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D y n a m i c  p h o t o e l a s t i c i t y  has  been  u sed  in con junc t ion  with  s e l e c t i v e  e t c h ing  on l i t h ium f l u o r i d e  
b i c r y s t a l s  to e x a m i n e  the i n t e r a c t i o n  of  a g row ing  c r a c k  with i nc l i ned  b o u n d a r i e s ;  i t  i s  found 
that  the  s t r e s s e s  at  the head  of the  c r a c k  a l t e r  a s  the  b o u n d a r y  i s  a p p r o a c h e d .  The  speed  of 
the c r a c k  i s  r e l a t e d  to the  ang le  of  i n c i d e n c e  on the b o u n d ~ y  and the a n g u l a r  d i s o r i e n t a t i o n  of 
the l a t t e r .  The  change  in c r a c k  speed  i s  r e l a t e d  to the  change  in s t a t e  of s t r e s s  at  the  v e r t e x .  
A n a l y t i c a l  and e x p e r i m e n t a l  d i s t r i b u t i o n s  a r e  p r e s e n t e d  for  the s t r e s s e s  ahead  of  a g r o w i n g  
c r a c k .  

It i s  known that  the s t r u c t u r e  of  a m a t e r i a l  ha s  a c e r t a i n  e f fec t  on the g rowth  of  s low c r a c k s  [1-5] .  

A s tudy has  been  m a d e  [6J of g r o w i n g  c r a c k s  b r e a k i n g  th rough  b o u n d a r i e s  in c r y s t a l s ;  the  change  
g rowth  k i n e t i c s  for  f a s t  c r a c k s  w a s  a s c r i b e d  to the  e f f e c t s  of  the m a t e r i a l  s t r u c t u r e .  T h i s  r e s u l t  i s  on ly  
h y p o t h e t i c a l  in the  a b s e n c e  of  r e c o r d i n g s  of  the  load  wave  fo rm and the change  in the s t a t e  of  s t r e s s  a t  the 
v e r t e x  of  the  c r a c k .  

We have  e x a m i n e d  the i n t e r a c t i o n  of a g r o w i n g  c r a c k  with an i nc l i ned  b o u n d a r y  in l i t h ium f l u o r i d e  
b i c r y s t a l s  with d i s o r i e n t a t i o n  a n g l e s  f rom 1 to 25~ the m e a s u r e m e n t s  w e r e  m a d e  by d y n a m i c  p h o t o e l a s t i -  
c i ty  on s p e c i m e n s  5 x 4 0 x 6 0  m m ,  with d y n a m i c  b r e a k a g e  by a knife ,  a s m a l l  e x p l o s i o n  be ing  i n i t i a t e d  at  
the  u p p e r  edge  of  the  knife .  The  p u l s e  d u r a t i o n  was  about  20 p s e c .  We r e c o r d e d  the p r o g r e s s  of  the c r a c k  
with an S F R - 1 M  c a m e r a  (2.5 m i l l i o n  f r a m e s / s e e ) ,  u s ing  c i r c u l a r l y  p o l a r i z e d  l igh t .  

To d e t e r m i n e  the e f f e c t s  of the b o u n d a r y  on the  s t r e s s  d i s t r i b u t i o n  at  the v e r t e x  of the g r o w i n g  c r a c k ,  
we e x a m i n e d  the s t a t e  of s t r e s s  n e a r  that  p o i n t  b e f o r e  a p p r o a c h  to the b o u n d a r y  and f r o m  p a s s a g e  t h rough  
i t ;  we r e c o r d e d  f r a m e s  fo r  the  c r a c k  g rowth  fo r  s ing le  c r y s t a l s  and b i c r y s t a l s .  F i g u r e  l a  shows  the c r a c k  
g rowth  in d y n a m i c  load ing  for  a s i ng l e  c r y s t a l .  To t r a n s f e r  f rom the i n t e r f e r e n c e  e f f e c t s  s een  on the 
f r a m e s  to the Tma x ,  one can u s e  the r e s u l t s  of  [7] on the a s s u m p t i o n  of a q u a s i s t a t i e  s t a t e  of  s t r e s s  a t  the 
mouth  of  the  grooving c r a c k .  Then  we have  a s  fo l lows  fo r  an a n i s o t r o p i e a l l y  l oaded  body: 

6 = do (B1 - B~)  (5~ - 3,,) (1) 

H e r e  t5 i s  the wave  path d i f f e r e n c e  se t  up in the  s p e c i m e n ,  d o i s  s p e c i m e n  t h i c k n e s s ,  and ~x and ~'y 
a r e  the  n o r m a l  s t r e s s e s  a v e r a g e d  o v e r  the  t h i c k n e s s  of the s p e c i m e n ,  which a r e  a p p l i e d  to a r e a s  p e r p e n -  
d i c u l a r  to the p r i n c i p a l  a x e s  of  the  op t i ca l  e l l i p s o i d  : 

1_1~ - -  B o  - -  x ((;11 - -  C ~ )  C . .  

" I/-C41 ~ cos~23 -+- (Cn -- CI~)'-' sis 23 

w h e r e  c11, c12, c.14 a r e  o p t i c a l  c o n s t a n t s ,  fl i s  the  ang le  be tween  the p r i n c i p a l  a x i s  of the  e l l i p s o i d  and the  
[100] d i r e c t i o n ,  and ~ i s  a c o n s t a n t  of  the m a t e r i a l  fo r  L i F .  

The  v a l u e s  of  the  o p t i c a l  c o n s t a n t s  have  been  p u b l i s h e d  [7]; the t h e o r y  of  e l a s t i c i t y  g i v e s  
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o~ - -  o~ = (~1 - -  o~) cos 2a (2) 

w h e r e  a l  and a2 a r e  the  p r i n c i p a l  n o r m a l  s t r e s s e s ,  and a i s  the ang le  be tween  the p r i n c i p a l  a x e s  of the  o p -  
t i c a l  e l l i p s o i d  and the  s t r e s s  e l l i p s o i d .  

F r o m  (1) and (2) we have  

~' - :~ ~ ( 3 )  
~max - ~ - -  2 d ~ ( B i - - B 2 )  c ~ s 2 :  

In t h e s e  e x p e r i m e n t s ,  the f r i n g e  f r a c t i o n  ob t a ined  d id  not e x c e e d  0.5, so we u sed  

)--:-" arc sin I f  I -- 1,, (4) 5 
:t F /max 

w h e r e  h i s  the  wave leng th  (5500 /~), I is  the  i n t e n s i t y  t r a n s m i t t e d  by the a n a l y z e r ,  I 0 i s  the i n t e n s i t y  with the  
p o l a r o i d s  c r o s s e d ,  and Ima  x i s  the  i n t e n s i t y  with the  p o l a r o i d s  p a r a l l e l  m i n u s  I 0. It can be shown tha t  

cos 2ct = Cn cos2 23 + (C,, -- Cr.,) sia 2 2:3 
Clj ~ c(,s '2 28 -I- (Cj~- Cl~_)~'siu22~ (5) 

F r o m  (3) and (4) we find that  I and/3 need  to be known in o r d e r  to d e t e r m i n e  "~nax; a l l  the o t h e r  quan-  
t i t i e s  a r e  e i t h e r  c o n s t a n t s  (d o and ~) o r  e l s e  a r e  r e l a t e d  to fi ( a ,  B 1 -  B2). The i n t e n s i t y  w a s  e s t i m a t e d  f rom 
the  d e n s i t y  of  the f i lm a s  m e a s u r e d  with  an M F - 2  m i c r o p h o t o m e t e r .  

One d e t e r m i n e s / ) f r o m  the d i s t r i b u t i o n  of the  i s o c l i n e s ;  f o r  t h i s  p u r p o s e ,  we se t  up f ive  p o l a r i z i n g  
s y s t e m s  in the r e c o r d e d  r e g i o n  on the path  of  the c r ack :  one c i r c u l a r  one and four  p l a n a r  o n e s .  The  p l a n a r  
p o l a r o s c o p e s  w e r e  set  to r e c o r d  s i m u l t a n e o u s l y  i s o c l i n e s  with p a r a m e t e r s  of 0, 22.5,  45, and 60 ~ The 
7 w e r e  c a l c u l a t e d  f rom (3) and (4), which  gave  the fo l lowing s t r e s s  d i s t r i b u t i o n  at  the  v e r t e x  of a fas t  
m a x  

c r a c k  (F ig .  2). T h i s  shows  that  the l a r g e s t  m a x i m a l  t a n g e n t i a l  s t r e s s e s  TmaxaCt  in four  p l a n e s  p a s s i n g  
th rough  the v e r t e x  of  the  c r a c k ;  t h e s e  form a c h a r a c t e r i s t i c  a r r a y .  

S i m i l a r  s t r e s s  a r r a y s  at  the  v e r t i c e s  of s t a t i o n a r y  c r a c k s  have  been  d e s c r i b e d  p r e v i o u s l y  [8], but  
t h e r e  they  had a s t r i c t l y  s 3 ~ m e t r i c a l  fo rm of a r e g u l a r  c r o s s  t u rned  at  45 ~ in the d i r e c t i o n  of  the  c r a c k .  
A c e r t a i n  a s y m m e t r y  i s  s een  in d y n a m i c  load ing  (Fig .  2) , which  i s  undoubted ly  due  to the  d y n a m i c  c h a r a c -  
t e r  of  the p r o c e s s .  

The  o b s e r v e d  s t r e s s  d i s t r i b u t i o n  ahead  of  the g r o w i n g  c r a c k  w a s  c o m p a r e d  with tha t  c a l c u l a t e d  by 
the m e t h o d  of  [9], the c a l c u l a t i o n  be ing  for  v e l o c i t i e s  c o r r e s p o n d i n g  to those  found by e x p e r i m e n t .  The  fo l -  
lowing i s  a c o m p a r i s o n  of the  a n a l y t i c a l  and e x p e r i m e n t a l  r e s u l t s :  

r, m m  

aZma x , kg/cm 2 
experimental 
Xmax, kg/_ cm2 
calculated 

0.35 0.5 l 1.5 2 3 4 5 6 
50 40 31 28.5 26.2 24.8 24.5 23~5 20 

46. 37.6 28.9 26.5 24.8  23.2 24.5 23.5 20 

F i g .  1 
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F i g .  2 

Th i s  shows  tha t  t h e r e  i s  good a g r e e m e n t  fo r  r ->  4 m m  f r o m  the v e r t e x  of the c r a c k ,  a l though  a t  l e s s e r  
d i s t a n c e s  t h e r e  i s  a d i s c r e p a n c y ,  which  m a y  be a s s i g n e d  e i t h e r  to e r r o r s  in the e x p e r i m e n t a l  p r o c e s s i n g  
o r  to i n a c c u r a t e  d e s c r i p t i o n  of  the p h e n o m e n a .  Then one can d e s c r i b e  q u a s i b r i t t l e  f a i l u r e  to a f i r s t  a p p r o x -  
i m a t i o n  v ia  the  b a s i c  c o n c e p t s  of the t h e o r y  of e l a s t i c i t y .  

F i g u r e  1 shows  c h a r a c t e r i s t i c  p a t t e r n s  for  c r a c k s  and c r y s t a l s ;  i t  i s  c l e a r  that  a c r a c k  p r o p a g a t i n g  
into a s ing le  c r y s t a l  (F ig .  la)  p r o d u c e s  a c h a r a c t e r i s t i c  d i s t r i b u t i o n  at  the v e r t e x  i n d i c a t i n g  s t r e s s  c o n c e n -  
t r a t i o n ;  t h e r e  i s  no change  in the  i n t e n s i t y  when a c r a c k  m o v e s  wi th in  the l i m i t s  of  a f r a m e ,  so t h e r e  i s  no 
change  in the  s t r e s s  p a t t e r n  at  the v e r t e x  at  l e a s t  o v e r  a d i s t a n c e  of  15 m m  ( s i z e  of the f ie ld  p h o t o g r a p h ) .  
When a c r a c k  p r o p a g a t e s  in a b i c r y s t a l  wi th  an i n c l i n e d  b o u n d a r y  (F ig .  lb ) ,  the  t r a n s m i s s i o n  at  the v e r t e x  
i s  a s  for  a s i ng l e  c r y s t a l  (F ig .  la} so the  s t r e s s  d i s t r i b u t i o n  i s  s i m i l a r  to tha t  in F i g .  2; h o w e v e r ,  the  in-  
t e n s i t y  f a l l s  on p a s s a g e  th rough  the b o u n d a r y ,  and the  e f f ec t  i s  s u b s t a n t i a l l y  d e p e n d e n t  on the m u t u a l  o r i e n -  
t a t i on  of the  g r a i n s  in the  b i c r y s t a l ,  i . e . ,  the d i s o r i e n t a t i o n  ang le  0 and the  ang le  of i n c i d e n c e  (p on the 
b o u n d a r y  (~ i s  the  ang le  b e t w e e n  the c r a c k  and the n o r m a l  to the b o u n d a r y ) .  When a c r a c k  p a s s e s  t h r o u g h  
a b o u n d a r y  with 0 5  4 ~ t h e r e  i s  p r a c t i c a l l y  no change  in the  i n t e n s i t y ,  no m a t t e r  what  (P m a y  be .  The  r e d u c -  
t ion in the  s t r e s s  at  the v e r t e x  on p a s s a g e  th rough  a b o u n d a r y  in a b i c r y s t a l  i n c r e a s e s  wi th  0 for  0 >4 ~ and 
a l so  with (P. 

T h e s e  r e s u l t s  on the b i r e f r i n g e n c e  a r e  c o n f i r m e d  by an a n a l y s i s  of  the c r a c k  s p e e d s ;  the  c r a c k  g r o w t h  
s p e e d  in d y n a m i c  load ing  i s  d e p e n d e n t  on the load  at  the  v e r t e x ,  so the  c r a c k  speed  can  be used  to judge  the 
s t r e s s .  

To d e t e r m i n e  the c r a c k  s p e e d s  we m e a s u r e d  the l e ng th s  of t he  g r o w i n g  c r a c k s  f r a m e  by f r a m e ;  to 
ob ta in  i m p r o v e d  a c c u r a c y ,  we took into accoun t  s o m e  d i s p l a c e m e n t  of  the  f ie ld  of  v iew f rom one f r a m e  to 
a n o t h e r ,  which  o c c u r s  to s o m e  ex t en t  in the  S F R - 1 M .  We c a l c u l a t e d  the  m e a n  v e l o c i t i e s  b e f o r e  and a f t e r  
t r a n s i t i o n  th rough  a b o u n d a r y ,  which  gave  the r e l a t i v e  v e l o c i t y  change  

Av,'v = (v0 - -  v ' ) /v0  

w h e r e  v 0 is  the  m e a n  v e l o c i t y  b e f o r e  p a s s a g e  t h rough  the b o u n d a r y  and v '  i s  the same  a f t e r w a r d s .  

The  fo l lowing  a r e  the  r e l a t i v e  v e l o c i t y  c h a n g e s  fo r  b i c r y s t a l s  with v a r i o u s  v a l u e s  of  0: 

0 ~ 4 6 8 1t 15 19 22 24 25 

A~:Ivo 0.22 0.235 0.24 0.26 0.295 0.342 0.42 0.48 0.53~ 

I t  i s  c l e a r  tha t  the  v e l o c i t y  change  i n c r e a s e s  wi th  0 ; t h i s  a g r e e s  we l l  with o b s e r v a t i o n s  on the in -  
t e n s i t y  in the  f r a m e s  (F ig .  1), which  i n d i c a t e s  s t r e s s  r e d u c t i o n  at  the v e r t e x  on p a s s a g e  th rough  the bound-  
a r y .  
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Fig. 3 

Fig. 4 
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The following is  the r e l a t i v e  ve loc i ty  change on pa s s a ge  through a boundary as  a function of angle of 

incidence:  

Degree 19 t5 i8 25 30 35 40 43 

Av(0=4 o) 0.246 0.246 0.246 0.~6 0.246 0.246 0.246 0.246 
~'o(0 - 24~ ') 0.252 0.42 0.53 0.62 0.72 0.82 0.92 i 

It is  c l ea r  that  at high (P the re  i s  a cons i de r a b l e  change in the ve loc i ty  when 0 i s  l a rge ,  but hard ly  
any change for  0 -< 4~ when the angle of inc idence  i s  l a rge ,  the c rack  may  stop comple te ly  at the boundary 
and produce  a s epa ra t ion  within the plane of the boundary i t se l f .  F igu re  lc  shows f r a m e s  for  th is  case ,  
while F ig .  3 g ives  the ex te rna l  appea rance  of the c r y s t a l  at the point where  the c rack  p a s s e s  into the plane 
of the boundary.  In e s s e n c e ,  in th is  case  we get a t r ans i t i on  from the t r a n s c r y s t a l l i t e  type.  

It has been s ta ted  [6, 8] that p l a s t i c  s t r e s s  r e l axa t ion  o c c u r s  when a c rack  is slowed up at any form of 
b a r r i e r ;  in our case ,  we e s t i m a t e d  the p l a s t i c  de fo rma t ion  at the boundary from the change in the d i s l o c a -  
t ion s t ruc tu re .  

F i g u r e  4 shows pa t t e rn s  buil t  up f rom p h o t o m i c r o g r a p h s  of the sur face ,  which i l l u s t r a t e  the change 
in d i s loca t ion  s t r u c t u r e  when a c rack  is r e t a r d e d  at a boundary in a b i c r y s t a l  (1 is  the boundary,  2 is  the 
t r a c e  of the c rack ,  and 3 a re  the b~nds from sl ip in the second c r y s t a l l i t e  a r i s ing  on d e c e l e r a t i o n  of the 
crack) .  The etch f igu res  show a ce r t a in  i n c r e a s e  in the d i s loca t ion  dens i ty  in the region  where  the c rack  is 
slowed at the boundary.  The i n c r e a s e  in d i s loca t ion  dens i ty  is  due to a p l a s t i c  de fo rma t ion  on account of 
local  i n c r e a s e  in s t r e s s  where  the c rack  hal ts .  If the c rack  encoun te r s  an obs t ac l e ,  one finds at the s ides  
an i n c r e a s e  in the depth of the zone of p l a s t i c  de fo rmat ion ,  which i s  r e v e a l e d  by the d i s loca t ion  s t r u c t u r e .  
An in t e r e s t i ng  fea tu re  i s  that  s l ip  bands d i sposed  in the [100] c leavage  plane a re  produced in the adjacent  
c r y s t a l l i t e  when a c r ack  ha l t s  at the boundary.  Repeated  loading in th is  d i r e c t i o n  causes  the c r a c k  to de -  
velop.  These  s l ip bands a re  the r e s u l t  of m i c r o p l a s t i c  de fo rma t ion  p reced ing  fa i lu re .  
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