r i b u t e  t h e  main p a r t  of t h e  u l t r a s o n i c  f i e l d .  The phase 
of t h e  h o r i z o n t a l  and r a d i a l  s u r f a c e  f o r c e ,  Ph(P,),  is  t h e  same as Ph(P,) 
i f  t h e  s i g n s  are taken as p o s i t i v e  f o r  both t h e  d i r e c t i o n s  of depth i n c r e a s e  
and r a d i u s  i n c r e a s e .  P h ( P p )  changes i t s  v a l u e  by R a t  t h e  po in t  where B, 
changes i t s  s i g n .  

This  

Never the l e s s ,  w e  u se  t h e  s u r f a c e  f o r c e  

According t o  F igs .  A4 and A5, t h e  d i s t r i b u t i o n  of s u r f a c e  and volume 
The phase of t h e  v e r t i c a l  s u r f a c e  f o r c e ,  

(See F igs .  A1 and A5.)  

l p 2  I- 
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Fig.  A5. Surface Forces Obtained Through I n t e g r a t i o n  of Volume Forces 
of Fig.  A4. 
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Figure  A6 shows t h e  approximations f o r  t h e  s u r f a c e  f o r c e s  t h a t  are 
used f o r  c a l c u l a t i o n  of t h e  u l t r a s o n i c  f i e l d .  From t h e  ver t ica l  s u r f a c e  
f o r c e ,  P,, a r e l a t i v e l y  l a r g e  amount of l o n g i t u d i n a l  wave and a l s o  a small 
amount of r a d i a l l y  p o l a r i z e d  t r a n s v e r s e  wave are ene ra t ed  because of t h e  
r e s t r a i n i n g  c h a r a c t e r i s t i c s  of t h e  s o l i d  s u r f a c e .  From t h e  h o r i z o n t a l  
and r a d i a l  s u r f a c e  f o r c e ,  P p ,  a r e l a t i v e l y  l a r g e  amount of r a d i a l l y  
p o l a r i z e d  t r a n s v e r s e  wave and a l s o  a s m a l l  amount of l o n g i t u d i n a l  wave are 
generated because of t h e  same c h a r a c t e r i s t i c s  of a s o l i d  s u r f a c e .  4 '  
Consequently, a displacement of a p a r t i c l e  a t  an  a r b i t r a r y  p o i n t  i n  a s o l i d  
has f o u r  components: 
f o r c e  P,; S,,, a h o r i z o n t a l  and r a d i a l  component from t h e  ver t ica l  s u r f a c e  
f o r c e  P,; S,r, a ver t ica l  component from t h e  h o r i z o n t a l  and r a d i a l  s u r f a c e  
f o r c e ,  P p ;  and S p p ,  a h o r i z o n t a l  and r a d i a l  component from t h e  h o r i z o n t a l  
and r a d i a l  f o r c e ,  Pr. 

Szz,  a ver t ica l  component from t h e  v e r t i c a l  s u r f a c e  

4Katsuhiro Kawashima, The Theory and NwnericaZ CaZculation of the 

'Katsuhiro Kawashima, An Electromagnetic Transducer for Generation and 
Acoustic Fie Zd Exerted by Eddy-Current Forces, ORNL-5065 ( i n  p r e p a r a t i o n ) .  

Detection of Both LongitudinaZ and Transverse VZtrasonic Waves, OWL-5064 
( i n  p r e p a r a t i o n ) .  

a t i o n  i n  S o l i d s  by t h e  P u l s e  Technique and Some R e s u l t s  i n  S tee l , "  J .  AppZ.  
Phys. 23 ( 2 )  : 267-79 (February 1952).  

Mechanical Rad ia to r s  on t h e  F r e e  Surface of a Semi - In f in i t e  I s o t r o p i c  S o l i d , "  
Proc. R. Soc. London Ser. A . ,  223: 521-41 (1954). 
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s o n i c  Wave C a l c u l a t i o n .  
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The displacements  Sz (= Szz + S z r )  and Sr (= Srz + SrF) t h a t  are 
produced i n  sample 1 ( s t a i n l e s s  s t e e l )  by t h e  e l ec t romagne t i c  t r ansduce r  
w e r e  c a l c u l a t e d  by use  of t h e  approximations of s u r f a c e  f o r c e s  shown i n  
Fig.  A6. Figure  A7 shows t h e  displacements  c a l c u l a t e d  f o r  a d i s t a n c e  of 
5 8 . 3  mm from a p o i n t  on t h e  s u r f a c e  cen te red  under t h e  t r ansduce r .  This  
d i s t a n c e  corresponds t o  t h e  l o c a t i o n  of t h e  f l aw  nea r  t h e  symmetry a x i s  
i n  sample 1. Elast ic  c o n s t a n t s  t h a t  are  necessa ry  f o r  t h e  c a l c u l a t i o n  w e r e  
obtained from t h e  wave v e l o c i t i e s  (Ci = 5630 m/sec, C t  = 2690 m/sec),  which 
w e r e  measured w i t h  t h e  electromagnet ic  t r ansduce r  , and d e n s i t y  ( 7 . 8 5  g/cm3 , 
which w a s  ob ta ined  by measuring t h e  weight and volume of sample 1). 

F igure  A7 a l o n e  cannot e x p l a i n  a l l  t h e  c h a r a c t e r i s t i c s  of t h e  e l e c t r o -  
magnetic t r ansduce r  because of s e v e r a l  reasons:  
1. t h e  e f f i c i e n c y  of t h e  pickup c o i l  f o r  u l t r a sound  has  not  been 

2 .  
considered ; 
t h e  mode conversion e f f i c i e n c y  between t h e  l o n g i t u d i n a l  wave and t h e  
r a d i a l l y  po la r i zed  t r a n s v e r s e  wave occur r ing  a t  each r e f l e c t i o n  has  
no t  been considered q u a n t i t a t i v e l y ;  and 

3 .  several assumptions and approximations were made f o r  t h e  c a l c u l a t i o n .  
However, Fig.  A7 g i v e  u s  a f a i r l y  good f i e l d  p a t t e r n  of t h e  e l ec t romagne t i c  
t r ansduce r .  The sharpness  of t h e  f i r s t  peak of S, (0-6') may e x p l a i n  t h e  
sha rp  dec rease  of t h e  F1  echo wi th  displacement of t h e  t r ansduce r  i n  F i g .  15 .  
The maximum p a r t i c l e  displacement of about 30A i n d i c a t e s  t h a t  n o n l i n e a r  
e las t ic  wave theo ry  is  necessary f o r  an a c c u r a t e  d e s c r i p t i o n  of t h e  e l a s t i c  
wave f i e l d s  produced by t h e  electomagnet ic  t r a n s d u c e r ,  

ORNL-OWG 75-5781 

Fig.  A 7 .  P o l a r  Distri- 
b u t i o n  ( d i s t a n c e  i s  5 8 . 3  mm) 
of P a r t i c l e  Displacements,  S, 
and Spy Produced i n  Sample 1 
by t h e  Electromagnet ic  Trans- 
ducer .  
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