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Abstract—Most of the factors limiting the extensive application of laser-based ultrasonic for nondestructive 
evaluation of surface breaking crack are its poor sensitivity, low efficiency relative to conventional contact 
ultrasonic methods and limit on the dimension of the cracks. For this reason, a new technique that multiple- 
pulse narrow-band ultrasound generated by laser arrays has been proposed. It is found that crack detection 
dependent on spectrum of narrow-band ultrasound generated by laser arrays can be operated with low ampli­
tude requirements. In this paper, the narrow-band ultrasound generated by pulse laser arrays interacting with 
surface breaking cracks has been simulated in detail by the finite element method (F E M ) according to the 
thermoelastic theory. The pulsed array lasers were assumed to be transient heat source, and the surface acous­
tic wave (SAW) which propagating on the top of the plate was computed based on thermoelastic theory. Then 
the frequency spectrums of both reflected waves by crack and transmission ones through crack were compared 
with the direct waves. Results demonstrate that multiple-frequency components of the narrow-band ultra­
sound were varied with change of the depth of surface breaking cracks significantly, which provides the pos­
sibility for precise evaluation of surface breaking cracks.
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1. IN T R O D U C T IO N

L aser based  u ltraso n ic  in sp ec tio n  tech n iq u es have 
em erged  as a  pow erful to o l in  th e  field o f  c rack  evalu­
a tio n  [1—4]. T h e  ab ility  to  op era te  rem o te  fro m  th e  
sam ple  surface, th e  h ig h  fidelity  o f  th e  d e tec tio n  sys­
te m , an d  m u ltip le  p ro p ag a tio n  m odes have led  to  th e  
success o f  th is  tech n o lo g y  in  lab o ra to ry  tools. T h e  su r­
face acoustic  wave (SA W ) is su itab le  fo r surface c rack  
evaluation , due  to  its h ig h  sensitiv ity  to  surface crack , 
an d  th e  P u lsed -ech o  an d  p itc h -c a tc h  tech n iq u es in  
th e  fa r field  a re  th e  m a in  tech n iq u es used  in  surface 
break ing  c rack  N D E , using  laser g en era ted  SAWs. 
G enerally , single laser source  is app lied  to  g enera te  
SAW, w hose sp ec tru m  an d  am p litu d e  changes are  
d e tec ted  to  evaluate th e  surface crack , especially  th e  
am p litu d e  ch an g e  w h en  th e  SAW in te rac ts  w ith  th e  
surface b reak ing  c rack  [5—7]. T h e  accu racy  o f  these  
m e th o d s  relies o n  th e  signal to  no ise  ra tio , an d  th e  
ch an g e  o f  SAW am p litu d e  is to o  sm all to  be  iden tified  
reliab ly  w h en  th e  c rack  size is m u c h  sm alle r th a n  th e  
w avelength  o f  th e  R ayleigh wave, as a  resu lt, th is te c h ­
n iques a re  lim ited  to  surface b reak ing  c rack  m easu re ­
m en t.

In  a n  effort to  increase  th e  sensitiv ity  o f  laser based  
u ltra so n ic  system s, especially  fo r sm all surface b re a k ­

1 T h e  a r t i c le  is  p u b l i s h e d  in  t h e  o r ig in a l .

ing cracks evaluating , th e  effect o f  using  a  spatia lly  
m o d u la ted  array  o f  laser sources has b e e n  investigated  
[8—9]. W h at is k n o w n  to  all, a n  increase  o f  signal 
am p litu d e  in  ap p ro p ria te  red u c tio n  o f  th e  o p tica l 
d e tec tio n  b an d w id th  w ill im prove th e  sensitiv ity  o f  the  
w ho le  system . W hile g en era tio n  fro m  a  single sh o rt 
laser pu lse  typ ically  leads to  b ro ad  b an d  acoustic  sig­
nals, a n  array  o f  sources c a n  be  p h ased  app ro p ria te ly  
to  o b ta in  strong  narro w  b an d  signals [10] w h ich  
im prove th e  S ign a l-N o ise  R atio  to  increase  th e  sensi­
tiv ity  significantly. W h a t’s m ore , th e  cen tre  freq u en ­
cies o f  th e  m u ltip le  h a rm o n ics  are  d e te rm in ed  by  the  
in itia l-se t p a ram ete rs  o f  th e  array-lasers, w h ich  p ro ­
v ide a  s tan d ard  o f  th e  m easu rem en t fo r th e  d e p th  o f  
th e  crack . M eanw hile , it  provides a  conven ience  fo r 
th e  se lec tio n  o f  th e  m o st com m erc ia lly  available tra n s­
ducers, w h ich  exh ib it h ig h  response  to  various fre ­
q u en cy  ranges. T herefo re , th e  waves w ith  d ifferen t 
c e n te r  frequency  have d ifferen t d e p th  o f  p e n e tra tio n  
u n d e r  surface, w h ich  c a n  also b e e n  app lied  to  d e tec t 
b o th  surface an d  sub-cracks.

T h e  idea  o f  genera ting  n a rro w -b an d  acoustic  sig­
nals has b e e n  im p lem en ted  in  various ways inc lud ing  
using  th e  in te rfe ren ce  p a tte rn  from  two in tersec ting  
laser beam s [11—13], repetitive illu m in a tio n  by  a  le n ­
ticu la r array  [14], a n  o p tica l-fib er-g u id ed  la se r array 
[15], a  d iffrac tion  g rating  w ith  a  lens system  [16], an d  
illu m in a tio n  th ro u g h  perio d ic  surface m asks [17]. T h e
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Fig. 1. S c h e m a t ic  d ia g r a m  o f  t h e  s a m p le  i r r a d i a t e d  b y  t h e  f o c u s e d  la s e r  a r r a y  l in e  s o u rc e s :  ( a )  t h r e e - d im e n s io n ;  (b )  tw o - d im e n ­
s io n .

p a r a m e t e r s  o f  l a s e r  a r r a y s  m u s t  b e  c o n s i d e r e d  t o  c o n ­

t r o l  t h e  b a n d - w i d t h  a n d  t h e  f r e q u e n c y  d u r i n g  t h e  g e n ­

e r a t i o n  o f  n a r r o w - b a n d  u l t r a s o u n d .  H o w e v e r ,  t h e r e  

a r e  f e w  p a p e r s  h a v i n g  r e p o r t e d  t h e  m e t h o d  o f  u t i l i z i n g  

t h e  f r e q u e n c y  s p e c t r u m  o f  n a r r o w b a n d  S A W s  t o  d e t e c t  

t h e  s u r f a c e  b r e a k i n g  c r a c k s  s o  f a r .  S o  i n  t h i s  p a p e r ,  t h e  

n a r r o w - b a n d  u l t r a s o u n d  g e n e r a t e d  b y  p u l s e  l a s e r  

a r r a y s  i n t e r a c t i n g  w i t h  s u r f a c e  b r e a k i n g  c r a c k s  o n  a l u ­

m i n u m  p l a t e s  h a s  b e e n  s i m u l a t e d  i n  d e t a i l  b y  t h e  f i n i t e  

e l e m e n t  m e t h o d  ( F E M )  a c c o r d i n g  t o  t h e  t h e r m o e l a s ­

t i c  t h e o r y .  T h e  s p e c t r u m s  o f  b o t h  r e f l e c t e d  w a v e s  b y  

c r a c k  a n d  t r a n s m i s s i o n  o n e s  t h r o u g h  c r a c k  w e r e  c o m ­

p a r e d  w i t h  t h e  d i r e c t  w a v e s ,  a n d  t h e  e f f e c t  o f  t h e  n a r ­

r o w b a n d  S A W s  i n t e r a c t i n g  w i t h  c r a c k s  o f  d i f f e r e n t  

d e p t h  i s  s t u d i e d .

2 .  B A S I C  T H E O R Y  A N D  N U M E R I C A L  M O D E

2 . 1 .  T h e r m a l  C o n d u c t i o n  T h e o r y

B o t h  t h r e e - d i m e n s i o n a l  a n d  t w o - d i m e n s i o n a l  

g e o m e t r i e s  o f  l a s e r  a r r a y  i r r a d i a t i o n  o n  t h e  t o p  s u r f a c e  

o f  t h e  a l u m i n i u m  p l a t e  w i t h  t h e  s u r f a c e  b r e a k i n g  c r a c k  

a r e  s c h e m a t i c a l l y  s h o w n  i n  F i g .  1 .  T h e  l i n e  s o u r c e s  

f r o m  a r r a y  l a s e r s  p a r a l l e l  t o  e a c h  o t h e r  a n d  t h e  s u r f a c e  

c r a c k  a r e  c o n s i d e r e d ,  i n  a d d i t i o n ,  t h e  t e s t  s p e c i m e n  i s  

a  h o m o g e n e o u s ,  i s o t r o p i c  a n d  l i n e a r l y  e l a s t i c  h a l f ­

s p a c e ;  t h u s  e a c h  l i n e  s o u r c e  o f  l a s e r  a r r a y  c a n  b e  c o n ­

s i d e r e d  r e s p e c t i v e l y  a s  a  t w o - d i m e n s i o n a l  p l a n e  s t r a i n  

t h e r m o e l a s t i c  p r o b l e m  s h o w n  i n  F i g .  1 b .

W h e n  t h e  s a m p l e  i s  i l l u m i n a t e d  b y  s i n g l e  l a s e r  

p u l s e  w i t h  e n e r g y  l e s s  t h a n  t h e  m e l t i n g  t h r e s h o l d  o f  t h e  

m a t e r i a l ,  a  c e r t a i n  a m o u n t  o f  t h e  l i g h t  e n e r g y  i s  

r e f l e c t e d  a n d  t h e  r e m a i n i n g  e n e r g y  p e n e t r a t e s  i n t o  t h e  

s a m p l e ,  a  n o n - u n i f o r m  t e m p e r a t u r e  f i e l d  w i l l  b e  g e n ­

e r a t e d ,  f o l l o w e d  b y  l o c a l  t h e r m a l  e x p a n s i o n ,  w h i c h ,  i n  

t u r n ,  g e n e r a t e s  t h e  s t r e s s  f i e l d  a n d  u l t r a s o n i c  w a v e s .  

C o n s i d e r i n g  t h e  l a s e r  c a n  b e  e x p r e s s e d  b y  b o u n d a r y  

c o n d i t i o n s  w i t h  e n e r g y  f l o w  b e c a u s e  o f  t h e  s m a l l  

a b s o r b i n g  d e p t h  o f  t h e  l a s e r  o n  m e t a l  s u r f a c e ,  t h e  c l a s ­

s i c a l  g o v e r n i n g  e q u a t i o n s  c a n  b e  e x p r e s s e d  a s :

£ V 2 T ( x ,  y ,  t )  -  p c T ( x ,  y ,  t )  =  0  ( 1 )

p U ( x ,  y , t )  +  p V  T ( x ,  y , t )

=  p V 2 U ( x ,  y ,  t )  +  ( X  +  p ) V ( V  x  U ( x ,  y ,  t ) ) ,  

w h e r e  T ( x ,  y ,  t )  i s  t h e  t r a n s i e n t  t e m p e r a t u r e  d i s t r i b u ­

t i o n ,  U ( x ,  y ,  t )  d e n o t e s  t h e  d i s p l a c e m e n t  v e c t o r  f i e l d ,  

к  r e p r e s e n t s  t h e  t h e r m a l  c o n d u c t i v i t y ,  p  i s  t h e  t h e r ­

m o a c o u s t i c  c o u p l i n g  c o n s t a n t  a n d  c a n  b e  e x p r e s s e d  a s  

p  =  ( 3 X  +  2 p ) a T ,  a T  i s  t h e  c o e f f i c i e n t  o f  l i n e a r  t h e r m a l  

e x p a n s i o n .

T h e  n o r m a l  b o u n d a r y  c o n d i t i o n s  a r e  l i s t e d  a s  f o l ­

l o w s :

k  dT(x,y, i)
I (  x ,  y ,  t ) ( 3 )

=  0 ,  ( 4 )

y = 0
w h e r e  I ( x ,  y ,  t )  d e n o t e s  t h e  e n e r g y  f l o w  d u e  t o  s i n g l e  

s o u r c e  i l l u m i n a t i o n .  A n  a p p r o p r i a t e  e x p r e s s i o n  f o r  t h e  

s u r f a c e  h e a t  d e p o s i t i o n  i n  t h e  s o l i d  a l o n g  a n  i n f i n i t e l y  

l o n g  l i n e  c a n  b e  f o u n d  i n  [ 1 6 ] .  I n  o r d e r  t o  s i m p l i f y  t h e  

m o d e l s ,  t h e  e n e r g y  f l o w  o f  l a s e r  m e a n i n g  w i t h  I ( x ,  y ,  t )  

i s  l o a d e d  o n  t h e  s u r f a c e  o f  s a m p l e ,  s o  t h e  y - d e p e n -  

d e n c e  o f  l a s e r  i s  e x c l u d e d  f r o m  o u r  c o n s i d e r a t i o n .  T h e  

d i s t r i b u t i o n  o f  e n e r g y  f l o w  o f  s i n g l e  l a s e r  s o u r c e  a l o n g  

x  d i r e c t i o n  i n  o u r  m o d e l s  h a s  t h e  r e l a t i o n  a s :

k  дт(х, у, Q

I(x, t) xf(x) ■ q(t) x  e x p ( - x 2/ a2 ) -^e x p ( - t / to ) , ( 5 )

t20

w h e r e  a  i s  t h e  h a l f - w i d t h  o f  t h e  l a s e r  s o u r c e  a n d  t 0  i s  

t h e  p u l s e  w i d t h  o f  l a s e r ,  q ( t )  i s  t h e  t i m e  d e p e n d e n c e  o f  

t h e  l a s e r  p u l s e  p o w e r .  T h e n ,  t h e  l o n g i t u d i n a l  d i s p l a c e ­

m e n t  c a n  b e  e x p r e s s e d  a s  t h e  c o n v o l u t i o n  o f  t h e  f u n c ­

t i o n  q ( t )  a n d  a  f u n c t i o n  h ( l ,  t )  d e f i n e d  a s  t h e  d i f f r a c t i o n  

i m p u l s e  r e s p o n s e  o f  t h e  s i n g l e  l i n e  s o u r c e  i n  t h e  

t h e r m o - e l a s t i c  r e g i m e ,  w h i c h  i s  d i s c u s s e d  i n  [ 1 3 ]  i n  

d e t a i l :

u(l, t) = q(t) ®  h(l, t) ,  ( 6 )

w h e r e  l  i s  t h e  d i s t a n c e  b e t w e e n  t h e  p r o b e  p o i n t  a n d  t h e  

n e a r  e d g e  o f  t h e  a r r a y  l a s e r s .

W h i l e  t h e  a r r a y  s o u r c e  w h i c h  g e n e r a t e s  s u r f a c e  

u l t r a s o n i c  w a v e s  a t  s a m e  t i m e  i s  a s s u m e d  t o  b e  m u l t i -
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Thermo-physical parameters of aluminium used in the calculationa

Absorptivity Density,
(kgm-3)

Specific heat Thermal 
conductivity 
(Wm-1 K -1)

Thermal 
expansion coeffi­
cient (10-5 K -1)

Lame constant
(Jkg-  1 K -1) О о p (1010 Pa)

5.2 x 10-2 
+3 x 10-5 
( T -300)

2769-0.22 x T 780.3 + 0.48T 249.5 -  0.08T 2.31 x 10-5 5.81 2.61

Note: a All listed parameters are in the temperature range 300 K< T< Tm, and Tm is the melting point of the material.

s o u r c e s  w i t h  e q u a l  e n e r g y ,  t h e n  E q s .  ( 5 )  a n d  ( 6 )  c a n  b e  

d e s c r i b e d  a s :

N n
i N(  x  0  X  I  I ( x  -  k d ,  t )  x  I f (  x  -  k d ) -  q ( t )  ( 7 )

k = 1 k = 1
N

u  ( l ,  t )  = q  ( t )  ®  i  h ( l ,  t  -  k A t ) ,  ( 8 )

k = 1
w h e r e  N  i s  t h e  n u m b e r  o f  t h e  a r r a y  s o u r c e s  a n d  d  i s  t h e  

d i s t a n c e  b e t w e e n  t h e  s o u r c e s  c e n t r e ,  A t  i s  t h e  t i m e  

d e l a y  c a u s e d  b y  t h e  s p a c e  d  b e t w e e n  t h e  a r r a y  l a s e r s .  

A c c o r d i n g  t o  E q .  ( 8 ) ,  t h e  f r e q u e n c y  s p e c t r u m  o f  t h e  

w a v e s  c a n  b e  d e d u c t e d  q u a l i t a t i v e l y  w i t h  a  d i s c r e t e  

b e c a u s e  o f  t h e  t i m e  d e l a y  a n d  t h e  f r e q u e n c y  e n v e l o p e  

i s  a l m o s t  t h e  s a m e  w i t h  t h e  s i t u a t i o n  i n  w h i c h  s i n g l e  

l a s e r  s o u r c e  i s  a p p l i e d .

T h e  p u l s e d  h e a t  f l u x  i s  a p p l i e d  o n  t h e  l a s e r  i l l u m i ­

n a t i v e  r e g i m e  a n d  o t h e r  e d g e s  a r e  a s s u m e d  t o  b e  a d i a ­

b a t i c  i n  t h e  t h e r m a l  a n a l y s i s .  I n  a d d i t i o n ,  t h e  b o u n d ­

a r y  c o n d i t i o n s  a t  t h e  t o p  s u r f a c e  ( y  =  h )  i s :

n  - [ a  -  ( 3  X  + 2 p ) a  T ( x ,  y ,  t )  I  ]  = 0 ,  ( 9 )

w h e r e  n  i s  t h e  u n i t  v e c t o r  n o r m a l  t o  t h e  s u r f a c e ,  I  i s  t h e  

u n i t  t e n s o r  a n d  a  i s  t h e  s t r e s s  t e n s o r .  I n  a d d i t i o n  t o  t o p  

s u r f a c e ,  t h e  r e s t r i c t i v e  b o u n d a r y  c o n d i t i o n s  h a v e  b e e n  

p l a c e d  a t  t h e  o t h e r  s i d e s  o f  t h e  m o d e l .

I n  a d d i t i o n ,  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  t e m p e r a ­

t u r e  f i e l d  a n d  d i s p l a c e m e n t  f i e l d  a r e :

T ( x ,  y ,  0 )  =  3 0 0 K ( 1 0 )

U  ( x ,  y ,  0 )  =  ? )  =  0 . ( 1 1 )

2 . 2 .  N u m e r i c a l  M e t h o d

T h e  c l a s s i c a l  t h e r m a l  c o n d u c t i o n  e q u a t i o n  f o r  

f i n i t e  e l e m e n t s  w i t h  t h e  h e a t  c a p a c i t y  m a t r i x  [ C ] ,  c o n ­

d u c t i v i t y  m a t r i x  [ K ] ,  h e a t  f l u x  v e c t o r  { p } ,  a n d  h e a t  

s o u r c e  v e c t o r  { p 2 }  c a n  b e  e x p r e s s e d  a s :

[ K ]  {  T }  +  [ C ] {  T }  =  { P i }  +  { P 2 } ,  ( 1 2 )

w h e r e  { T }  i s  t h e  t e m p e r a t u r e  v e c t o r ,  a n d  {  T }  i s  t h e  

t e m p e r a t u r e  r i s e  r a t e  v e c t o r .  F o r  w a v e  p r o p a g a t i o n ,  

i g n o r i n g  d a m p i n g ,  t h e  g o v e r n i n g  f i n i t e  e l e m e n t  e q u a ­

t i o n  i s

[ M ]  { U }  +  [ K ]  {  U }  =  { F e x t } ,  ( 1 3 )

w h e r e  [ M]  i s  t h e  m a s s  m a t r i x ,  [ K]  i s  t h e  s t i f f n e s s  

m a t r i x ,  { U }  i s  t h e  d i s p l a c e m e n t  v e c t o r ,  { U }  i s  t h e  

a c c e l e r a t i o n  v e c t o r ,  a n d  { F e x t }  i s  t h e  e x t e r n a l  f o r c e  v e c ­

t o r .  F o r  t h e r m o e l a s t i c i t y ,  t h e  e x t e r n a l  f o r c e  v e c t o r  f o r

a n  e l e m e n t  i s  f  [ B ] T [ D ] { S th }  d S , w h e r e  { s t h }  i s  t h e

h
t h e r m a l  s t r a i n s  v e c t o r ,  [ B ] T  i s  t h e  t r a n s p o s e  o f  t h e  

d e r i v a t i v e  o f  t h e  s h a p e  f u n c t i o n s ,  a n d  [ D ]  i s  t h e  m a t e ­

r i a l  m a t r i x .

T h e  p r o c e d u r e  e m p l o y e d  t o  s o l v e  t h e  t h e r m o e l a s t i c  

c o u p l i n g  e q u a t i o n  i s  t h e  m o d e l i n g  o f  t h e  s e q u e n t i a l  

f i e l d - c o u p l i n g ,  w h e r e b y  t h e  l a s e r  a r r a y s  g e n e r a t e d  

t e m p e r a t u r e  f i e l d  i s  a s s u m e d  t o  p r o d u c e  t h e  s t r e s s  a n d  

d i s p l a c e m e n t  f i e l d s  w h o s e  f i e l d s  o n  t h e  t e m p e r a t u r e  

f i e l d  i s  a s s u m e d  t o  b e  n e g l i g i b l y  s m a l l .  T h e  f u l l  a l g o ­

r i t h m  h a s  b e e n  g i v e n  i n  a  p r e v i o u s  p a p e r  [ 1 8 ] .

3 .  N U M E R I C A L  R E S U L T S  A N D  D I S C U S S I O N S

3 . 1 .  P a r a m e t e r s  o f  L a s e r  A r r a y s  a n d  S a m p l e

O n  t h e  b a s i s  o f  t h e  a b o v e - d e s c r i b e d  m o d e l s ,  u l t r a ­

s o u n d  w a v e s  g e n e r a t e d  b y  a r r a y  l a s e r s  a r e  c a l c u l a t e d  i n  

a n  a l u m i n u m  p l a t e  w i t h  s u r f a c e  b r e a k i n g  c r a c k .  T h e  

e n e r g y  o f  e a c h  l a s e r  i s  1 3 . 5  m J ,  t h e  d u r a t i o n  t i m e  t 0  i s  

t a k e n  t o  b e  1 0  n s  a n d  t h e  p a r a m e t e r s  o f  a r r a y  l a s e r s  

w i t h  5  s o u r c e s  a r e  a  =  1 0 0  p m  a n d  d  =  1  m m ,  w h e r e  a  

i s  t h e  h a l f - w i d t h  o f  t h e  l i n e - s h a p e d  p u l s e d  l a s e r  s p o t  

a n d  d  i s  t h e  s p a c e  b e t w e e n  c e n t r e s  o f  t h e  l a s e r  s o u r c e s ,  

r e s p e c t i v e l y .  T h e  2 D  p l a n e  e l e m e n t  m o d e l s  a r e  c o n ­

s t r u c t e d  t o  s i m u l a t e  t h e  t e m p e r a t u r e  f i e l d  a c c o r d i n g l y .  

T h e  m a x i m a l  e l e m e n t  s i z e  n e a r  t h e  a f f e c t e d  z o n e  i s

0 . 5  p m ,  w h e r e a s  t h e  e l e m e n t  s i z e  o u t s i d e  t h e  h e a r -  

a f f e c t e d  z o n e  i s  1 0 0  p m . T h e n  t h e  f o l l o w i n g  d i s p l a c e ­

m e n t  a r e  s i m u l a t e d  b y  r e p l a c i n g  t h e  t h e r m a l  e l e m e n t  

w i t h  a n  e q u i v a l e n t  p l a n e  s t r u c t u r a l  e l e m e n t .

D u r i n g  t h e  s t r u c t u r a l  a n a l y s i s ,  t h e  n o d a l  t h e r m a l  

l o a d s  a r e  p r o v i d e d  b y  t h e  i n i t i a l  t h e r m a l  a n a l y s i s .  W i t h  

s c h e m e ,  w h i c h  c o v e r s  t h e  g e n e r a t i o n  a n d  p r o p a g a t i o n  

o f  s u r f a c e  w a v e s ,  t h e  l o c a t i o n s  o f  l a s e r  i r r a d i a t i o n  

r e g i m e s  o n  t h e  u l t r a s o n i c  r e s p o n s e  o f  t h e  s e n s e d  p o i n t  

o n  t h e  t o p  s u r f a c e  o f  s a m p l e  a n d  t h e  e f f e c t s  o f  t h e  s u r ­

f a c e  b r e a k i n g  c r a c k s ,  w h o s e  d e p t h  a r e  t a k e n  t o  b e  1 ,  

0 . 5  a n d  0 . 3 3  m m ,  r e s p e c t i v e l y ,  m a y  b e  s t u d i e d  q u a n t i -
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Fig. 2. Vertical displacements on surface generated by 5 lasers array at source-receiver distances of x = 0.8 mm and x = 1.6 mm, 
in the 1-cm-thick Al plate.

tatively. T h e  p roperties o f  th e  m ateria l used  in  c a lcu la ­
tio n  are listed  in  table.

3.2. Numerical Results

3 .2 .1 . Waveform o f surface waves. In  o rd e r to  
u n d e rs tan d  th e  effect o f  g en era ted  u ltra so u n d  by 
array-lasers in te rac tin g  w ith  surface break ing  c racks, 
th e  vertical surface d isp lacem ents fo r th e  case w ith o u t 
a c rack  in  a lu m in u m  p la te  are show n in  Fig. 2, w hich  
inc lude  tw o SAW signals d e tec ted  a t d ifferen t d is­
tan ces  betw een  righ t edge o f  lasers-array  an d  receiver 
w ith  x =  0.8 m m  an d  x =  1.6 m m .

T he m ain  features o f  th e  acoustic  signals are th ree  
kinds o f  waves, including skim m ing longitud inal 
d eno ted  by sP  w hich  is an  ou t-w ard  displacing m o n o ­
po la r wave, surface shear wave fronts deno ted  by sS and  
the  m ain  initially  negative-going d ipolar R ayleigh wave 
deno ted  by R . T hree  kinds o f  waves are com bined  
together in  th e  n ear field w hile the  com ponen ts o f  sP are 
separated  from  sS an d  R  w ith  longer de tec tion  distance, 
w hich  agrees the  previous results o f  single laser source in  
[19, 20]. C om pared  w ith  the  case o f  single laser pulse 
genera tion , there  are five consecutive waves w ith  the  
sam e interval in  th e  w hole w aveform  because o f  th e  spe­
cial sources including five array lasers w ithou t tim e 
delay. W h at’s m ore , from  th e  waves detec ted  in  different 
po in ts in  Fig. 2, the  velocity o f  sP, sS and  R  calcu lated  
o n  the  basis o f  arrival tim e are 6040 m /s , 3130 m /s , and  
2980 m /s , respectively, in  a lum inium .

3 .2 .2 . Frequency spectrum  analysis o f SAWS. C o m ­
paring  w ith  th e  c o n tin u o u s  b ro ad b an d  u ltra so u n d  
g en era ted  by single laser source, th e  frequency  sp ec ­
tru m  o f  separate  waves g en era ted  by  5 lasers array is 
narrow band , w h ich  is d en o ted  by solid line. T h e  enve­
lope o f  th e  n a rrow band  is a lm ost th e  sam e w ith  th e  fre­
q uency  sp ec tru m  o f  th e  surface wave g en era ted  by  s in ­
gle source , w h ich  can  be fou n d  in  Fig. 3 d en o ted  by 
d o tted  line. A ssum ing f  is th e  fu n d am en ta l frequency  
an d  f  =  2.4 M H z  here , it c an  be found  th a t cen tra l fre ­
q uency  o f  th e  n arro w b an d  waves, w h ich  can  be called

Fig. 3. Frequency spectrum of ultrasound generated by 
single laser source and 5 lasers array on Al plate.
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1.6 г (a) Effect of 1 mm depth crack

6r ( b)  5 10 15Effect of 0.5 mm depth crack
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j
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Fig. 4. F r e q u e n c y  s p e c t r u m s  o f  r e f le c te d  S A W  f r o m  c r a c k  w i th  d e p th  o f  (a )  1 m m ,  (b )  0 .5  m m ,  a n d  ( c )  0 .3 3  m m ,  i n  1 - c m - t h i c k  
A l p la te .
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Fig. 5. D ia g r a m  o f  p e a k  a m p l i tu d e  r a t io  f r e q u e n c y  s p e c t r u m s  b e tw e e n  r e f le c te d  w a v es  a n d  d i r e c t  w a v es  in  d i f f e r e n t  c r a c k  w i th  
d e p th  o f 1 ,  0 .5 ,  a n d  0 .3 3  m m .

second  h a rm o n ic  frequency, th ird  h a rm o n ic  fre­
q uency  a n d  so o n , is f, 2f, 3f, . . . ,  nf respectively, w hose 
am p litu d e  gradually  reduce  to  zero  co u p led  w ith  th e  
envelope, so it is kn o w n  th a t the  narro w b an d  surface 
acoustic  waves can  be gen era ted  o n  Al p la te  by  lasers 
array w ith  w avelength o f  d, d /2 , d /3 , . ,  d/n.

T h e  n a rro w -b an d  surface acoustic  waves g en era ted  
by  5 pulse lasers array in te rac tin g  w ith  surface break ing  
cracks w hose d ep ths are tak en  to  be 1, 0.5 an d  
0.33 m m , respectively, o n  a lu m in u m  p lates have been  
sim u la ted  in  deta il by th e  fin ite  e lem en t m e th o d  
(F E M ) acco rd ing  to  th e  th erm o elastic  theory. T h e  fre­

q uency  spectrum s o f  b o th  reflec ted  waves by c rack  and  
transm ission  ones th ro u g h  c rack  w ere co m p ared  w ith  
th e  d irec t w aves’. F igure  4 deno tes th e  frequency  sp ec ­
tru m  o f  th e  reflected  waves from  surface c rack  w ith  
d ifferen t d ep th  o f  1, 0.5, an d  0.33 m m . T h e  fu n d a ­
m en ta l frequency  c o m p o n e n t in  Fig. 4a  show s obvious 
decrease co m p ared  w ith  th e  d irec t waves. T his a tte n u ­
a tio n  effect is m ain ly  because th a t the  w avelength o f  
th e  fu n d am en ta l frequency  is equ ivalen t to  th e  d ep th  
o f  th e  surface crack , as a resu lt, th e  energy o f  fu n d a ­
m en ta l frequency  decrease strongly  w ith  i t ’s sca ttering  
in te rac tin g  w ith  th e  b o tto m  o f  th e  crack.
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Fig. 6. F r e q u e n c y  s p e c tru m s  o f  th e  t ra n s m is s io n  w av es  t h o u g h  th e  c ra c k s  w ith  th e  d e p th  o f  (a )  1 m m , (b ) 0 .5  m m , a n d  (c )  0 .3 3  m m .

4 6 8

L e t’s co n sid er th e  situ a tio n  o f  sm aller cracks w ith  
th e  d ep th  o f  0.5 an d  0.33 m m  w hose frequency  sp ec ­
tru m s are show n in  Figs. 4b an d  4c. I t  is found  th a t 
th e re  are sim ilar a tte n u a tio n  effects o f  th e  am plitu d e  
co rrespond ing  to  th e  reflected  waves in te rac tin g  w ith  
a lte r-d e p th  crack . Specifically, com paring  w ith  th e  sit­
u a tio n  o f  d irec t waves in  Figs. 3 an d  4 ,  th e  frequency  
co m p o n en ts  o f  fu n d am en ta l, second  h a rm o n ic  o r 
th ird  h a rm o n ic  p resen t a tte n u a te d  am p litu d e  resp ec­
tively co rresp o n d in g  to  c rack  d ep th  o f  1, 0.5 o r 
0.33 m m  w hile th e  am p litu d e  o f  o th e r  frequency  c o m ­
p o n en ts  are invariable in  reflec ted  waves, w h ich  c an  be 
also show n clearly  from  th e  p eak  am p litu d e  ra tio  o n  
c en tre  frequency  o f  reflected  waves an d  d irec t waves in  
Fig. 5.

T h e  spectrum s o f  transm ission  waves th ro u g h  c rack  
w ith  d ifferen t d ep th  are also observed to  com pare  w ith  
th e  d irec t waves in  Fig. 6. As show n in  Fig. 6a, th e  
d ep th  o f  th e  c rack  is 1 m m , w h ich  is equivalen t to  th e  
p e rm ea tio n  d istance  by fu n d am en ta l frequency  u ltra ­
sound  w ith  th e  m ax im al cen tra l w avelength in  th e  n a r ­
row band  signals. As a resu lt, th e re  is n o  signal de tec ted  
o n  th e  righ t side o f  th e  crack , w h ich  ind ica tes th a t n a r ­
row band  acoustic  waves o f  all h a rm o n ic  frequencies 
are reflec ted  from  th e  left edge o f  th e  1 m m -d e p th  
crack . D ifferently, th e  u ltraso n ic  signals o f  fu n d a m e n ­
ta l frequency  o r second  h a rm o n ic  frequency  can  be 
d e tec ted  in  th e  situ a tio n  w h en  0.5 an d  0.33 m m -d e p th  
c rack  is app lied  respectively. T herefo re , it is co n firm ed  
th a t th e  n a rrow band  acoustic  waves cou ld  p ropagate  
a long  th e  surface over th e  c rack  w h en  th e  wave leng th  
a t cen tra l frequency  is larger th a n  th e  d ep th  o f  th e  su r­
face break ing  crack.

4. C O N C L U S IO N S

In  th is artic le , th e  n arro w b an d  acoustic  waves g en ­
e ra ted  by  5 pulse lasers array in te rac tin g  w ith  surface 
break ing  cracks w ith  d ifferen t d ep th  has b e e n  sim u ­
la ted  in  deta il by th e  fin ite  e lem en t m e th o d  acco rd ing  
to  th e  th e rm o e lastic  theory.

T h e  elastic waves excited  by th e  lasers array  in  an  
A l p la te  are separa te  narro w b an d  u ltraso n ic  waves, 
w hose envelope is a lm ost th e  sam e w ith  th e  frequency  
sp ec tru m  from  single source. A nd  th e  w avelength o f  
th e  waves are d, d /2 , d /3 , . . . ,  d/n co rresp o n d in g  to  
th e ir  cen tra l frequency  o ff, 2f, 3f, . . . ,  nf, respectively. 
In  ad d itio n , th e  results show  th a t th e  n a rrow band  su r­
face acoustic  waves w ith  d ifferen t p e rm ea tio n  d ep th  
o n  surface are reflec ted  by th e  surface break ing  crack  
o r tran sm itted  th o u g h  it, w h ich  is d ep en d en t o n  th e  
re la tio n sh ip  o f  th e  d ep th  betw een  th e  c rack  an d  p e r­
m ea tio n  due to  th e  p a ram ete rs  o f  th e  lasers array. 
T h erefo re , it m eans th a t th e  m e th o d  for quan tita tive  
evaluation  o f  surface cracks is p rov ided  m aking  use o f  
th e  effect o f  th e  n arro w b an d  acoustic  waves g en era ted  
by lasers array  in te rac tin g  w ith  surface break ing  crack.
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