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I. INTRODUCTION AND SUMMARY 

This is the final report of the first phase of an investigation of the application of 
electromagnetic acoustic transducers (EMAT) to detection of flaws in railroad rails. 
The Federal Railroad Administration's Track Safety Standards define rail defects and 
conditions which inspections must detect (see Appendix A). The work described in this 
report used samples of flawed rails and laboratory EMAT equipment to verify that the 
EM AT technology is capable of detecting critical rail defects with sensitivities 
comparable to those of existing piezoelectric systems, but without requiring surface 
contact or a fluid coupling agent between the sensor and rail which the existing 
systems require. Sperry Rail Service assisted Rockwell International in defining 
operating requirements for operational inspection systems, and supplied flawed rails 
with piezoelectric analysis data for comparison with EMAT results. 

The EMAT devices used in this work consisted of a flat electromagnetic coil suspended 
in a strong static magnetic field close to the rail to be inspected. Radio frequency 
pulses in the EMAT coil generate eddy currents in the rail surface. The interaction of 
the eddy currents and the static magnetic field generates ultrasonic energy which is 
beamed within the rail, and produces echo signals from cracks and other irregularities 
in the rail. The returning echoes interact with the magnetic field at the rail surface, 
creating an echo pulse in the EMAT coil which can be used to determine the presence 
and magnitude of defects encountered by the beam. 

The work described in this report was an initial feasibility study of the potential of 
EMAT systems for rail inspection. Rail sections containing known flaws in both their 
head and web sections were subjected to inspections with laboratory EMAT equipment. 
EMAT coil configurations, operating frequencies, power levels, and static magnetic 
field configurations and strengths were varied to determine EMAT operating 
characteristics on differing rail geometries and materials. All critical rail defects 
supplied for test were detected with the laboratory EMAT, with sensitivities 
comparable to those obtained with conventional piezoelectric ultrasonic inspection 
methods. Acceptable signal levels were obtained at separations ("lift-offsff) of up to 
1/16 inch between the EMAT coil and the rail head. Signal degradation of some of the 
flaw signals became excessive at greater lift-offs. Separations of up to $ inch 
between the static field electromagnetic pole pieces and the rail head were found to 
be acceptable. These results demonstrate that the EMAT technology has potential for 
development into a high-speed, high-reliability rail flaw detection system. 

Subsequent phases of this research effort will concentrate on optimization of EMAT 
operating parameters, confirmation of the detectability of all critical rail flaws, and 
engineering of EMAT systems which can operate successfully in the railroad 
environment. 



11. PRINCIPLES OF ELECTROMAGNETIC ACOUSTIC TRANSDUCER OPERATION 

F igure  1 ill u s t r a t e s  t h e  b a s i c  p r i n c i p l e s  o f  t h e  e lec t romaqnet i c  acous t i c  
t ransducer  (EMAT) which can e x c i t e  and d e t e c t  u l t r a s o n i c  waves i n  a  metal w i t h -  
o u t  a  coup lan t  medium. When a  w i r e  c a r r y i n g  a  dynamic c u r r e n t  i s  p laced  ad ja-  
c e n t  t o  a  metal  p a r t ,  eddy cu r ren t s  are induced w i t h i n  t h e  m a t e r i a l .  I f ,  i n  
a d d i t i o n ,  a  s t a t i c  magnet ic f i e l d  i s  present ,  these induced cu r ren t s  w i l l  
exper ience a  f o r c e  (as i n  an e l e c t r i c  motor)  which launches u l t r a s o n i c  waves. 
Conversely, i f  the  su r f ace  o f  the  m a t e r i a l  i s  moving as a  r e s u l t  of an u l t r a -  
son i c  wave imping ing upon i t  from some remote l o c a t i o n ,  t h e r e  w i l l  be eddy 
cu r ren t s  induced i n  t h e  metal as i t  moves i n  t h e  s t a t i c  magnet ic f i e l d  (as i n  
an e l e c t r i c  genera to r ) .  These cu r ren t s  w i l l  be i n d u c t i v e l y  de tec ted  by t he  
w i r e  and app rop r i a te  e l e c t r o n i c  r ece i ve rs .  Hence, t h e  same t ransducer  s t r u c -  
t u r e  ( a  c o i l  o f  w i r e  and a  magnet) can be used e i t h e r  as a  t r a n s m i t t e r  o r  a  
r e c e i v e r ,  t o  bo th  e x c i t e  and d e t e c t  u l t r a s o n i c  waves i n  meta ls  w i t h o u t  making 
phys i ca l  con tac t  w i t h  t h e  meta l .  Th is  noncontact  fea tu re  penn i t s  a p p l i c a t i o n s  
o f  t h e  t ransducer  i n  s i t u a t i o n s  where t h e  p a r t  t o  be inspec ted  w i t h  u l t r a s o n i c  
waves i s  moving r a p i d l y  p a s t  t h e  t ransducer .  An e x c e l l e n t  example o f  t h i s  
f e a t u r e  would be i n  t h e  r a p i d  i n s p e c t i o n  o f  r a i l r o a d  t r a c k .  By bending t h e  
w i r e  shown i n  F ig .  1 i n t o  a  c o i l  o f  va r ious  shapes, va r i ous  d i f f e r e n t  k inds  
o f  sound waves can be generated. 

I n  o r d e r  t o  launch and d e t e c t  su r f ace  and ang le  beam shear waves, t h e  
t ransducer  c o i l  i s  wound i n  a  meander, o r  se rpen t i ne  f ash ion  as shown a t  t h e  
t o p  o f  F ig .  2. If such a  c o i l ,  a long  w i t h  t h e  magnet necessary t o  produce 
t h e  s t a t i c  f i e l d  ( n o t  shown), i s  p laced on t h e  m a t e r i a l  sur face,  e i t h e r  o f  
these two wave types can be se lec ted  by app rop r i a te  v a r i a t i o n  o f  t h e  frequency. 
When the  frequency f i s  chosen accord ing  t o  t he  r e l a t i o n :  

v, 

where D i s  one h a l f  t h e  meander c o i l  p e r i o d  and V i s  t h e  Rayle igh ( su r f ace )  
wave v e l o c i t y ,  su r face  waves w i l l  be most e f f i c i e a t l y  generated, s i nce  t h e i r  
wavelength i s  j u s t  equal t o  the  c o i l  pe r iod .  A t  h i g h e r  f requencies,  angle 
shear waves can be generated, s ince  t h e  s h o r t e r  wavelenqth can s t i l l  match 
t h e  c o i l  p e r i o d  when t h e  wave i s  t r a v e l i n g  a t  an ang le  i n t o  t h e  m a t e r i a l  as 
shown i n  t he  bottom o f  F ig .  2. Th is  angle measured w i t h  r espec t  t o  t h e  sur-  
face normal i s  g i ven  by: 

where VS i s  t h e  shear wave v e l o c i t y .  

I n  o r d e r  t o  e x c i t e  p lane  waves normal t o  t h e  metal  surface, an EMAT c o i l  
arrangement s i m i l a r  t o  t ha t  shown i n  F ig .  3 can be used. 'The eddy c u r r e n t s  
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Fig. 2 P r i n c i p l e  o f  generation c f  surfacn waves and angle bu lk  waves 
by meander c o i l  electromagnetic transduczrs. 



F iq .  3 EMAT c o i l  c o n f i g u r a t i o n  f o r  normal acous t i c  wave 
gene ra t i on  i n  t h e  bu l k  o f  a  s o l i d .  



a r e  schema t i ca l l y  i n d i c a t e d  by dashed arrows on t h e  face of t h e  sample. I n  
accordance w i t h  t h e  moto r  r u l e ,  shear waves a re  generated when t h e  s t a t i c  
magnet ic f i e l d  i s  normal t o  t h e  sample f ace  and compressional  waves a r e  gen- 
e r a t e d  when t h e  f i e l d  i s  i n  t h e  p lane  o f  t he  face  b u t  normal t o  t h e  eddy cur -  
r e n t s .  The same c o n f i g u r a t i o n  can a c t  as a  r e c e i v e r .  

The r a t i o  o f  e l . e c t r i c a 1  v o l t a g e  V generated a t  a  r e c e i v e r  t ransducer  t o  
t h e  d r i v e  c u r r e n t  I i n  an i d e n t i c a l  t r a n s m i t t e r  t r ansduce r  i s  g i ven  by:  

where N i s  t h e  number o f  w i r e s  p e r  u n i t  w i d t h  o f  t h e  t ransducer ,  I i s  t h e  
dynamic c u r r e n t  i n  t h e  t r a n s m i t t e r  c o i l ,  p i s  t h e  d e n s i t y  of t h e  meta l ,  v 
i s  t h e  u l t r a s o n i c  v e l o c i t y  i n  t h e  meta l ,  Bo i s  t h e  a p p l i e d  magnet ic f i e l d ,  
and A i s  t h e  t ransducer  area. Note t h a t  any sp read ins  o r  a t t e n u a t i o n  o f  
t h e  acous t i c  beam has been neg lec ted .  

The power convers ion  e f f i c i e n c y ,  E, d e f i n e d  as t h e  r a t i o  o f  r a d i a t e d  
a c o u s t i c  power t o  t h e  e l e c t r i c a l  power a v a i l a b l e  i n  t h e  generator ,  i s  g i ven  
by:  

2 2 
E  = 4N Bo RoA 

n 

where R i s  t h e  r e s i s t a n c e  o f  t h e  t ransducer  and Ro i s  t h a t  o f  t h e  genera to r .  

Comparisons o f  measured performance t o  t he  t h e o r e t i c a l  t y p i c a l l y  d i f f e r  
by  o n l y  10 dB a f t e r  c o r r e c t i o n s  f o r  t h e  a t t e n u a t i o n  i n  t h e  sample have been 
taken  i n t o  account.  

It i s  c l e a r  f rom Eqn. 4 t h a t  t h e  h i g h e s t  e f f i c i e n c i e s  a r e  t o  be ob ta i ned  
when t h e  s t a t i c  magnet ic f i e l d ,  Bo, i s  maximized and t h e  r e s i s t a n c e  o f  t h e  
genera to r ,  Ro, i s  made comparable w i t h  t h e  t ransducer  r e s i s t a n c e  R. Inc reas-  
i n g  t h e  number o f  t u r n s ,  N, would a l s o  i nc rease  t h e  e f f i c i e n c y ,  b u t  t h e  c o i l  
r e s i s t a n c e  R would  a l s o  inc rease .  I f  t h e  r e s i s t a n c e  p e r  t u r n ,  R/N, i s  m i n i -  
mized, t h e  e f f i c i e n c y  i s  improved; so i t  pays t o  use l a r g e  copper w i r e s  i n  
t h e  t r a n s m i t t e r  EMAT. 



111. EXPERIMENTAL APPARATUS 

A. R a i l  Samples 

Sperry  R a i l  Serv ice  has cooperated w i t h  va r i ous  r a i l r o a d s  t o  p rocure  
samples of r a i l s  which con ta ined  va r i ous  de fec t s .  They a l s o  used t h e i r  
f a c i l i t i e s  and t r a i n e d  personnel  t o  l o c a t e  t h e  f l aws  i n  each r a i l  and t o  
i d e n t i f y  i t s  t ype  and s i z e .  The r a i l s  ranged i n  l e n g t h  from 2 f ee t  l ong  
t o  over  10 f e e t .  The s h o r t  ( 2  t o  3 f o o t  l o n g )  r a i l s  were d i f f i c u l t  t o  i n -  
spec t  by EMATs which launch a c o u s t i c  waves a long  t h e  head s i n c e  a c o u s t i c  
r e f l e c t i o n s  f rom the  ends o f  t h e  r a i l s  tended t o  i n t e r f e r e  w i t h  t h e  f law 
s i g n a l s .  Most of t h e  samples, however, avo ided t h e  problem because t hey  
had l e n g t h s  o f  8 t o  10 f e e t .  The t a b l e s  below desc r i be  t h e  r a i l s  t h a t  were 
r ece i ved  and t e s t e d  by t h e  end of t h i s  i n i t i a l  program Phase (A ) .  The b r i e f  
d e s c r i p t i o n  o f  t h e  types of r a i l  de fec t s  a re  g i v e n  i n  t h e  Appendix. 

Table  1 Shor t  R a i l  Samples 

Sperry  R a i l  
Number Defect Type Defect Length 

6 H o r i  zon ta l  s p l  i t head 7" 

6 Crushed head 

219-HW Head/web sepa ra t i on  

219-F We1 d r e p a i r  

32 Bol  t h o l e  c rack  2"  

Table 2 Long R a i l  Specimens 

Sperry  R a i l  DOT Sperry  R a i l  
Number De fec t  Type Label  Remarks 

#302 Head i n c l  us i on D.W.P. Curve worn r a i l  

#303 Transverse f i s s u r e  T.D.T. True t r a n s .  def., smal l  

8304 Transverse f i s s u r e  T.D.D. High i n  t h e  head 

# 305 Transverse f i  ssure  T. D .T. Head f r e e  r a i l  

#306 Transverse f i s s u r e  T.D.D. Deep i n  head 

8307 Sur face s h e l l i n g  A l s o  has exposed T.D.D. 

#308 Transverse f i s s u r e  T.D.D. Poss ib l e  compound & 
good gas we ld  



Table 2 Long R a i l  Specimens ( con t i nued )  

Sperry  R a i l  DOT Sperry  R a i l  
Number Defect  Type Label  Remarks 

#309 Engine burn  f r a c t u r e  E.B.F. Crack i s  v i s i b l e  

$310 V e r t i c a l  s p l  i t  head V.S.H. Approx. 24" l o n g  

53 11 V e r t i c a l  s p l i t  head V.S.H. Approx. 24" l o n g  
(head f r e e r a i l )  

T.D.T. s tands f o r  True Transverse.Defect  
T. D. D. s tands f o r  De ta i  1  ed F rac tu re  Transverse Defect  
D.W.P. stands f o r  D e f e c t i v e  Weld P l a n t  

A l l  r a i l s  were heavy r a i l  (130 o r  132 1  bs. pe r  y a r d ) .  

B. E l e c t r o n i c s  

The e l e c t r o n i c  corr~ponents necessary f o r  o p e r a t i n g  t h e  s p e c i a l  EMATs 
prepared f o r  t h i s  program cons i s t ed  o f  h i g h  c u r r e n t ,  low o u t p u t  impedance 
t r a n s m i t t e r s  f o r  d r i v i n g  t h e  t r a n s m i t t e r  EMATs and low n o i s e  p r e a m p l i f i e r s  
w i t h  unusua l l y  l ow  i n p u t  impedance f o r  a t tachment  t o  t h e  EMAT r e c e i v e r s .  
Both of these c i r c u i t s  were a l r eady  a v a i l a b l e  a t  t h e  Albuquerque Development 
Labora to ry  f rom o t h e r  programs. A d d i t i o n a l  components such as s i g n a l  gener-  
a to r s ,  o s c i l l o s c o p e s  and cameras were commercial i n s t r umen ts  a l s o  a v a i l a b l e  
i n  t h e  l a b o r a t o r y .  For  t h e  a c o u s t i c  p u l s e  s i g n a l s ,  pu lsed  RF b u r s t s  con- 
s i s t i n g  o f  5  t o  15 cyc l es  were f e d  t o  t h e  EMAT t r a n s m i t t e r s  w i t h  a  p u l s e  
r e p e t i t i o n  f requency o f  up t o  100 hz. The EMAT c o i l s  a t t ached  t o  t h e  
t r a n s m i t t e r  and r e c e i v e r  were s i m i l a r  i n  c o n f i g u r a t i o n .  

C. E lect romagnet  

The e lec t romagnet  f o r  supp l y i ng  t h e  s t a t i c  magnet ic f i e l d  t o  t h e  EMAT 
c o i l s  i s  shown i n  F i g u r e  4. It has an i r o n  co re  2"  x  6"  i n  c ross  s e c t i o n  
(12 sq. i n .  a rea )  and had two e n c i r c l i n g  c o i l s  c o n s i s t i n g  o f  1700 t u r n s  of  
#12 copper w i r e  each. A t  i t s  normal o p e r a t i n g  c o n d i t i o n  i t  drew 6 anlpers 
and d i s s i p a t e d  300 w a t t s  of e l e c t r i c a l  power. I t s  t o t a l  we igh t  was app rox i -  
ma te l y  315 I b s .  Th i s  e lect romagnet  was a l r eady  a v a i l a b l e  a t  t h e  Albuquerque 
Development Labora to ry  and proved t o  be q u i t e  adequate f o r  t h e  exper iments  
performed i n  t h e  program. However, f u t u r e  programs w i l l  p robab l y  r e q u i r e  a  
somewhat d i f f e r e n t  e lect romagnet  designed t o  f i t  under a  r a i l  i n s p e c t i o n  c a r  
and p o s s i b l y  capable o f  d e l i v e r i n g  more magnet ic  f l u x  th rough  t h e  EMAT t o  
t h e  r a i  1. 

I t  was l ea rned  t h a t  t h e  p o l e  p ieces  which a t t a c h  t o  t h e  e lec t romagnet  
and " focus"  t h e  magnet ic f l u x  i n t o  t h e  r a i l  head p layed  a  ve r y  s i g n i f i c a n t  



/" 
Magnet Core 

F ig .  4  Electromagnet used t o  generate t h e  s t a t i c  
magnet ic f i e l d  r e q u i r e d  by t he  EMATs. 

r o l e  i n  t he  performance o f  t h e  EMATs. I n  t h e  e a r l i e s t  experiments, a  s imp le  
f l a t  s l ab  po le  piece, shown i n  F ig .  5 (a ) ,  was used because many d i f f e r e n t  
EMAT shapes were experimented w i t h .  La te r ,  t he  tapered and curved p o l e  

1 p iece  shown i n  Fig.  5 (b )  was used t o  ach ieve h igh  f i e l d s  normal t o  t h e  r a i l  
I head i n  t h e  gap between t h e  r a i l  and t h e  magnet. For t h e  smal l ,  h i g h  f r e -  

quency EMATs examined near t h e  end o f  t h e  program, t he  p o l e  p iece  shown i n  
1 Fig.  5 ( c )  was used. Table 3 compares t h e  performance c h a r a c t e r i s t i c s  o f  

these t h r e e  p o l e  p ieces.  

Table 3 Comparison o f  t h e  Performance C h a r a c t e r i s t i c s  o f  
Var ious Pole Piece Designs a t  a  1/4" Gap Between 
t h e  Rai 1  and t h e  Pole Piece 

No. 

1  

2  

3 

F i e l d  a t  6 amps 

5 Kgauss 

7.5 Kgauss 

12 Kgauss 

Fjeasured EMAT S igna l  

0 db 

+5 db 

+15 db 

F igu re  

5 ( a )  

50))  

5 ( c  









F igu re  6 shows schema t i ca l l y  how t h e  magnet ic  f l u x  f lows from t h e  
e lect romagnet  p o l e  p ieces  i n t o  t h e  r a i l .  EMATs were p laced  e i t h e r  i n  t h e  
gap between t h e  p o l e  p i ece  and t h e  r a i l  where they  opera ted  i n  a  normal 
magnet ic  f i e l d  o r  i n  between t h e  two p o l e  p ieces where t h e  magnet ic  f i e l d  
was t a n g e n t i a l  o r  p a r a l l e l  t o  t h e  r a i l  head 's  l o n g i t u d i n a l  a x i s .  Depending 
upon t h e  magnet ic  c h a r a c t e r i s t i c s  o f  t h e  d i f f e r e n t  r a i l  m a t e r i a l s  t e s t e d ,  
s l i g h t l y  d i f f e r e n t  magnet ic f i e l d s  were observed a t  t h e  same c u r r e n t  l e v e l  
i n  t h e  e lect romagnet  as i s  shown i n  F i gu re  7 f o r  r a i l s  6 and 219 (see 
Table  1 ) .  The measured t a n g e n t i a l  f i e l d  i s  s m a l l e r  because i t  was measured 
by a  H a l l  probe h e l d  o u t s i d e  t he  r a i l  head where t h e r e  i s  an H f i e l d  ( I n -  
s i d e  t h e  r a i l ,  t h e  magnet ic  i n d u c t i o n  B f i e l d  i s  t h e  p e r m e a b i l i t y  o f  i r o n  
m u l t i p l i e d  by t h e  H  f i e l d ) .  

F i g u r e  8  shows t h e  dependence o f  t h e  t o t a l  gene ra t i on - recep t i on  e f -  
f i c i e n c y  o f  an EMAT t r ansduce r  p a i r  as a  f u n c t i o n  o f  magnet ic  f i e l d  f o r  
two d i f f e r e n t  r a i l  samples. F i g u r e  8 ( a )  shows t h e  r e s u l t s  ob ta i ned  when 
t h e  EMATs were p laced  i n  t h e  gap beneath t h e  p o l e  p i e c e  where t h e  f i e l d  i s  
presumably normal t o  t h e  r a i l  head and F i g u r e  8 ( b )  shows t h e  s i g n a l s  from 
EMATs l o c a t e d  between t h e  po le  p ieces--under  nom ina l l y  t a n g e n t i a l  magnet ic  
f i e l d  c o n d i t i o n s .  A gap f i e l d  o f  5 t o  6  KG corresponds t o  an e q u i v a l e n t  
t a n g e n t i a l  f i e l d  o f  50 t o  60 G. The i m p o r t a n t  f e a t u r e  t o  perseve i s  t h a t  
f o r  normal f i e l d s  t h e  s i g n a l  l e v e l s  ob ta i ned  on these two d i f f e r e n t  r a i l  
specimens a r e  approx imate ly  t h e  same ( w i t h i n  252).  However, f o r  t h e  
t a n g e n t i a l  f i e l d  c o n f i g u r a t i o n s ,  gross s i g n a l  l e v e l  d i f f e r e n c e s  a r e  observed 
f o r  r a i l  #219 compared t o  #6. V a s t l y  d i f f e r e n t  EMAT e f f i c i e n c i e s  have been 
observed i n  i n s p e c t i o n  of o t h e r  k inds  o f  fe r romagnet i c  samples ( i nspec ted  
on o t h e r  EMAT programs) and i s  understood t o  a r i s e  due t o  m a g n e t o s t r i c t i v e  
c o n t r i b u t i o n s  t o  t h e  t r a n s d u c t i o n  process which a r e  c r i t i c a l  l y  dependent 
upon t h e  t r a c k  manufac tu r ing  process, i t s  s t r e s s  h i s t o r y ,  and i t s  chemical  
n a t u r e  ( pe rcen t  carbon con ten t ) .  S ince t h e r e  i s  so much v a r i a b i l i t y  i n  
EMAT c o u p l i n g  i n  t h e  t a n g e n t i a l  i n s p e c t i o n  case, i t  i s  a d v i s a b l e  t o  always 
opera te  EMATS i n  t h e  normal f i e l d  c o n f i g u r a t i o n .  Thus EMAT i n s p e c t i o n  
s i g n a l s  d e r i v e d  from normal magnet ic f i e l d  o p e r a t i o n  shou ld  be e f f e c t e d  
o n l y  m i n i m a l l y  by d i f f e r i n g  ( r e a l  w o r l d )  r a i l  c o n d i t i o n s .  

I n  an a c t u a l  i n s p e c t i o n  system, t h e  massive e lec t romagnet  and i t s  p o l e  
p ieces  w i l l  have t o  be h e l d  as f a r  f rom t h e  r a i l  head as p o s s i b l e  t o  p reven t  
damage f rom p h y s i c a l  c o n t a c t  w i t h  t h e  t r a c k  s t r u c t u r e s .  The l i g h t  EMAT c o i l s  
should  be as c l o s e  as p o s s i b l e  t o  t h e  r a i l  and t h e i r  mechanical  des ign  w i l l  
have t o  be such t h a t  t hey  can s e r v i v e  some c o n t a c t  w i t h  t h e  r a i l .  F i g u r e  9  
shows how t h e  e f f i c i e n c y  o f  a  s i n g l e  EMAT when t h e  gap between t h e  r a i l  and 
t h e  p o l e  p i e c e  i s  v a r i e d  w i t h  t h e  l o c a t i o n  changes o f  t h e  EMAT h e l d  f i x e d .  
It i s  obv ious t h a t  s a t i s f a c t o r y  perfori i iance o f  t h e  EMAT can be ach ieved even 
when t h e  po le  p i ece  i s  a  h a l f  i n c h  o r  more removed f rom t h e  r a i l .  

D. Mot ion  S imu la t i on  Devices 

I n  o r d e r  t o  s i m u l a t e  t h e  mot ion  o f  t h e  r a i l  p a s t  t h e  EMATs and e l e c t r o -  
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Fig.  7 F i e l d  versus electromagnet c u r r e n t  c h a r a c t e r i s t i c s  observed 
w i t h  p o l e  p iece  #2 on r a i l s  #6 and #219 w i t h  a  0.31" gap 
between t h e  p o l e  p iece  and t h e  r a i l  head. ( a )  Tangent ia l  
f i e l d ,  ( b )  Normal f i e l d .  15 
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F i q .  8 Us ing p o l e  p i e c e  #2, EMAT s i g n a l s  observed as a  f u n c t i o n  o f  
magnet ic  f i e l d  a t  t h e  EFIAT f o r  two o r i e n t a t i o n s  o f  t h e  f i e l d  
and f o r  two r a i l s .  ( a )  Normal f i e l d ,  ( 5 )  T a n g e n t i a l  f i e l d .  
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magnet as w e l l  as t o  obse rve  how t h e  d e f e c t  s i g n a l s  change as t h e  d e f e c t i v e  
r e g i o n  approaches o r  recedes f r o m  t h e  EIYAT, s p e c i a l  frames were c o n s t r u c t e d  
t o  s u p p o r t  t h e  r a i l  o v e r  t h e  e lec t romagne t  and t o  p e r m i t  m o t i o n  o f  t h e  r a i l  
p a s t  t h e  EMAT. Fo r  t h e  s h o r t  r a i l s  d e s c r i b e d  i n  T a b l e  1, a  s i m p l e  a t t a c h -  
nient was made t o  h o l d  t h e  p o l e  p i e c e s  o f  t h e  e lec t romagne t .  T h i s  s i m p l e  
d e v i c e  i s  shown i n  F i g u r e  10 and c o n s i s t e d  o f  a  p a i r  o f  whee ls  h e l d  o v e r  
each p o l e  p i e c e  t o  s u p p o r t  t h e  base o f  t h e  r a i l .  Fo r  t h e  l o n g  r a i l s ,  a  
b r i d g e - l i k e  s t r u c t u r e  was used w i t h  r o l l e r s  t o  s u p p o r t  t h e  r a i l  a  l o n g  way 
f r o m  t h e  e lec t romagne t  and t o  m a i n t a i n  t h e  a1 icrnment o f  t h e  r a i l  as  i t  moved 
p a s t  t h e  p o l e  p i e c e s .  T h i s  l o n g 2 r  s t r u c t u r e  i s  shown i n  F i g u r e  11. I n  
b o t h  cases, t h e  r o l l e r s  c o u l d  be a d j u s t e d  t o  accommodate r a i l s  of  d i f f e r e n t  
d imens ions.  M o t i o n  o f  t h e  r a i l  was ach ieved  b y  push ing  o r  p u l l i u g  t h e  r a i l  
a l o n g  b y  hand and no magne t i c  d r a g  e f f e c t s  were obse rved  because t h e  speeds 
were always s low .  

E. EMAT C o n s t r u c t i o n  

One o f  t h e  a t t r a c t i v e  f e a t u r e s  o f  EMATs j s  t h a t  t h e y  a r e  e a s i l y  c o n s t r u c t e d  
f r o m  s i m p l e  c o i l s  o f  w i r e .  There fo re ,  many d i f f e r e n t  s i z e s  and shapes were 
c o n s t r u c t e d  as demanded b y  t h e  p a r t i c u l a r  need. Fo r  t h e  l ow  and i n t e r m e d i a t e  
f r e q u e n c i e s ,  t h e  meander shape d e s c r i b e d  i n  F i g u r e  2  was used w h i l e  t h e  f l a t  
c o i l  shape shown i n  F i g u r e  3  was used f o r  t h e  h i g h  f r e q u e n c y  s t u d i e s .  The 
c o i l  f o r m  was a  s i m p l e  pc board  o r  a  p i e c e  o f  s t i f f  ca rdboard  on wh ich  t h e  
c o i l  w i r e s  were l a i d  down and h e l d  i n  p l a c e  w i t h  adhes ive .  By u s i n g  t h i s  
techn ique ,  t h e  EMATs c o u l d  be a d j u s t e d  t o  con fo rm t o  t h e  shape o f  t h e  r a i l  
head. F i g u r e  12 shows t h e  o u t l i n e  o f  t h e  meander c o i l s  used a t  l ow  f requen-  
c i e s .  The s p a c i n g  D  between a d j a c e n t  conduc to rs  was chosen t o  d e f i n e  t h e  
wave l e n g t h  o f  t h e  d e s i r e d  a c o u s t i c  wave. I n  use, t h e  f r e q u e n c y  o f  t h e  
d r i v e  c u r r e n t  was a d j u s t e d  t o  e x c i t e  t h e  d e s i r e d  wave b y  m e e t i n g  t h e  c o n d i -  
t i o n s  g i v e n  i n  Equa t ions  1  and 2  i n  S e c t i o n  11. S i n c e  t h e  l i f t - o f f  s e n s i t i v i t y  
o f  an EMAT, depends upon t h e  d imens ion D  (more 1  i f t - o f f  i s  t o l e r a t e  f o r  l a r g e  
v a l u e s  o f  D), a  s e r i e s  o f  s i x  EMATs were c o n s t r u c t e d  w i t h  D = 0.25 cm, 0.5 cm, 
0 .7  cm, 1.5 cm, 2  cm, and 3  cm i n  o r d e r  t o  d e t e r m i n e  e x a c t l y  how much l i f t -  
of f  c o u l d  be t o l e r a t e d .  

F o r  i n t e r m e d i a t e  f r e q u e n c i e s  an EFIAT w i t h  D = Q.5 cm was c o n s t r u c t e d ,  
as shown i n  F i g u r e  13. T h i s  p a r t i c u l a r  EMAT i n c o r p o r a t e d  an a d d i t i o n a l  f e a -  
t u r e  o f  EMATs wh ich  a l l o w s  a  t r a n s m i t t e r  and r e c e i v e r  t o  be mounted on t h e  
same form. I f  t h e  r e c e i v e r  w i r e s  a r e  p l a c e d  e x a c t l y  midway between t h e  t r a n s -  
mi  t t e r  w i r e s  ( a s  shown i n  F i g u r e  1 3 )  t h e r e  w i l l  be  no coup1 i n g  between t h e  
two c o i l s  and t h e  r e c e i v e r  does n o t  have t o  be des igned  t o  accommodate t h e  
f u l l  power o f  t h e  t r a n s m i t t e r  ( i n  o r d e r  t o  a c h i e v e  t r a n s m i  t l r e c e i v e  o p e r a t i o n  
i n  a  s i n g l e  t r a n s d u c e r ) .  By t u n i n g  t h e  EMAT i n  F i g u r e  1 3  t o  f r e q u e n c i e s  wh ich  
s a t i s f y  E q u a t i o n  2 i n  S e c t i o n  11, t h e  a c o u s t i c  waves i t  e x c i t e s  and d e t e c t s  
can be a t  an  a n g l e  r e l a t i v e  t o  t h e  normal t o  t h e  r a i l  head. T h i s  a n g l e  beam 
f e a t u r e  i s  h i a h l y  u s e f u l  f o r  i n s ~ e c t i n a  t h e  ends o f  t h e  r a i l  f o r  c r a c k s  around 
b o l  t h o l e s .  

18 
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A t  h iqh  frequencies, a  transducer was designed t o  e x c i t e  acoust ic  waves 
v e r t i c a l l y  i n t o  the  r a i l .  By mon i to r ing  the  disappearance of the r e f l e c t i o n  
from the  base o f  t he  r a i l  i t  was found t h a t  normal ( v e r t i c a l )  acoust ic  waves 
are a u i t e  s e n s i t i v e  t o  de fec ts  occur r ing  i n  the  web and base regions. This  
transducer had the form shown i n  F igure 3 o f  Sect ion 11. I n  order  t o  concen- 
t r a t e  the eddy cur ren ts  i n  t h e  r a i l  head, an i nsu la ted  copper sheet was placed 
so t h a t  the  r a i l  would be sh ie lded from the  oppos i te l y  f low ing cur ren ts  on the  
top  s ide  o f  the c o i l .  When operated a t  2 MHz, t h i s  c o i l  produced shear waves 
propagating through the  r a i l  d i r e c t l y  from head t o  the  base w i t h  a  wavelength 
of 0.041 inches (0.16 cm). 



I V .  RESULTS 

A. Low Frequency 

The m o t i v a t i o n  f o r  i n v e s t i g a t i n g  low f requency EMATs was t w o - f o l d .  
F i r s t ,  s i n c e  1  i f t - o f f  i n s e n s i t i v i t y  i s  p r o p o r t i o n a l  t o  wave l e n g t h ,  t h e  
l o n g e r  wave l e n g t h s  a s s o c i a t e d  w i t h  low f requenc ies  s h o u l d  p r o v i d e  EMATs 
w i t h  good l i f t - o f f  c h a r a c t e r i s t i c s .  Second, s imp le  meander c o i l  EMATs can 
e a s i l y  l aunch  a c o u s t i c  waves a long  t h e  head o f  t h e  r a i l  ( a t  90 degrees t o  
t h e  r a i  1  normal d i r e c t i o n )  and hence would have c o n s i d e r a b l e  advantages 
o v e r  t h e  70 degree p i e z o e l e c t r i c  t ransducers  now b e i n g  used t o  d e t e c t  t r a n s -  
verse d e f e c t s  i n  t h e  r a i l  head. A lso ,  i f  t h e  a c o u s t i c  wavelength  were com- 
p a r a b l e  t o  t h e  t h i c k n e s s  o f  t h e  r a i l  head, t h e y  shou ld  be s e n s i t i v e  t o  
d e f e c t s  b u r i e d  i n s i d e  t h e  head. To t e s t  these  f e a t u r e s ,  t h e  arrangement 
o f  EMATs shown i n  F i g .  14 was c o n s t r u c t e d .  E i t h e r  normal f i e l d s  o r  tangen- 
t i a l  f i e l d s  c o u l d  be examined and t r a n s m i t t e r  EMATs c o u l d  be separated from 
r e c e i v e r  EMATs. F i g u r e  15 shows a  b l o c k  d iagram o f  t h e  e l e c t r o n i c  compo- 
nents  used f o r  t h e  low f requency s t u d i e s ,  and F i g .  16 d i s p l a y s  t h e  q u a l i t y  
of t h e  e l e c t r o n i c  s i g n a l s  observed on t h e  o s c i l l o s c o p e  f o r  t h e  case of 220 
KHz o p e r a t i o n  (wave l e n g t h  = 1.4 cm). F i g u r e  16 ( a )  shows t h e  tone  b u r s t  
o f  c u r r e n t  f e d  t o  t h e  t r a n s m i t t e r ,  and F i g .  16 ( b )  shows t h e  o u t p u t  o f  a  
r e c e i v e r  EMAT p l a c e d  some d i s t a n c e  f rom t h e  t r a n s m i t t e r  so t h a t  t h e  a c o u s t i c  
s i g n a l  would be t i m e - r e s o l v e d  f rom t h e  r a d i a t e d  e l e c t r o m a g n e t i c  t r a n s m i t t e r  
s i g n a l  (sometimes termed t h e  "main bang") .  

S ince these low f requency s t u d i e s  were per formed e a r l y  i n  t h e  program, 
a  wide v a r i e t y  o f  EMAT arrangements and f requenc ies  were examined i n  o r d e r  
t o  g a i n  exper ience  w i t h  EMAT systems. F i g u r e  17 shows a  schemat ic of t h e  
r e l a t i v e  t r a n s d u c e r  placement and i l l u s t r a t e s  t h e  mu1 t i p 1  i c i t y  of a c o u s t i c  
s i g n a l s  t h a t  a r e  observed due t o  v a r i o u s  r e f l e c t i o n s .  F i g u r e  18 p resen ts  
t h e  o s c i l l o s c o p e  d i s p l a y  cor responding t o  t h e  EMAT arrangement i n  F i g .  17 
a t  two f r e q u e n c i e s  and wavelengths u s i n g  p o l e  p i e c e  No. 1. The r e f l e c t i v e  
echo pu lses  t h a t  a r e  l i s t e d  r e f e r  t o  those shown i n  F i g .  17. The low f r e -  
quency o p e r a t i o n  leads  t o  broader  echoes and a  reduced s i g n a l - t o - n o i s e  r a t i o .  
I n  o r d e r  t o  observe how d e f e c t s  i n  t h e  r a i l  a f f e c t  t h e  observed s i g n a l s ,  
t h r e e  s l o t s  were c u t  i n t o  t h e  head o f  a  n o m i n a l l y  unf lawed r a i l  sample, as 
shown i n  F i g .  19. F i g u r e  20 shows t h e  r e c e i v e d  a c o u s t i c  r e f l e c t i o n  o f  these  
t h r e e  d e f e c t s  as t h e y  appear on t h e  o s c i l l o s c o p e  t r a c e  f o r  two r e l a t i v e  
p o s i t i o n s  o f  t h e  EF4ATs. A t  l o n g  d is tances ,  a p p r o x i m a t e l y  30 inches ,  a l l  
t h r e e  r e f l e c t i o n s  a r e  spaced i n  t i m e  so t h a t  t h e y  a r e  reso lved .  As t h e  EMAT 
approaches t h e  s l o t s ,  w i t h i n  18 inches,  t h e  number 2  s i g n a l  merges w i t h  t h e  
main bang s i g n a l  so t h a t  t h e  number 2  s i g n a l  i s  n o t  r e s o l v e d .  I n  a l l  measure- 
ment i ns tances ,  t h e  EMATs were des igned t o  be w i d e r  than  t h e  w i d t h  o f  t h e  llead 
o f  t h e  r a i l .  Thus c e n t e r i n g  t h e  a c o u s t i c  beam t o  c o v e r  t h e  e n t i r e  head was n o t  
found t o  be c r i t i c a l  i n  any r a i  1  samples t e s t e d .  

The f l a w  d e t e c t i o n  s e n s i t i v i t y  o f  EMATs as a  f u n c t i o n  o f  magnet ic  f i e l d  
o r i e n t a t i o n  was i n v e s t i g a t e d  as shown i n  F i g .  21. Here, f l a w  No. 2  ( F i g .  19)  







- i g .  16 ( a )  
3 V / d i v i s i o n  
5 sec /d i  v i s i o n  

F ig .  16 ( b )  
1 V / d i v i s i o n  
50 sec /d i  v i  s i  on 

A = 1.4  cm f = 220 KHz 

F ig .  16 ( a )  RF b u r s t  o f  c u r r e n t  d e l i v e r e d  t o  t h e  low frequency EMAT 

F i g .  16 ( b )  S igna l - t o -no i se  r a t i o  f o r  t h e  low frequency EMAT (approx. 50 
us ing  p o l e  p i ece  No. 3, no EMAT l i f t - o f f ,  and 15" rnapnet 1 i f t -  

dB) 
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was pos i t i oned  t o  produce an i s o l a t e d  r e f l e c t i o n  s igna l  on the  osc i l loscope.  
Both o f  these photographs were obta ined us ing  po le  p iece  No. 2. C lea r l y ,  f o r  
t h i s  one r a i l  sample, the tangen t i a l  magnetic f i e l d  y i e l d e d  a  b e t t e r  s i g n a l -  
to -no ise  r a t i o  than the  normal f i e l d .  However, some r a i l  samples e x h i b i t e d  
n e a r l y  zero coup l ing  t o  the  EMAT i n  a  t angen t i a l  f i e l d ;  thus, we conclude t h i s  
f i e l d  o r i e n t a t i o n  i s  u n r e l i a b l e  f o r  t he  general i nspec t i on  of r a i l s  i n  the 
f i e 1  d. Furthermore, -by c a r e f u l  design o f  the  po le  p ices  and e lect romagnet ic  
assembly, the  normal f l u x  can be concentrated t o  a  p o i n t  where the  s i g n a l -  
to -no ise  r a t i o  would be completely adequate t o  l o c a t e  and i d e n t i f y  c r i t i c a l  
f laws (such as those samples suppl i e d )  i n  i n - s e r v i c e  r a i  1  inspec t ion .  

To determine the acous t ic  r e f l e c t i o n  s igna l s  generated by ac tua l  f laws,  
the  r a i l s  con ta in ing  f laws as descr ibed i n  Tables I and I 1  were mounted i n  
the motion s imu la t i on  device shown i n  F ig .  11 w i t h  EMATs i n  the  normal f i e l d  
under the electromagnet po le  pieces ( t h e  frequency was tuned t o  220 KHz and 
an EMAT w i t h  a  wave l e n g t h  o f  1.4 cm was used).  F igure  22 shows the e l e c t r o n i c  
no ise  l e v e l  i n  a we l l - tuned r e c e i v e r  channel on a  5 mv ld iv .  sca le  t o  e s t a b l i s h  
the  s igna l  l e v e l  f o r  a  minimum detec tab le  echo s i g n a l .  We concluded from t h i s  
p i c t u r e  t h a t  the  e l e c t r o n i c  no ise  i n  the  system was approximately 3  o r  4  m i l l i -  
v o l t s  peak t o  peak. F igure  23 shows the acous t ic  s i gna l s  observed i n  r a i l  No. 
6 which conta ined a  h o r i z o n t a l  s p l i t  head. Signals  1, 4, and 5 a r i s e  from 
r e f l e c t i o n s  from the  l e f t  and r i g h t  end o f  t he  r a i l ,  w h i l e  s i g n a l s  2  and 3  
a re  r e f l e c t i o n s  from the  f law.  (Signal  3  i s  sma l l e r  than 2 because i t  r e s u l t s  
from reaching the  r e c e i v e r  a f t e r  an e x t r a  r e f l e c t i o n  from the  end o f  the  r a i l  . )  
Note t h a t  t he re  a re  s i g n a l s  between the  echoes amounting t o  300 mv peak t o  peak 
a r i s i n g  from small acous t ic  r e f l e c t i o n s  (inhomogenei t i e s )  d i s t r i b u t e d  through- 
o u t  the  r a i l .  I n  most r a i l s ,  i t  i s  t h i s  background o f  acous t ic  no ise  t h a t  
se ts  t he  ac tua l  minimum de tec tab le  f l aw  s igna l  r a t h e r  than the  r e c e i v e r  e lec-  
t r o n i c  no ise  ( t h e  same no ise  mechanism i s  present  i n  p i e z o e l e c t r i c  i nspec t i ons ) .  
Even i n  the  presence of these spur ious s igna l s ,  the  h o r i z o n t a l  s p l i t  head 
defects can be detected w i t h  a  subs tan t i a l  s i gna l - t o -no i se  l e v e l  by our  low 
frequency EMAT sys tem. 

R a i l  sample No. 308 con ta in ing  two t ransverse,  d e t a i l e d  f i s s u r e s  pro-  
duced the  acous t ic  echo p a t t e r n  shown i n  F ig.  24. The r e f l e c t i o n s  from the  
two defects, l abe led  1 and 2 i n  F ig.  24 ( a ) ,  stand o u t  c l e a r l y  above the  acous- 
t i c  c l u t t e r  s i g n a l s .  F igure  24 ( b )  shows de fec t  s i gna l  No. 1 a f t e r  improv ing 
the apparatus by us ing  a  more sha rp l y  tuned r e c e i v e r  and us ing  the  f l u x -  
focusing po le  p iece  No. 3. Both photographs show a  6 t o  1 s igna l - t o -no i se  
r a t i o ,  b u t  t h e  improved system shows l ess  e l e c t r o n i c  noise.  S i m i l a r  data 
on de ta i l ed ,  t ransverse f i s s u r e s  are  shown i n  F ig .  25 f o r  r a i l  No. 304 and 
i n  F ig .  26 f o r  r a i l  No. 306. 

F igure 27 shows the  echo rece ived from the  head i n c l u s i o n  specimen. 
Sperry i d e n t i f i e d  t h i s  specimen as a  head i n c l u s i o n ,  which means a  defect-  
i v e  weld o r  an i n c l u s i o n  o f  f o r e i g n  ma t te r  w i t h i n  t h e  weld. The specimen 



Fig .  22 E l e c t r o n i c  no ise  l e v e l  i n  t h e  1 ow frequency EMAT r e c e i v e r  channel 
a t  220 KHz, wave l e n g t h  1.4 cm., us ing  po le  p iece  No. 3. 

3 A  



Fig. 23 Echo signals observed in r a i l  No. 6 containing a horizontal 
s p l i t  head. Signal 1 i s  the reflection from the nearby right- 
hand end of the r a i l .  Signal 4 i s  the refelction from the 
f a r  l e f t  end of the r a i l .  Siqnal 2 i s  the signal reflected 
from the flaw, and signal 3 has been reflected from the flaw 
and from the right-hand end of the r a i l  (freq. = 22 
x = 1 .4  cm). 

10 KHz, 



Fig. 24 Echoes from two transverse fissures in ra i l  No. 308 (labelled 1 
and 2 ) .  ( a )  Obtained with pole piece No. 2 and a wide band 
receiver. ( b )  Obtained with pole piece No. 3 and a narrow band 
receiver. ( freq.  = 220 KHz, X = 1 .4  cm) 



Fig. 25 Reflection from a transverse fissure in rai l  No. 304. The lower 
photograph i s  for an improved system in which a narrow band ampli 
f i e r  and pole piece No. 3 were used. The l i f t -off  in the l a t t e r  
case was 1/16" and the normal field 12 Kgauss. (freq. = 220 KHz, 
x = 1 .4  cm) 

3 7 



F i g .  26 Transverse d e f e c t s  1, 2, and 3 observed i n  r a i l  No. 306 u s i n g  
t h e  wide band r e c e i v e r  and t h e  improved system (bo t tom) .  
( f r e q .  = 220 KHz, A = 1.4 cm) 

-I 0 . ! I  



F ig .  27 Echo observed from an incl usion in the head of a welded r a i l .  
Rail No. 302, using the two electronic systems. 



we have rece i ved  a l s o  has a  prominent weld  bead w i t h  sharp edges on t h e  
unders ide of t he  head. The s i g n a l s  observed i n  F i g .  27 may be an echo due 
t o  t h e  s i d e  defect ,  s i nce  the  su r f ace  wave t ransducer  i s  known t o  be sens i -  
t i v e  t o  such su r f ace  f laws.  A t  t h i s  t ime,  we a r e  n o t  su re  whether t h e  echo 
observed w i t h  t h e  low frequency EMAT has come f rom t h e  i n c l u s i o n  o r  from 
the  weld edge on the  r a i l  head. 

Rai 1s numbered 303 and 305 c o n t a i n  t r u e  t r ansve rse  defects  (T .D.T. ) 
which do n o t  i n t e r s e c t  t he  su r face .  They cou ld  be de tec ted  by hand-held 
p i e z o e l e c t r i c  t ransducers  launch ing  2.25 MHz u l t r a s o n i c  waves i n t o  t h e  head 
a t  an ang le  o f  70 degrees r e l a t i v e  t o  t h e  head normal .  They were n o t  de tec ted  
by t h e  low frequency EMAT system when o p e r a t i n g  a t  220 KHz, even a f t e r  i n c o r -  
p o r a t i o n  o f  t h e  bes t  r e c e i v e r  and po le  p iece .  Presumably, t h i s  i s  because 
t h e  1.4 cm wave l e n g t h  waves launched by t he  EMAT d i d  n o t  pene t ra te  t h e  i n t e r -  
i o r  o f  the  r a i l  head b u t  ac ted  l i k e  su r f ace  o r  Ray le igh  waves t h a t  a r e  l e s s  
s e n s i t i v e  t o  t o t a l l y  i n t e r n a l  f laws. C e r t a i n l y ,  many of  t h e  echo s i g n a l s  
de tec ted  by t h e  1.4  cm wave system cou ld  be t r a c e d  t o  sur face i r r e g u l a r i t i e s - -  
sometinies on t h e  s ides  o r  bottom o f  t h e  r a i l  head. A d d i t i o n a l  exper iments 
u s i n q  f l a t  bot tom ho les  d r i l l e d  i n t o  t h e  end o f  t h e  r a i l  need t o  be c a r r i e d  
o u t  t o  v e r i f y  t h i s  su r f ace  wave concept.  As d iscussed i n  t h e  n e x t  s e c t i o n ,  
EMATs can launch and d e t e c t  a c o u s t i c  waves a t  a  s teep  ang le  t o  the  r a i l  head 
normal d i r e c t i o n  so they concep tua l l y  can be designed t o  genera te  t h e  same 
70 degree ang le  beam t h a t  i s  used f o r  p i e z o e l e c t r i c  f l a w  d e t e c t i o n ,  and t h e r e -  
f o re  should  be capable of d e t e c t i n g  t he  T.D.T. de fec t .  A d d i t i o n a l  e f f o r t  t o  
determine t h e  p r o p e r t i e s  and s e n s i t i v i t y  of 70 degree EMATs i s  suggested f o r  
t he  n e x t  program phase. 

Two c o n d i t i o n s  t h a t  i n v o l v e  su r f ace  cracks t h a t  were e x p e r i m e n t a l l y  
de tec ted  by t h e  low f requency EMAT system a r e  t h e  engine burn  f r a c t u r e  (EBF) 
a v a i l a b l e  i n  r a i l  No. 309 and t h e  su r f ace  s h e l l i n a  c o n d i t i o n  a v a i l a b l e  i n  
r a i l  No. 307. F i gu re  28 shows t h e  echo observed f rom t h e  engine burn  
f r a c t u r e  near  one end of r a i l  No. 309. Here t h e  f law echo can be j u s t  r e -  
so l ved  f rom the  end r e f l e c t i o n  i f  very  narrow a c o u s t i c  pu lses  a r e  used. For  
broader  pu lsed  s i g n a l s ,  t he  end r e f l e c t i o n  and t h e  de fec t  r e f l e c t i o n  become 
superimposed and i n t e r f e r e n c e  e f f e c t s  occur .  Sur face s h e l l i n g  produces a  
c o l l e c t i o n  o f  c l o s e l y  spaced echo s i g n a l s  as shown i n  F i g .  29. Each numbered 
echo i s  a  r e f l e c t i o n  f rom a  s i n g l e  s h e l l i n g  c rack  and t h e  d i f f e r e n t  d i s p l a y s  
seen i n  F i g .  29 were ob ta i ned  by moving t h e  r a i l  so t h a t  t h e  EMATs launched 
and de tec ted  waves from d i f f e r e n t  l o c a t i o n s  a long  t h e  r a i l .  Since su r f ace  
waves a r e  s e n s i t i v e  t o  bo th  EBF and s h e l l i n g ,  i t  i s  d i f f i c u l t  a t  p resen t  t o  
d i f f e r e n t i a t e  between them. Deeply p e n e t r a t i n g  f l aws ,  however, shou ld  be 
seen by the  mid- f requency u n i t .  

I n  a l l  o f  these low f requency EMAT s t u d i e s ,  t h e  m o t i v a t i o n  was t o  f i n d  
t he  lowes t  p o s s i b l e  frequency a t  which a l l  o f  t h e  impo r tan t  f l aws  c o u l d  be 
r e a d i l y  de tec ted  so t h a t  good l i f t - o f f  performance c o u l d  be a n t i c i p a t e d .  
The p rev ious  r e s u l t s  (F i gs .  23 through 29) show t h a t  a t  220 KHz and w i t h  a  
wave l e n g t h  'X = 1.4 cm, a1 1  t h e  sur face i n t e r s e c t i n g  c racks  produced e a s i l y  
observed r e f l e c t i o n  s i g n a l s .  Lower f requenc ies such as 110 KHz (X = 3  cm) 



F i g  ^^ Echoes observed from an engine burn fracture near one end of rai l  
No. 309. ( a )  and ( b )  observed for short time duration signals. 
( c )  observed when long time duration siqnals overlap and interfere 
(freq. = 220 KHz, A = 1.4 cm) 



F i g  . 29 Multiple reflections observed on rail  No. 307 caused by surface 
shelling. (freq. = 220 KHz, X = 1.4 cm) 
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were a l s o  s t u d i e d ,  b u t  t h e  echoes a t  t h i s  f requency were poor  because t h e y  
had a  l o n g  t i m e  d u r a t i o n .  H i g h e r  f requency waves were n o t  use fu l  because 
t h e  s h o r t  wave l e n g t h s  would n o t  p e n e t r a t e  deeply  i n t o  t h e  r a i l  head. 
Hence, a  f requency of  220 KHz and a  wave l e n g t h  o f  1.4 cm appeared t o  be 
t h e  o p t i m a l  c h o i c e  f o r  d e t e c t i o n  of  r a - i l  head d e f e c t s .  The l i f t - o f f  char -  
a c t e r i s t i c  o f  an EMAT o p e r a t i n g  a t  t h i s  f requency i s  shown i n  F i g .  30. 
It can be seen t h a t  beyond 1/16 i n c h  s e p a r a t i o n  between t h e  r a i l  and t h e  
EMAT c o i l s ,  t h e  a c o u s t i c  wave s i g n a l s  f a 1  1  t o  an uncomfor tab ly  low l e v e l  . 
However, i t  i s  a n t i c i p a t e d  t h a t  1/16 i n c h  s e p a r a t i o n  would  be p r a c t i c a l  
f o r  t h e  l i g h t  EMAT element i n  a  r e a l i z a b l e  f i e l d  r a i l  i n s p e c t i o n  system. 

B. Medium Frequency 

The medium f requency EMAT des ign  was chosen t o  have a  wave l e n g t h  
s u b s t a n t i a l l y  s m a l l e r  t h a n  t h e  t h i c k n e s s  o f  t h e  web so t h a t  t h e  u l t r a s o n i c  
waves c o u l d  f r e e l y  propagate i n t o  t h e  web f r o m  t h e  head w i t h o u t  d i s t o r t i o n .  
The w i d t h  of  t h e  t r a n s d u c e r  was made wide enough t o  c o m p l e t e l y  span t h e  web 
and make t r a n s d u c e r  a l i gnment  u n c r i t i c a l .  T h i s  l e d  t o  a  c h o i c e  of f requency 
near  500 KHz and an approx imate ly  1 cm wave l e n g t h .  F i g u r e  31 shows how 
t r a n s m i t - r e c e i v e  EMATs were p o s i t i o n e d  over  t h e  r a i l  head i n  a  normal 
magnet ic f i e l d  t o  i n s p e c t  t h e  web and b o l t  h o l e s  by an a n g l e  beam, p u l s e -  
echo method s i m i l a r  t o  t h a t  used i n  p i e z o e l e c t r i c  t r a n s d u c e r  i n s p e c t i o n  
systems. F i g u r e  13 i n  S e c t i o n  111 shows t h e  d e t a i l s  o f  how t h e  i n t e r m e d i a t e  
f requency EMAT was wound w i t h  t h e  t r a n s m i t t e r  and r e c e i v e r  c o i l s  in termeshed 
t o  reduce t h e  c o u p l i n g  between them and t o  occupy t h e  sma l l  space a v a i l a b l e  
under p o l e  p i e c e  No. 3. F i g u r e  32 shows a  b l o c k  d iagram of  t h e  c i r c u i t  
elements used f o r  t h e  medium f requency  i n v e s t i g a t i o n s .  

As d iscussed  i n  S e c t i o n  11, a  fo rmu la  i s  a v a i l a b l ' e  which r e l a t e s  t h e  
f requency  t h a t  t h e  EMAT i s  d r i v e n  t o  t h e  a n g l e  a t  wh ich  t h e  a c o u s t i c  waves 
a r e  r a d i a t e d .  T h i s  r e l a t i o n s h i p  was t e s t e d  i n  a  r a i l  specimen by p l a c i n g  
a  t r a n s m i t t e r  on t h e  head o f  t h e  r a i l  and a  r e c e i v e r  on t h e  base of  t h e  
r a i l  so t h a t  t h e  l i n e  j o i n i n g  them made an ang le  8 r e l a t i v e  t o  t h e  r a i l  head 
normal (as shown i n  i n s e r t  o f  F i g .  33).  A t  each f requency,  p l o t t e d  on t h e  
absc issa,  t h e  r e c e i v e r  was p o s i t i o n e d  f o r  a  maximum s i g n a l  and t h e  a n g l e  
was measured. F i g u r e  33 shows t h a t  t h e  maximum a c o u s t i c  emiss ion  occurs  
a t  an ang le  o f  between 30 and 45 degrees. Tha t  i s ,  t h e r e  i s  a  maximum i n  
t r a n s d u c t i o n  e f f i c i e n c y  when t h e  a c o u s t i c  waves were r a d i a t e d  a t  an a n g l e  
o f  30 t o  45 degrees f r o m  t h e  r a i l  head normal a t  these  f r e q u e n c i e s .  F i g u r e  
34 compares t h e  t h e o r e t i c a l  r e l a t i o n s h i p  t o  t h e  measured da ta  f o r  f requency 
versus ang le  of  a c o u s t i c  emiss ion.  These p a t t e r n s  a r e  i n  adequate agreement 
w i t h  t h e  o b s e r v a t i o n s .  

I t  was a l s o  of  i n t e r e s t  t o  examine t h e  d i s t r i b u t i o n  o f  a c o u s t i c  energy 
(beam w i d t h )  produced by an EMAT o p e r a t i n g  i n  t h e  a n g l e  beam mode. T h i s  
was done w i t h  t h e  same t r a n s d u c e r  arrangement as shown i n  t h e  i n s e r t  o f  F i g .  
33, e x c e p t  t h a t  t h e  t r a n s m i t t e r  and r e c e i v e r  had an i n t e r w i r e  spac ing  D = 
0.7 cm ( A =  1.4 cm) 4  loops  and they  were opera ted  , a t  . a  f requency  of  400 KHz. 
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F igu re  35 shows t h e  observed angu la r  d i s t r i b u t i o n  of a c o u s t i c  energy reach-  
i n g  t he  base o f  t he  r a i l  p l o t t e d  on p o l a r  coord ina tes .  The observed ang le  
o f  maximum r a d i a t i o n  (-42" ) i s  s l i g h t l y  l a r g e r  t han  t h a t  p r e d i c t e d  by 
Eqn. 2  (of  35' ) .  One exp lana t i on  i s  t h a t  t h e  d e t a i l e d  i n t e r a c t i o n  of t h e  
eddy c u r r e n t s  and t he  magnet ic f i e l d  superimposes an a d d i t i o n a l  angu la r  
dependence t h a t  causes t h e  combined e f f i c i e n c y  t o  peak a t  s l i g h t l y  l a r g e r  
angles.  Independent of these  q u a n t i t a t i v e  d e t a i l s ,  F i g .  35 demonstrates 
t h a t  an EMAT can s u c c e s s f u l l y  launch  angle  beam shear  waves i n t o  t he  web of 
t he  r a i  1  w i t h o u t  se r i ous  d i s t o r t i o n s  i n  t h e  beam p a t t e r n .  

For most o f  t h e  d e t a i l e d  r a i l  measurements made w i t h  t h e  m e d i u ~ ~ i  f requency 
t e s t  u n i t ,  a  t ransducer  w i t h  a  w i r e  spac ing o f  0.5 cm (,A= 1 cm) was oper-  
a ted  a t  a  f requency o f  560 KHz us i ng  t h e  op t im i zed  e lec t romagnet  p o l e  p i ece  
No. 3. F i g u r e  36(a)  shows an o s c i l l o s c o p e  d i s p l a y  of t h e  c u r r e n t  RF b u r s t  
d e l i v e r e d  by t h e  t r a n s m i t t e r  t o  t h e  EMAT. The a c o u s t i c  s i g n a l  r e f l e c t e d  
from t h e  base o f  t h e  r a i l  i s  shown i n  F i gu re  36(b )  when t h e  r e c e i v e r  was sepa- 
r a t e d  f r om t h e  t r a n s m i t t e r .  Note t h a t  t h e  s i g n a l  r each ing  t h e  r e c e i v e r  a f t e r  
p ropaga t ing  th rough  t he  head and web i s  s t i l l  we1 1  shaped (no d i s p e r s i o n  o r  
extraneous r e f l e c t i o n s )  and e x h i b i t s  a  40 dB s i g n a l - t o - n o i s e  l e v e l .  I n  a  
p r a c t i c a l  i n s p e c t i o n  system, t h e  ex i s t ence  o f  a  r e f l e c t i o n  from t h e  base 
cou ld  be used t o  i n d i c a t e  t h e  absence o f  any f l aws  i n  t h e  web wh ich  t e n d  t o  
shadow o r  s c a t t e r  acous t i c  energy f rom t h e  f l a t  r a i l  base. Thus, t h e  d i s -  
appearance of t h e  base r e f l e c t i o n  s i g n a l  would  i n d i c a t e  a  head-to-web sepa- 
r a t i o n ,  a  c rack  i n  t h e  web, o r  a  b o l t  h o l e .  These c o n d i t i o n s  were observed 
i n  t h e  l a b o r a t o r y  and hence a r e  a  v i a b l e  b a s i s  f o r  f l a w  d e t e c t i o n .  

The d e t e c t i o n  o f  a  b o l t  h o l e  c rack  was cons idered t o  be such an impor- 
t a n t  problem f o r  t h e  EMAT i n s p e c t i o n  system t h a t  two methods were developed 
t o  d e t e c t  t h i s  problem. The f i r s t  uses a  p i t c h - c a t c h  mode, where t h e  
t ransmi  t t e r  and r e c e i v e r  a re  separated (as descr ibed  above), a  f l a w l e s s  b o l t  
h o l e  b l ocks  t h e  r e f l e c t i o n  f rom t h e  base over  a  w e l l - d e f i n e d  d i s t ance  w h i l e  
a  cracked b o l t  h o l e  i s  observed t o  make t h i s  d i s t a n c e  l a r g e r  than  normal.  
Th is  change i n  apparent  dimensions o f  t he  b o l t  h o l e  i s  now used by Sperry  
R a i l  Serv ice  as an i n d i c a t o r  o f  b o l t  h o l e  c racks  and c o u l d  be used i n  an 
EMAT i n s p e c t i o n  system. However, a  more p o s i t i v e  i d e n t i f i c a t i o n  techn ique  
was developed us i ng  the  i n t e g r a l  t r a n s m i t t e r / r e c e i v e r  EFIAT (F i g .  13) i n  a  
pulse-echo mode. I n  t h i s  mode, no r e f l e c t i o n  s i g n a l s  a r e  observed i n  a  
normal r a i l .  When a  b o l t  h o l e  i n t e r c e p t s  t h e  beam, a  l a r g e  r e f l e c t i o n  
s i g n a l  s i m i l a r  t o  t h a t  shown i n  F i g .  37 cou ld  be observed when t h e  a l ignment  
o f  t h e  a c o u s t i c  beam w i t h  t h e  h o l e  was ve ry  good. S ince t h e  a c o u s t i c  beam 
used i n  t he  exper iments was wide and i l l u m i n a t e d  more t han  one b o l t  h o l e  a t  
t h e  end of a  r a i l ,  t h e  r e f l e c t i o n  f rom a  f law less  row o f  b o l t  ho les  was 
observed t o  show many maxima and minima as c o n s t r u c t i v e  and d e s t r u c t i v e  
i n t e r f e r e n c e  between t h e  r e f l e c t i o n s  from ad jacen t  ho les  as t h e  EMAT was 
moved down the  r a i l  p a s t  t h e  b o l t  ho les .  I f  one o f  t h e  b o l t  ho l es  con ta ined  
a  crack,  t h e  i n t e r f e r e n c e  e f f e c t s  were d r a s t i c a l l y  reduced o r  e l i m i n a t e d  
so t h a t  t h e  r e f l e c t i o n  s i g n a l  remained a t  a  magnitude t h a t  was ve ry  



Fig. 36 Performance of the optimized, mi d-frequency system. ( a )  Current 
waveform delivered t o  transmitter EMAT, 120 amps peak-to-peak. 
(b)  Signal reflected from base of r a i l  in a pitch-catch mode. 



Fig .  37 R e f l e c t i o n  observed from a  b o l t  ho le  crack us ing  a p i t ch -ca tch ,  
angle beam EMAT system operated a t  560 KHz and a  1 cm wave l eng th .  



l a r g e  as t he  EMATs were t r a n s l a t e d  pas t  t h e  ho les .  F i gu re  38 d i s p l a y s  t h i s  
phenomenon i n  a  g raph i ca l  sketch.  It i s  a n t i c i p a t e d  t h a t  r a t h e r  s imp le  s i g -  
na l  process ing techniques cou ld  be used t o  d i s t i n g u i s h  between unf lawed 
b o l t  ho les and those t h a t  have a  crack f rom one o f  t he  b o l t  ho les.  I t  can 
t h e r e f o r e  be concluded t h a t  EMATs ope ra t i ng  near 600 KHz i n  an angle beam 
mode a re  ab le  t o  i n s p e c t  t he  web o f  a  r a i l  f o r  t h e  most impor tan t  c lasses 
o f  f l aws .  

F i gu re  39 shows t he  l i f t - o f f  s e n s i t i v i t y  o f  a  m id  frequency ang le  shear 
EMAT system. These da ta  suggest t h a t  a  system ope ra t i ng  w i t h  between 1/32" 
and 1/16" 1  i f t - o f f  should have adequate s e n s i t i v i t y  and be amenable t o  f i e l d  
implementat ion.  

C. High Frequency 

Meander c o i l  EMATs which operate a t  f requencies near  1 MHz were used 
i n  t h e  o r i g i n a l  f e a s i b i l i t y  s tudy  f o r  l o c a t i n g  smal l  defects  i n  t h e  head 
o f  t h e  r a i l .  Because o f  t h e i r  sma l l  acous t i c  wave l e n g t h ,  severe l i f t -  
o f f  s e n s i t i v i t y  prec luded t h e i r  s t r a i g h t - f o r w a r d  appl  i c a t i o n .  Thus, a  
meander c o i l  based system would be very  d i f f i c u l t  t o  implement i n  a  prac-  
t i c a l  i n s p e c t i o n  system. I n  o r d e r  t o  use EMATs t o  f i n d  smal l  f laws i n  
r a i l s ,  a  d i f f e r e n t  des ign approach had t o  be considered. If the  c o i l  i s  
wound as shown i n  F ig .  3, a  b u l k  shear wave can be launched i n t o  t h e  metal  i n  
a  d i r e c t i o n  normal t o  t he  sur face  and t he  s e n s i t i v i t v  t o  l i f t - o f f  i s  m i n i -  
mized. Such a  b u l k  wave would be analogous t o  t h e  0 deqree p i e z o e l e c t r i c  
t ransducer  i n s p e c t i o n  now be ing  c a r r i e d  o u t  by  c u r r e n t  r a i l  i n s p e c t i o n  se rv i ces .  

A f l a t  EMAT c o i l ,  s i m i l a r  i n  shape t o  t h a t  shown i n  F i g .  3, was wound 
on a PC board 1/16" t h i c k  x 0.75" wide x 1.2" long .  A sheet  o f  0.002" 
t h i c k  copper was p laced under t h e  wind ings which would be f a r t h e s t  f rom 
t h e  r a i l  head t o  s h i e l d  t h e  head f rom t h e  c u r r e n t s  on t h i s  s i d e  o f  t h e  
c o i l .  Th is  c o i l  was used bo th  as a  t r a n s m i t t e r  and r e c e i v e r  EMAT,and a  
TR ( t r a n s m i t / r e c e i v e )  s w i t c h  was p laced  i n  t h e  c i r c u i t  as shown i n  F i g .  40. 
The c u r r e n t  RF b u r s t  fed t o  t h i s  EMAT was 50 amperes ( p  t o  p )  and t he  no i se  
l e v e l  from t h e  r e c e i v e r  was 70 m i l l i v o l t s  ( p  t o  p ) .  (See F igu re  41. ) 

The r e s u l t s  shown i n  F ig .  42 were ob ta ined  w i t h  t h e  EMAT over  an unf lawed 
p o r t i o n  o f  r a i  1  , F ig .  42 ( a ) ,  and over  a  b o l t  ho le ,  F i g .  42 (b )  . C l e a r l y ,  t h e  
presence o f  t he  b o l t  h o l e  e l i m i n a t e s  t h e  l a r a e  base r e f l e c t i o n  a r r i v i n g  a t  
120 psec, and t h e  disappearance o f  t h i s  s i g n a l  over  a  measured t r a v e l  d i s -  
tance cou ld  be used t o  d i  s t i  nqu i  sh between a  f l a w l e s s  bo l  t h o l e  and a  cracked 
b o l t  ho le .  Note t h a t  t h e  smal l  s i q n a l  a r r i v i n g  a t  53 psec, which i s  t he  
r e f l e c t i o n  from the  bot tom o f  t h e  r a i l  head, i s  unchanged by t h e  passage o f  
t he  ERAT over  a  bo l  t ho le .  

The h o r i z o n t a l  s p l i t  head and t h e  head and web sepa ra t i on  de fec t s  a re  b o t h  
e a s i l y  de tec ted  by t h i s  h i g h  frequency, 3 deqree shear a c o u s t i c  beam E?IAT, 
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Fig.  38(.a 1 Charac te r i s t i cs  o f  pulse-echo s igna ls  observed i n  t he  v i c i n i t y  o f  f law less  bo l  t holes and 
cracked b o l t  holes f o r  intermeshed EMATs operated a t  560 KHz and A = 1 cm w i t h  po le  p iece 
No. 2.  The sketch, (b ) ,  p l o t s  t he  maximum r e f l e c t i o n  ampli tude observed as a  f u n c t i o n  o f  
p o s i t i o n  as t h e  EMAT i s  t r a n s l a t e d  down the  r a i l .  The sharp n u l l s ,  c h a r a c t e r i s t i c  of a  
unflawed ser ies  of b o l t  holes, are n o t  present when a  crack i s  present  i n  one o r  more b o l t  
holes . 
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Fig. 41 Operating characteristics o f  the high frequency EMAT ci rcui t s .  
( a )  Transmi, rrrent (10 amp/div, 1 psec/div). ( b )  Receiver 
noise (50 rn' 50 psec/di v )  . 



Fig. 42 High frequency,  ze ro  degree EMAT s i g n a l s  ( a )  i n  an unflawed r a i l ,  
and ( b )  s igna l  from EMAT over  a b o l t  hole .  (Magnet l i f t - o f f  %", 
EMAT l i f t - o f f  0 .03")  

5? 



F i  D i  sar ce of the base ref lect ion caused b.y a  head and web 
separation.  Note the  chanqe in character  of the  ref lect ion from 

lottom of the  r a i l  head ( a t  65 psec).  



Fig.  44 Disappearance o f  t he  base r e f l e c t i o n  and the  e l i m i n a t i o n  o f  t h e  
r e f l e c t i o n  from the  bottom o f  t he  r a i l  head produced by a  h o r i -  
zon ta l  s p l i t  head 



as i s  demonstrated i n  F i gs .  43 and 44. I t  appears p o s s i b l e  t o  d i s t i n -  
gu ish  between these p a r t i c u l a r  types o f  de fec t s  on t h e  bas is  o f  t h e  changes 
i n  t h e  r e f l e c t i o n  s i g n a l  f rom t h e  bot tom o f  t h e  r a i l  head. 

A1 though t h e  v e r t i c a l  s p l  i t  head d e f e c t  would n o t  appear t o  be d e t e c t -  
a b l e  by t h i s  0 degree a c o u s t i c  wave, because t h e  wave cou ld  e a s i l y  pass 
around t h e  c rack ,  exper iments on r a i l  No. 310 showed t h a t  t h i s  t ype  of  
f l a w  had a  dramat ic  e f f e c t  on t h e  r e f l e c t i o n  f rom t h e  base. F i au re  45  
( a )  shows t h e  o s c i l l o s c o p e  d i s p l a y  observed on r a i l  No. 310 a t  a  l o c a t i o n  
away from any de fec ts .  When p laced  over  t h e  v e r t i c a l  s p l i t  head reg ion ,  
t h e  base r e f l e c t i o n  became n e g l e c t a b l y  smal l  [shown i n  F i g .  45  ( b ) ] .  
The obse rva t i on  o f  such a  d ramat i c  s c a t t e r i n g  o f  t h e  a c o u s t i c  s i g n a l  by 
a  v e r t i c a l  s p l i t  head may occur  because t h e  d e f e c t  i s  n o t  t r u l y  v e r t i c a l ,  
and because i t  c e r t a i n l y  has rough faces.  Furthermore, t h e  d i r e c t i o n  o f  
p o l a r i z a t i o n  of t h e  shear waves generated by t h e  EMAT used t o  produce t h e  
e f f e c t  shown i n  F i g .  45  was pe rpend i cu l a r  t o  t h e  p lane  o f  t h e  s p l i t ,  and 
hence may e x h i b i t  a  s t r o n g e r  coup l i ng  t o  t h e  f l a w  than  a shear wave p o l a r -  
i z e d  p a r a l l e l  t o  t he  p lane o f  t h e  s p l i t .  

An impo r tan t  advantage o f  t h e  b u l k  wave EMAT used here i s  t h a t  i t  i s  
much l e s s  s e n s i t i v e  t o  l i f t - o f f  than  t h e  meander c o i l  EMATs, even o f  l owe r  
f requenc ies .  The l i f t - o f f  dependence o f  t h e  0  degree EMAT used t o  o b t a i n  
t h e  data g i ven  i n  F i gs .  42 through 45 i s  shown i n  F i g .  46. L i f t - o f f  d i s -  
tances o f  g r e a t e r  than  0.06 inches y i e l d  adequate s i g n a l  s t r e n g t h  and rea-  
sonably good performance up t o  l ~ "  i s  poss i b l e .  Hence, EMATs w i t h  h i g h  
frequency capabi 1  i t i e s  (capab le  o f  d e t e c t i n g  smal l  r a i  1  f l a w s )  can be 
operated a t  l i f t - o f f  d i s tances  compat ib le  w i t h  c u r r e n t  f i e l d  r a i l  inspec-  
t i o n  techniques.  



Fig. 45 Appearance of the oscilloscope displ a )  i n  a flaw-free 
section of r a i l  No. 310 and ( b )  ovel t i c a l  s p l i t  head 
defect .  (Magnet l i f t - o f f  = k", EMAl I I I L-off = 0.03") 
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V.  CONCLUSIONS 

The o b j e c t i v e  o f  t h i s  f i r s t  phase e f f o r t  was t o  demonstrate t h e  
f e a s i b i l i t y  o f  app l y i ng  EMATs t o  t h e  u l t r a s o n i c  i n s p e c t i o n  of  r a i  1s.  
S p e c i f i c  EMAT designs and d e t e c t i o n  schemes were i n v e s t i g a t e d  t o  de te r -  
mine t he  s e n s i t i v i t y . o f  the  i n s p e c t i o n  process f o r  f l aws  i n  a  r a i l  when 
r e s t r i c t e d  t o  opera te  o n l y  on t h e  head o f  t h e  r a i l  w i t h  l i f t - o f f  gaps 
cornpatable w i t h  f i e l d  opera t ion .  Table 4, l i s t s  t h e  de fec t s  which were 
cons idered i n  t h i s  program a long w i t h  t h e  types o f  EMATs t h a t  produced 
optimum d e t e c t i o n  s e n s i t i v i t y .  An X i n  t he  column s i g n i f i e s  t h a t  the, 
EMAT l a b e l e d  i n  t he  column was ab le  t o  d e t e c t  t h e  d e f e c t  l i s t e d .  A - 
i n d i c a t e s  t h a t  d e t e c t i o n  was marg ina l  w h i l e  an 0  i n d i c a t e s  t h a t  no detec-  
t i o n  was poss ib l e .  A Z i n d i c a t e s  an a n t i c i p a t e d  b u t  n o t  determined r e s u l t .  
Examinat ion of  t h i s  t a b l e  shows t h a t  a l l  t h e  de fec t s  supp l i ed  cou ld  be 
de tec ted  by a t  l e a s t  one o f  t h e  E ~ A T s x e d .  

TABLE 4 

Resu l ts  o f  t h e  Ove ra l l  Program 

Types o f  "Defects"  EMAT Design 
I n v e s t i g a t e d  Low Freq . Med. Freq. High Freq. 

Transverse F i ssu re  

Compound F i ssu re  

Ho r i zon ta l  Spl i t  Head 

V e r t i c a l  S p l i t  Head 

Head and Web Separat ion 

Bol t Hole Crack 

Engi ne Burn F rac tu re  

Head I n c l  us ions  

Types o f  "Cond i t ions"  EMAT Design 
I n v e s t i g a t e d  Low Freq . Med. Freq. High Freq. 

A. Engine Burn 

B. Weld Repai r  

C.  Sur face S h e l l i n g  

D. Crushed Head 
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Table 5, i s  more q u a n t i t a t i v e  i n  t h a t  i t  l i s t s  t he  s i z e  of t he  f law used 
i n  t he  t e s t  and t h e  number o f  db above t he  e l e c t r o n i c  no ise  t h a t  t he  d e f e c t  
s i gna l  produced. I t  must be noted t h a t  t he  acous t i c  no ise,  i . e . ,  random 
echoes a r r i v i n g  a t  va r ious  t imes was u s u a l l y  6  t o  10 db h i ghe r  than t he  
e l e c t r o n i c  no i se  and a c t u a l l y  se t s  t he  lower  l i m i t  t o  which f law s i g n a l s  
can be detected.  

The acous t i c  no ise  t h a t  l i m i t s  the  minimum s i z e  of f law t h a t  can be 
de tec ted  w i t h  t h e  EMAT system i s  t he  same no i se  t h a t  se t s  t h e  lower  bound 
t o  the  c a p a b i l i t y  o f  t h e  c u r r e n t l y  used p i e z o e l e c t r i c  systems. Th is  i s  
s i g n i f i c a n t ,  s i nce  the  EMAT system i s  s e n s i t i v e  enough t o  see t h e  same 
acous t i c  no ise  f l o o r  as t he  p i e z o e l e c t r i c  t ransducers,  i t  can be concluded 
t h a t  t he  EMAT system i s  as s e n s i t i v e  as i s  needed t o  f i n d  t h e  range of 
f l aws  o f  c u r r e n t  i n t e r e s t  i n  r a i l  i n spec t i on .  I t  remains t o  be seen if 
t h i s  s e n s i t i v i t y  can be ob ta ined  when t h e  EMAT i s  moving r a p i d l y  over  t he  
r a i l  and t h e  minimum l i f t - o f f  d is tances  can be ma in ta ined  i n  p r a c t i c e .  

I t  was shown t h a t  s a t i s f a c t o r y  ope ra t i on  o f  a l l  t h r e e  EMAT types can 
be expected us ing  l i f t - o f f  gaps of 1/16 inch ,  which a r e  p robab ly  q u i t e  
t o l e r a b l e .  Other c o i l  des ign concepts o r  ma jo r  improvements i n  t h e  
magnet ic f i e l d  o r  t r a n s m i t t e d  power would have t o  be i n t r oduced  i f  l i f t -  
off  d is tances were t o  be increased s u b s t a n t i a l l y .  

A d d i t i o n a l  e f f o r t  i s  r e q u i r e d  t o  improve t he  t o t a l  system. Angle 
beam t ransducers ope ra t i ng  a t  60 t o  80 degrees r e l a t i v e  t o  t he  head normal 
should be i n v e s t i g a t e d  t o  determine t h e i r  e f f e c t i v e n e s s  a t  d e t e c t i n g  i n t e r n a l  
t ransverse  f l aws .  A lso  30 t o  40 degree angle beam t ransducers which e x c i t e  
narrower beams o f  sound should be designed so t h a t  o n l y  one b o l t  h o l e  i s  
i l l u m i n a t e d  a t  a  t ime and t h e  i n t e r f e r e n c e  phenomenon need n o t  be used t o  
recognize a  crack f r e e  b o l t  ho le .  A concen t ra t i on  o f  e f f o r t  on t h e  most 
promis ing EMAT c o i l  designs and f requencies o f  ope ra t i on  as w e l l  as t h e  
development of more e f f i c i e n t  electromagnets would improve t h e  s i g n a l  
ampl i tudes and improve d e t e c t i o n  s e n s i t i v i t y .  

I n  conc lus ion,  t h i s  e f f o r t  has c l e a r l y  i d e n t i f i e d  t h e  key ope ra t i ng  
parameters of f u t u r e  EMAT r a i l  i n s p e c t i o n  systems: 1 )  Conf igura t ion  - com- 
pared pulse-echo, p i  tch-catch,  and base r e f l e c t i o n ,  2 )  Frequency - compared 
low, mid and h igh  frequency, 3 )  Angle of i n s p e c t i o n  - compared 90 ( su r f ace ) ,  
45' angle and 0" , 4)  magnet and EMAT l i f t - o f f  - a t  va r ious  frequencies,  and 
5 )  Proposed novel  d e t e c t i o n  methods f o r  t h e  most c r i t i c a l  d e f e c t  c lasses,  
such as b o l t  h o l e  cracks. 

Based on t h e  success of t he  t h r e e  frequency EMATs scheme i n v e s t i g a t e d  
i n  t h i s  program i t  appears f e a s i b l e  t o  des ign an EMAT system t o  d i r e c t l y  
r ep lace  t h e  0, 37, and 70 degree p i e z o e l e c t r i c  t ransducers  now be ing  used 
on i n s p e c t i o n  cars  i n  t h e  f i e l d  and achieve equal o r  b e t t e r  s e n s i t i v i t y  t o  
t h e  range of c r i t i c a l  f laws t h a t  must be l oca ted  by i n s e r v i c e  r a i l  i n spec t i on .  
Th is  would l ead  t o  a  much more r a p i d  f i e l d  i n s p e c t i o n  approach and be more 
economical t o  imp1 ement . 
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APPENDIX A  - SAFETY STANDARDS --- TERMINOLOGY & DEFINITIOI4S 

The f o l l o w i n g  i s  a  b r i e f  d e s c r i p t i o n  o f  d i f f e r e n t  t y p e s  o f  r a i l  
problems, some o f  wh ich  were i n v e s t i g a t e d  d u r i n g  t h i s  program. The 
d e f i n i t i o n s  used a r e  those  g i v e n  i n  t h e  p u b l i c a t i o n  "Track  Sa fe ty  
S tandardsn - -Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  O f f i c e  o f  Safe ty ,  
March, 1975. 

R a i l  f l a w s  a r e  c l a s s e d  i n t o  two g e n e r a l  c a t a g o r i e s :  1 )  Defec ts  - 
wh ich  a r e  c o n s i d e r e d  t o  be s e r i o u s  must have remed ia l  a c t i o n  taken  o r  
t h e  r a i l  c o n t a i n i n g  t h e  d e f e c t  r e p l a c e d  and 2 )  C o n d i t i o n s  - w h i c h  a r e  
l e s s  s e r i o u s  b u t  must  have some a c t i o n  taken  and be r e i n s p e c t e d  a t  
i n t e r v a l s  n o t  more t h a n  e v e r y  6 months. D e f e c t s  i n c l u d e  t h e  f o l l o w i n g :  
t r a n s v e r s e  f i s s u r e ,  conipound f i s s u r e ,  d e t a i  1  f r a c t u r e ,  eng ine  bu rn  
f r a c t u r e ,  d e f e c t i v e  we ld ,  h o r i z o n t a l  and v e r t i c a l  s p l i t  head, head and 
web s e p a r a t i o n ,  and b o l t  h o l e  c r a c k  and b roken  base. C o n d i t i o n s  
i n c l u d e  t h e  f o l l o w i n g :  s u r f a c e  s h e l l i n g ,  eng ine  b u r n ,  c rushed head and 
w e l d  r e p a i r .  

More d e t a i l e d  d e s c r i p t i o n  o f  t h e  d e f e c t s  and c o n d i t i o n s  a r e  g i v e n  
below. These d e f i n i t i o n s  a r e  l a r g e l y  e x e r p t e d  f r o m  t h e  R a i l  S a f e t y  
Standards.  

"Defec ts"  

(1  ) "T ransve rse  F i s s u r e "  means a  p r o g r e s s i v e  c r o s s w i s e  f r a c t u r e  s t a r t i n g  
f r o m  a  c r y s t a l l i n e  c e n t e r  o r  nuc leus  i n s i d e  t h e  head from wh ich  i t  
spreads ou tward  as a  smooth, b r i g h t ,  o r  da rk ,  round  o r  o v a l  su r face  sub- 
s t a n t i a l l y  a t  a  r i g h t  a n g l e  t o  t h e  l e n g t h  o f  t h e  r a i l .  The d i s t i n g u i s h i n g  
f e a t u r e  o f  a  t r a n s v e r s e  f i s s u r e  f r o m  o t h e r  t y p e s  of f r a c t u r e s  o r  d e f e c t s  
a r e  t h e  c r y s t a l l i n e  c e n t e r  o r  nuc leus  and t h e  n e a r l y  sniooth s u r f a c e  of 
t h e  development wh ich  sur rounds i t .  

( 2 )  "compound F i s s u r e "  means a  p r o g r e s s i v e  f r a c t u r e  o r i g i n a t i n g  i n  a  
h o r i z o n t a l  s p l i t  head wh ich  t u r n s  up o r  down i n  t h e  head o f  t h e  r a i l  as 
a  smooth, b r i g h t  o r  da rk  s u r f a c e  p r o g r e s s i n g  u n t i l  s u b s t a n t i a l l y  a t  a  
r i g h t  a n g l e  t o  t h e  l e n g t h  o f  t h e  r a i l .  Compound f i s s u r e s  r e q u i r e  
e x a m i n a t i o n  o f  b o t h  f a c e s  o f  t h e  f r a c t u r e  t o  l o c a t e  t h e  h o r i z o n t a l  s p l i t  
head f r o m  w h i c h  t h e y  o r i g i n a t e .  

( 3 )  " D e t a i l  F r a c t u r e "  means a  p r o g r e s s i v e  f r a c t u r e  o r i g i n a t i n g  a t  o r  
n e a r  t h e  s u r f a c e  o f  t h e  r a i l  head. These f r a c t u r e s  s h o u l d  n o t  be con fused  
w i t h  t r a n s v e r s e  f i s s u r e s ,  compound f i s s u r e s ,  o r  o t h e r  d e f e c t s  wh ich  have 
i n t e r n a l  o r g i n s .  D e t a i l  f r a c t u r e s  may a r i s e  from s h e l l y  s p o t s ,  head 
checks,  o r  f l a k i n g .  



( 4 )  "Engine Burn F rac tu re "  means a  p rog ress i ve  f r a c t u r e  o r i g i n a t i n g  
i n  spots  where d r i v i n g  wheels have s l i p p e d  on t op  of  t h e  r a i l  head. I n  
develop ing downward t hey  f r e q u e n t l y  resemble t h e  compound o r  even t r ans -  
verse f i s s u r e  w i t h  which they  should n o t  be confused o r  c l a s s i f i e d .  

( 5 )  "De fec t i ve  Weld" a l s o  known as "Head I n c l u s i o n "  means a  p rogress ive  
t ransverse  sepa ra t i on  w i t h i n  an area where two r a i l s  have been j o i n e d  by 
we ld ing  o r  a  r up tu re .  a t  a  weld where improper f u s i o n  has occured. 
De fec t i ve  welds a re  caused by i n c l u s i o n s ,  improper f u s i o n  d u r i n g  we1 d ing,  
o r  su r f ace  cracks developed from the  hea t  o f  weld ing.  

( 6 )  "Ho r i zon ta l  S p l i t  Head" means a  h o r i z o n t a l  p rog ress i ve  defect  
o r i g i n a t i n g  i n s i d e  o f  t h e  r a i l  head, u s u a l l y  one-quar ter  i n c h  o r  more 
below t h e  runn ing  sur face  and p rogress ing  h o r i z o n t a l l y  i n  a l l  d i r e c t i o n s ,  
and g e n e r a l l y  accompanied by a  f l a t  spo t  on t h e  runn ing  surface. The 
defect  appears as a  c rack  leng thw ise  o f  t he  r a i l  when i t  reaches t h e  s i d e  
o f  t h e  r a i l  head. 

( 7 )  " V e r t i c a l  S p l i t  Head" means a  v e r t i c a l  s p l i t  through o r  near  t h e  
midd le  of  t he  head, and extending i n t o  o r  through i t .  A c rack  o r  r u s t  
s t r e a k  may show under t h e  head c l ose  t o  t h e  web o r  p ieces may be s p l i t  
o f f  t he  s i d e  of t h e  head. 

(8) "Head and Web Separat ion"  means a  p rog ress i ve  f r a c t u r e  1  ongi  t u d i n a l  l y  
sepa ra t i ng  t he  head and web o f  t h e  r a i l  a t  t h e  f i l l e t  under t h e  head. 
A c i d  a c t i o n  from some f i l l e r s  used a t  highway c ross ings  may s t a r t  
c o r r o s i o n  f a t i g u e  where t h e  r a i l  head j o i n s  t h e  web. Gravel  a t  c ross ing ,  
excess ive speed on curves, o r  improper c a n t i n g  of t h e  r a i l  can cause 
e c c e n t r i c  l o a d i n g  of t h e  r a i l  head. Fa t igue  then appears as " r a i l  
s t r a i n " ,  o r  a  creped and w r i n k l e d  f i l l e t  under t h e  head. 

( 9 )  " B o l t  Hole Crack" means a  p rogress ive  f r a c t u r e  which o r i g i n a t e s  a t  
a  b o l t  h o l e  and progresses away f rom t h e  h o l e  u s u a l l y  a t  an ang le  o r  a long  
a  pa th  o t h e r  than a  pe rpend i cu la r  o r  l o n g i t u d i n a l  l i n e .  A  b o l t  ho le  
crack i s  u s u a l l y  t he  r e s u l t  of  unusual s t resses  a long  t h e  edge o f  t h e  
h o l e  from t h e  b o l t  i t s e l f .  These s t r esses  may be caused by pumping o r  
swing ing j o i n t s ,  improper d r i l l i n g ,  excess i ve l y  work j o i n t  bars ,  o r  
abnormal r a i l  end impacts from r o l l i n g  s tock.  Focal  p o i n t s  of b o l t  h o l d  
cracks may be a t  a  s t r e s s  con tac t  p o i n t  between t h e  r a i l  and t he  b o l t  o r  
a t  a  b u r r  on t h e  edge of t he  h o l e  l e f t  by t h e  d r i l l i n g  opera t ion .  

"Cond i t ions"  

(1  ) " Surface S h e l l i n g "  a l s o  c a l l e d  " S h e l l y  Spots" means a  c o n d i t i o n  
where a  t h i n ,  ( u s u a l l y  t h ree -e igh t s  i n c h  i n  depth o r  l e s s )  s h e l l - l i k e  



p i e c e s  of s u r f a c e  m e t a l  becomes separa ted  f r o m  t h e  p a r e n t  me ta l  i n  t h e  
r a i l  head, g e n e r a l l y  a t  t h e  gage c o r n e r .  It may be ev idenced  by a  b l a c k  
s p o t  appear ing  on t h e  r a i l h e a d  o v e r  t h e  zone o f  s e p a r a t i o n  o r  a p i e c e  
o f  me ta l  b r e a k i n g  o u t  c o m p l e t e l y ,  l e a v i n g  a  s h a l l o w  c a v i t y  i n  t h e  r a i l -  
head. I n  t h e  case o f  a  s m a l l  s h e l l  t h e r e  may be no s u r f a c e  ev idence,  
t h e  e x i s t e n c e  o f  t h e  s h e l l  b e i n g  apparen t  o n l y  a f t e r  t h e  r a i l  i s  b roken  
o r  s e c t i o n e d .  

( 2 )  "Engine Burn" a l s o  known as "Burned R a i l "  i s  a  r a i l  t h a t  has been 
s c a r r e d  on t h e  r u n n i n g  s u r f a c e  by t h e  f r i c t i o n  o f  s l i p p i n g  l o c o m o t i v e  
d r i v e r s .  I t  i s  caused by  i n t e n s e  f r i c t i o n  h e a t i n g  f rom s l i p p i n g  d r i v e r s ,  
wh ich  o v e r h e a t s  and d i s p l a c e s  t r e a d  me ta l  on t h e  r u n n i n g  su r face .  

( 3 )  "Crushed Head" i s  a  f l a t t e n i n g  o f  s e v e r a l  i n c h e s  o f  t h e  r a i l  head, 
u s u a l l y  accornpanied by  a  c r u s h i n g  down o f  t h e  m e t a l  b u t  w i t h  no s i g n s  o f  
c r a c k i n g  under t h e  head. The o r i g i n  o f  c rushed  head i s  u s u a l l y  a  s o f t  
s p o t  i n  t h e  s t e e l  o f  t h e  head, wh ich  g i v e s  way under  heavy wheel l o a d s .  

( 4 )  "Weld R e p a i r "  s m a l l  s u r f a c e  d e f e c t s  l i k e  eng ine  b u r n  and s h e l l i n g  
a r e  ground o u t  and welded t o  o b t a i n  t h e  o r i g i n a l  shape o f  t h e  r a i l .  






