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A b s t r a c t : A n  e le c tro m a g n e tic  a c o u s tic  tr a n s d u c e r  (E M A T )  is  a  u n iq u e  p ro b e  th a t  d o e s  n o t  re q u ire  a  c o u p la n t  o r  g e l  
a n d  a lso  c a n  u su a lly  g e n e ra te  o r  d e te c t  a n  u ltr a so n ic  w a v e  in to  s p e c im e n s  a c ro s s  a  sm a ll  g a p . I t ,  th e re fo re  c a n  b e  a p p lie d  
in  a  n o n c o n ta c t  m o d e  w ith  a  h ig h  d e g re e  o f  re p ro d u c ib il i ty . E s p e c ia lly  s t if fn e s s  o f  c o m p o s ite s  d e p e n d s  o n  la y u p  
s e q u e n c e  o f  C F R P (c a rb o n  f ib e r  r e in fo rc e d  p la s tic s )  la m in a te s . I t  is  v e ry  im p o r ta n t to  e v a lu a te  th e  la y u p  e r ro rs  in  
p re p re g  la m in a te s . A  n o n d e s tru c tiv e  te c h n iq u e  c a n  th e re fo re  s e rv e  a s  a  u se fu l  m e a su re m e n t fo r  d e te c t in g  la y u p  e r ro rs .  
T h is  s h e a r  w a v e  fo r  d e te c t in g  th e  p re s e n c e  o f  th e  e r ro r s  is  v e ry  s e n s it iv e . A  d e c o m p o s i t io n  m o d e l h a s  b e e n  u s e d  in  th e  
in te rp re ta tio n  a n d  p re d ic tio n  o f  te s t  re s u l ts .  T e s t  r e su lts  h a v e  b e e n  c o m p a re d  w ith  m o d e l  d a ta . I t  is  fo u n d  th a t  th e  h ig h  
p ro b a b il i ty  s h o w s  b e tw e e n  te s ts  a n d  th e  m o d e l  u ti l iz e d  in  c h a ra c te r iz in g  c u re d  la y u p s  o f  th e  la m in a te s . A lso  a  C -sc a n  
m e th o d  w a s  u se d  fo r  d e te c tin g  la y u p  o f  th e  la m in a te s  b e c a u s e  o f  e x tra c tin g  f ib e r  o r ie n ta tio n  in fo rm a tio n  f ro m  th e  
u ltr a so n ic  r e f le c t io n  c a u s e d  b y  s tru c tu ra l  im p e rfe c t io n s  in  th e  la m in a te s . T h e re fo re , i t  w a s  fo u n d  th a t  in te r fa c e  C -s c a n  
im a g e s  sh o w  th e  f ib e r  o r ie n ta tio n  in fo rm a tio n  b y  u s in g  tw o -d im e n s io n a l f a s t  F o u r ie r  tr a n s fo rm (2 -D  F F T ) .

K e y  w o r d s : C o m p o s ite  la m in a te s ( ) ,  E M A T  u ltr a so n ic s ( ) ,  S ta c k in g  s e q u e n c e s ( ) ,  
N o n c o n ta c t  m o d e ( ) , T w o -d im e n s io n a l f a s t  F o u r ie r  tr a n s fo rm (2 -D  F F T )
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Fig. 1 Polarized shear wave propagation by vector through 
first ply
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Fig. 2 Polarized shear wave propagation by vector decom-
position through second ply
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Fig. 3 Polarized shear wave propagation by vector 
decomposition reached onto the receiver
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Fig. 4 Signal IT decomposed through three plies and a 
resultant signal OR reached

1 .  I T  C 1 p a  C 2 p a  C 3 p a  C R  O R    

2 . I T  C 1 p a  C 2 p a   S 3 p e  S R  O R  

3 .  I T  C 1 p a  S 2 p e   C 3 p a  C R  O R  

4 . I T  C 1 p a  S 2 p e   S 3 p e  S R  O R  

5 .  I T  S 1 p e  C 2 p a   C 3 p a  C R  O R   

6 .  I T  S 1 p e  C 2 p a   S 3 p e  S R  O R

7 .  I T  S 1 p e  S 2 p e   C 3 p a  C R  O R

8 . I T  S 1 p e  S 2 p e   S 3 p e  S R  O R

C 1 p a =  c o s 1 ,  

,  S 1 p e  =  s in 1
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.  C 1 p a 1

,  p a .  S 2 p e 2

, p e .

3 . 

3 .1  

( )

/ (C F /E P O X Y )

(P re p re g  s h e e t)

(A u to c la v e )

C F R P  . C F /  

E p o x y  T a b le  1

T a b le  2 , 

.  

1 1 0 × 1 1 0 m m  . 

T a b le  2

.  

. A 1 6 1 8  0 �,  

5 �,  1 5 °  2 0 ° 4

.  

Table 1 Characteristics of CF/EPOXY specimen

F ib e r
P ro p e r t ie s

C a rb o n  T - 7 0 0 S
P re p r e g

0 ° 9 0 °

 M a k e r  
 H a n K u k  F ib e r  

C o .
C U 1 2
5 N S

C U 1 2
5 N S

D e n s i ty  [ k g /m 3 ] 1 .7 5 × 1 0 3 - -

T e n s i le  s tr e n g th  [G p a ] 4 .8 1  2 .5 3 5 5 .8

T e n s i le  m o d u lu s  [G p a ] 2 2 9  1 3 8 7 .9

B re a k in g  e lo n g a tio n  (% ) 2 .1  1 .7 1 .5

 R e s in  c o n te n t  [% W t]   3 7   3 7  

C u r in g  te m p e ra tu r e
1 3 0

× 9 0 m in
1 3 0

× 9 0 m in

Table 2 Prepreg sheet stacking sequences of specimen

P re p re g  s h e e t  s ta c k in g
T o ta l  p re p r e g  

s h e e t  N o .
E r ro r  p ly

 N o .

[ (9 0 3 /0 3 ) 2 ,  9 0 3 , 3 ,  9 0 3 , (0 3 /9 0 3 ) 2 ]
= 0 ° , 5 ° , 1 5 ° , 2 0 °

3 3 = 1 6 1 8

=  d e f e c t  a n g le s  o f  m id -p la n e  s p e c im e n

CFRP composites

Lorentz Force
F = J x B0

I

B0

propagation

F

�

�

J

������

CFRP composites

Lorentz Force
F = J x B0

I

B0

propagation

F

�

�

J

������

Fig. 5 Wave generation mechanism of an EMAT

3 .2  

(E M A T  u ltra so n ic s ) L o re n tz  

. (e d d y  c u r re n t)

. 

( J )

, (B o )

F ig . 5 L o re n tz (F ) .

F=J×Bo  (6)

J , B o

, F L o re n tz .

Photo. 1 The EMAT system consisting of  permanent-magnet 
EMAT probes, EMAT pulser/receiver electronic 
chassis, EMAT amplifier (max. range 1MHz), PC, 
etc.

P h o to .1 E M A T  . 

E M A T  / , E M A T  (m a x ,  

1 M H z ), E M A T  P C . S H (S h e a r  

h o r iz o n ta l)  
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1 3 2 , 2 0 0 58 8

.  F ig . 6

E M A T  

. 

N d F e B  

8 × 1 5  m m ( × ) . 

.  (p o la r iz a tio n )

L o re n tz . 

.   P h o to . 2 E M A T

. C F R P

E M A T  2

(2 5 × 3 0 × 5 0 , o u te r  d ia .× in n e r  d ia .× le n g th (m m )) A l

A l

E M A T

A l .  

Fig. 6 The top view of an EMAT probe for generating and 
receiving normal-incidence shear waves

Photo. 2 EMAT probes

Fig. 7 Schematic of transducer contact position in 
through-transmission mode 

2 E M A T

F ig . 7 . E M A T  

5 0 0 k H z

P h o to . 3

(p e a k -to -p e a k  a m p litu d e ) .  

E M A T  

F ig s . 8  9 .

����	�
	�����

�
�������

����	�
	�����

�
�������

Photo. 3 The pear-to-peak amplitude method applied to 
CFRP laminates 
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Fig. 8 Schematic of EMAT transducer setup
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Sample

Transmitter Receiver

EMAT Pulser / Receiver 
(Magnasonics)

Digital oscilloscope

Amplifier (1MHz)

Sample

Transmitter Receiver

EMAT Pulser / Receiver 
(Magnasonics)

Digital oscilloscope

Amplifier (1MHz)

Fig. 9 Experimental setup for through-transmission scan 
mode (pitch-catch scan mode also used in this study)

3 .3  

C -

. 

.  C -

. 

0 2 5 0 (

) . 

C -

5 0 M H z  . 

5 0 5 2 P R / .  

3 .4  2 - D  F F T  

A -

C F R P  

C - . 

C - A -

C -

. C -

2 D -F F T  

(T w o -d im e n s io n a l fa s t F o u r ie r  tra n s fo rm )  

2 D -F F T  .

4 . 

4 .1  

C F R P  

3 3  

[(9 0 3 /0 3) 2 ,9 0 3 , 3 ,9 0 3 ,(0 3 /9 0 3 ) 2] . 

,  ( s ta c k in g  fa u lts )

.  0 ° , 5 ° , 1 5 °  2 0 °

4 , 

.

Fig. 10 Comparison of specimen [(0/90)12]s, with no error 
and specimen [(0/90)12]s with ply error

F ig . 1 0 . 

C F R P  

4 8

2 5 9 0 °

0 ° . 2

.

F ig s . 1 1 1 4 C F R P  4

( )

. 

0 °

9 0 ° ,  1 8 0 ° ,  2 7 0 °  3 6 0 ° . 0 °

9 0 ° 1 , 9 0 ° 1 8 0 ° 2 ,  

1 8 0 ° 2 7 0 ° 3 , 2 7 0 ° 3 6 0 °

4 . ,  
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1 3 2 , 2 0 0 59 0

,  

,  ,  (s c a n n in g  

a n g le )

. F ig . 1 1

1 6 1 8  = 0 ° C F R P  

. 

,  1

5 0 ° , 

5 0 ° , 6 0 °

7 0 ° .   ,  

0 .9 . 

2 1 4 0 ° , 3 2 2 0 °

4 3 2 0 °

. F ig . 1 1

1 0 %  .   

Fig. 11 Comparison of modeling and experimental solutions 
for 0° defect angle specimen

F ig . 1 2 1 6 1 8  = 5 °

C F R P  

. 

,  1

4 5 °

. ,  4 5 °

, 5 0 ° 6 0 °

. 2

1 4 0 ° , 3 2 2 0 ° , 

2 1 5 ° , 4 3 2 0 °

. F ig . 1 2

6 %  

.

Fig. 12 Comparison of modeling and experimental solutions 
for 5° defect angle specimen

Fig. 13 Comparison of modeling and experimental solutions 
for 15° defect angle specimen

F ig s . 1 3 1 4 1 6 1 8  = 1 5 °

2 0 ° C F R P  

. 

,  1

4 0 °  3 5 °

.
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Fig. 14 Comparison of modeling and experimental solutions 
for 20° defect angle specimen
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4 .2  2 D - F F T  

F ig . 1 5 (a ) [ (9 0 3/0 3 ) 2 ,9 0 3 , 3 ,9 0 3 ,(0 3/9 0 3) 2 ]

3 3 C F R P  

1 6 1 8  = 2 0 °

C - ,  F ig . 1 5 (b ) (a )

C - 2 -D  F F T  

. 

(+ )  ,  ( - )

. 2 0 °

(b ) 2 0 °

. (b )

F ig . 1 5 (c )

. × 2 0 ° 9 0 °

. 2 0 °

9 0 ° , 

2 0 ° 9 0 °

.  

,  C -

(x ( t) ) 0 B a se  f re q u e n c y (f o  

= 1 /T ) s in  

c o s  M A T L A B  

.
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                   (a)                                              (b)

(c)

Fig. 15 Ultrasonic C-scan images for 20° defect angle 
specimen
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