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T h e  a u t h o r  w i s h e s  to  e x p r e s s  h i s  p r o f o u n d  s e n s e  

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

P r o f e s s o r  S. T o l a n s k y ,  F .  R.  S. G r a t e f u l  a c k n o w l e d g e m e n t  i s  

m a d e  f o r  P r o f e s s o r  T o l a n s k y ' s  c o n t i n u o u s  g u i d a n c e  a n d  

e n c o u r a g e m e n t  u n t i l  h i s  u n t i m e l y  d e a t h  in  M a r c h ,  1973.

T h e  a u t h o r  i s  i n d e b t e d  to  D r  R .  F .  M i l l e r  f o r  

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

th e  l a s t  tw o y e a r s  .

T h e  a u t h o r  w o u ld  l i k e  to  r e c o r d  h i s  a p p r e c i a t i o n  

o f  th e  a s s i s t a n c e  o f  D r  A. S h a m i m  on  th e  u s e  o f  t h e  P l a s m a  T o r c h  

f o r  a n n e a l i n g  e x p e r i m e n t s .
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m i c r o s c o p e  a n d  th e  x - r a y  d i f f r a c t i o n  c a m e r a  .
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A B S T R A C  T

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

to  th e  s tu d y  of  th e  e n v i r o n m e n t  e f f e c t s  on  h a r d n e s s ,  p l a s t i c  

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

M e a s u r e m e n t s  o f  m i c r o h a r d n e s s  on the  (OOOl) p l a n e s  

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

b y  w a t e r  a b s o r b e d  f r o m  th e  a i r .  U pon  a n n e a l i n g  th e  c r y s t a l s ,  

a t  v e r y  h i g h  t e m p e r a t u r e s ,  th e  h a r d n e s s  i s  fo u n d  to  i n c r e a s e  .

A  t h r e e - d i m e n s i o n a l  d i s t r i b u t i o n  o f  s t r e s s .  , b e n e a t h  

a n  i n d e n t e r  , h a s  b e e n  e v a l u a t e d  u s i n g  ' e l a s t i c  e q u a t i o n s ’ . T h e  

m e c h a n i c s  o f  c r a c k ‘'"''t'a i lon.i a r o u n d  th e  c o n t a c t  c i r c l e  o f  a  

s p h e r i c a l  i n d e n t e r  w i th  th e  s p e c i m e n  h a s  b e e n  a n a l y s e d .  T h e  

c r a c k  e x t e n s i o n  f o r c e  , f o r  a  c r a c k  p r o p a g a t i n g  d o w n w a r d  f r o m  

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

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

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

a n d  d o u b l e - c o n e  i n d e n t e r s  . (lOlO) i s  th e  p r e f e r r e d  s l ip  p l a n e  .
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C H A P T E R  I 

I n t r o d u c t i o n

W h i l e  c o n s i d e r a b l e  l i t e r a t u r e  h a s  b u i l t  up  c o n c e r n i n g  

m e t h o d s  of  m e a s u r i n g  h a r d n e s s  a n d  a  g r e a t  d e a l  of h a r d n e s s  d a t a  

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

d u r i n g  the  1 9 5 0 ' s  a n d  1 9 6 0 ' s^^ th e  i n t e r e s t  i n  t h e  s t u d y  of  h a r d n e s s  

i m p r e s s i o n s  i s  f a i r l y  r e c e n t .  S e a r c h  6^  h i g h  s t r e n g t h  m a t e r i a l s ,

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

o g i c a l  u s e s ,  m a k e  th i s  s t u d y  i m p o r t a n t .  T h e  m a i n  s u b j e c t  of  t h i s  

d i s s e r t a t i o n  i s  h a r d n e s s  i m p r e s s i o n s  on  s i l i c o n  c a r b i d e  c r y s t a l s  

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

u n d e r s t a n d  p r o p a g a t i o n  of  i n d e n t a t i o n  i n d u c e d  c r a c k s .  O t h e r  m a j o r  

a r e a s  i n c l u d e d  i n  the  s t u d y  a r e  th e  f o l l o w in g :

(i) F a c t o r s  a f f e c t i n g  th e  h a r d n e s s  of  s i l i c o n  c a r b i d e .

(ii) R e l a t i o n s h i p  b e t w e e n  t h e  h a r d n e s s  a n i s o t r o p y  a n d  th e  

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

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

of  h a r d n e s s  t e s t  i n d e n t a t i o n s  w i l l  be  d e s c r i b e d .  T h e s e  a r e  a s  

f o l l o w s :

(a)  C o r r e l a t i o n  of  h a r d n e s s  w i t h  p r o p e r t i e s  of  m a t e r i a l s .

(b) P l a s t i c  f lo w  i n d u c e d  by  h a r d n e s s  t e s t  i n d e n t a t i o n s  i n  

d u c t i l e ,  a n d  b r i t t l e  m a t e r i a l s .
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(c) D i r e c t i o n a l  h a r d n e s s  a n i s t o t r o p y  a n d  i t s  r e l a t i o n s h i p  

v / i th  e f f e c t i v e  r e s o l v e d  s h e a r  s t r e s s  on  s l i p  s y s t e m s .

(d) I n d e n t a t i o n  i n d u c e d  c r a c k s .

C h a p t e r  2 d e s c r i b e s ) ^ r n a t e r i a l ' s  p r o p e r t i e s .  T h e  e x p e r i m e n t a l

t e c h n i q u e s  u s e d  i n  t h i s  w o r k  h a v e  b e e n  o u t l i n e d  i n  C h a p t e r  3.

T h e  c o n s t r u c t i o n a l  d e t a i l s  of  the  i o n - b o m b a r d m e n t  a p p a r a t u s  a r e

g i v e n  in  t h i s  c h a p t e r .  In  C h a p t e r  4, s o l u t i o n s  f o r  c o m p l e x  s t r e s s

f i e l d s  . b e n e a t h  a n  i n d e n t e r  ( the d i a m o n d . b a l l  i n d e n t e r  ), a n d  c r a c k

e x t e n s i o n  f o r c e  a r e  g iv e n .  T h e  c o m p u t e d  r e s u l t s  of th e  s t r e s s

f i e l d  c o m p o n e n t s  ( O  » Onr>* O  ) a n d  m a x i m u m  s h e a r  s t r e s sr r  yy zz

a r e  p r e s e n t e d  g r a p h i c a l l y  i n  C h a p t e r  5. T h e  c o m p u t e d  r e s u l t s  of

c r a c k  e x t e n s i o n  f u n c t i o n  li>(c/a) a n d  th e  c r a c k  e x t e n s i o n  f o r c e  a r e

a l s o  p r e s e n t e d .  E f f e c t s  of  a d s o r b e d  w a t e r  a n d  a n n e a l i n g  on

i n d e n t a t i o n  h a r d n e s s  a r e  r e p o r t e d .  P o s s i b i l i t y  of  l o c a l i z e d

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

a t  r o o m  t e m p e r a t u r e  i s  i n v e s t i g a t e d .  T h e  r e s u l t s  of  h a r d n e s s

a n i s o t r o p y  a r e  c o m p a r e d  w i t h  th e  e f f e c t i v e  r e s o l v e d  s h e a r  s t r e s s .

T h e  r i n g  c r a c k s  a n d  v e n t s  c r a c k s  a s s o c i a t e d  w i t h  th e  h a r d n e s s

i m p r e s s i o n s  h a v e  b e e n  r e p o r t e d  i n  t h i s  c h a p t e r .  F i n a l l y ,  C h a p t e r  6

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

1 , 1 .  T h e  h a r d n e s s  t e s t .

T h e  i n d e n t a t i o n  t e s t ,  i n  t h i s  w o r k ,  r e f e r s  to a  t e c h n i q u e

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

a  c r y s t a l  b y  p r e s s i n g  a  l o a d e d  i n d e n t e r  of  a  s p e c i f i c  g e o m e t r y .  In

( 2 )
l i n e  w i t h  the s u g g e s t i o n s  b y  G r o d z i n s k i  , t h e  h a r d n e s s  t e s t  h a s  th e
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f o l l o w i n g  t y p e s  a c c o r d i n g  to t h e  r a n g e  of  l o a d  on  th e  i n d e n t e r :

(i) m i c r o - i n d e n t a t i o n  h a r d n e s s  t e s t  . . .  . . .  l o a d  ( 1 - 2 0 0  g.)

(ii ) l i g h t  l o a d  h a r d n e s s  t e s t  ................ ..  l o a d  ( 2 0 0 g - 1 0 k g )

(i i i )  m a c r o - i n d e n t a t i o n  h a r d n e s s  t e s t  . . . l o a d  a b o v e  10 k g .

1. 2 T h e  g e o m e t r y  of  the  d i a m o n d  i n d e n t e r s

1 . 2 . 1  T h e  d i a m o n d  p y r a m i d  ( V i c k e r s )  i n d e n t e r  ( F ig .  1 .1  > a  )

S m i t h  e t  al!^^ i n t r o d u c e d  a  s q u a r e - b a s e d  p y r a m i d  w i th

tw o  o p p o s i t e  f a c e s  s e p a r a t e d  by  a n  a n g l e  of  136°. T h i s  i n d e n t e r  i s

now  c o m m o n l y  k n o w n  a s  the  V i c k e r s  i n d e n t e r .

T h e  V i c k e r s  h a r d n e s s  n u m b e r  (H^ ) i s  g i v e n  by  th e  r a t i o  of

2
th e  l o a d  W, in  k g , t o  the  c o n t a c t  a r e a  of  the  i m p r e s s i o n , i n  m m ,

i . e .  H  =  2 W S i n  =  1 . 8 5 9 7  W .

w h e r e  d i s  the  m e a n  of  the  d i a g o n a l s  of  th e  i m p r e s s i o n  i n  m m  a n d  

0 = 1 3 6 .

I t  i s  g e n e r a l l y  fo u n d  t h a t  w h e n  t h e  i n d e n t e r  i s  r e m o v e d ,  a f t e r  

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

s q u a r e .  * F o r  c e r t a i n  m a t e r i a l s ,  t h e  i m p r e s s i o n  h a s  c o n c a v e  

b o u n d a r i e s  du e  to  ' s i n k i n g - i n '  of  th e  m a t e r i a l  a r o u n d  th e  i n d e n t a t i o n .

In  t h e s e  c a s e s  the  d i a g o n a l  a r e  e l o n g a t e d  a n d  t h u s  g iv in g  e r r a t i c  

lo w  h a r d n e s s  n u m b e r s .  In  th e  c a s e  of  h i g h l y  w o r k e d  m a t e r i a l s ,  

t h e  i m p r e s s i o n s  h a v e  c o n v e x  b o u n d a r i e s ,  d u e  to  ' p i l i n g - u p '  of  t h e  

m a t e r i a l .  T h i s  t e n d s  to s h o r t e n  th e  d i a m e t e r ,  t h e r e f o r e ,  a n  

i n c o r r e c t  h a r d n e s s  n u m b e r  w i l l  be  o b t a i n e d .  C e r t a i n  c o r r e c t i o n s  

h a v e  to be  a p p l i e d  i n  v i e w  of t h e s e  e f f e c t s .
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1 . 2 , 2  T h e  K n o o p  I n d e n t e r  F i g .  1 ' 1 « h.

(4)
K n o o p  c o n s t r u c t e d  a  d i a m o n d  p y r a m i d  h a v i n g  a  b a s e  i n  

the  f o r m  of an  e x t e n d e d  r h o m b u s .  T h e  a n g l e s  b e t w e e n  th e  f a c e s  a t  

th e  v e r t e x  of th e  K noop  p y r a m i d  a r e  1 3 0 °  a n d  1 7 2 °  3 0 ' .  T h e  l e n g t h  

AA i s  7 t i m e s  the  w i d t h  B B .  T h e  d e p t h  of  the  i n d e n t a t i o n  ' d '  i s  

a p p r o x i m a t e l y  1 / 2 0 th  of  i t s  l e n g t h .  T h e  g e o m e t r y  of  t h e  i n d e n t e r  i s  

s u c h  t h a t  th e  e l a s t i c  r e c o v e r y  of  th e  i n d e n t a t i o n  i s  g r e a t e s t  a l o n g  BB 

a n d  s m a l l e s t  b e y o n d  the  l e n g t h  A A \

T h i s  i n d e n t e r  c o n s t i t u t e s  e i t h e r  a n  a t t a c h m e n t  to  a  

m é t a l l o  g r a p h i c  m i c r o s c o p e  o r  a n  i n d i v i d u a l  i n s t r u m e n t .  I t  i s  

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

T h e  K n o o p  h a r d n e s s  n u m b e r  ( H ^ )  i s  g iv e n  by 

H.. .  =  ' ^  -
K  0 . 0 7 0 2 8 .  t

w h e r e  £ i s  the  l e n g t h  of  th e  lo n g  d i a g o n a l  i n  m m .

1 , 2 . 3  T h e  d o u b l e - c o n e  i n d e n t e r .

T h e  V i c k e r s  a n d  th e  K noop  i n d e n t e r s  h a v e  n o t  r e c e i v e d  a s

m u c h  a c c l a i m  a s  the  d o u b l e - c o n e  i n d e n t e r .  T h e  p y r a m i d  i n d e n t e r  '

h a v e  s h a r p  p o i n t e d  e n d s ,  so  w h e n  t h e y  a r e  p r e s s e d  a g a i n s t  a  h a r d

m a t e r i a l ,  t h e r e  i s  a  h i g h  c o n c e n t r a t i o n  of  s t r e s s  n e a r  th e  e n d s .

T h i s  s t r e s s  c o n c e n t r a t i o n  c a n  r e s u l t  in to  t h e  b r e a k a g e  of  e n d s  o r

(5)
d a m a g e  to th e  w a l l s  of i n d e n t a t i o n .  G r o d z i n s k i  i n t r o d u c e d  the  

d o u b l e - c o n e  i n d e n t e r  w h i c h  h a s  n o t  go t  p o i n t e d  e n d s .  T h e  d o u b l e  

c o n e  i s  c u t  f r o m  a s i n g l e  d i a m o n d .  I t  m a y  be c o n s i d e r e d  e q u i v a l e n t  

to  tw o  r i g h t  c i r c u l a r  c o n e s  j o i n e d  t o g e t h e r  b a s e  to  b a s e  s o  t h a t  th e
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c u r v e d  s u r f a c e s  a r e  a p a r t  by  m o r e  t h a n  9 0 ° ,  T h e  i n d e n t a t i o n  w i t h

t h i s  k i n d  of  i n d e n t e r  i s  e l o n g a t e d  a n d  s h a l l o w ,  ( F i g ,  1. 1, c ).

(5)
G r o d z i n s k i  s h o w s  t h a t  t h e  a r e a  of  the  i n d e n t a t i o n ,  

t a n  cr/^
A . —  (Z

A =    , w h e r e  R i s  the  r a d i u s  of  the  c o n e ,  — i s  t h e

a n g l e  b e t w e e n  th e  n o r m a l  to  th e  i n d e n t e d  p l a n e  a n d  t h e  c o n e  a n d  £-

i s  th e  l e n g t h  of  th e  i n d e n t a t i o n .  T h e  d e p t h  of  th e  i n d e n t a t i o n  i s
| 2  2 

s h o w n  to  be  e q u a l  to ~ ~ _ • an d  th e  w i d t h   Î tanOC/2. .
4R

W
T h e  d o u b l e - c o n e  h a r d n e s s  (H^^) =  w h e r e  C i s  a

c o n s t a n t  w h i c h  d e p e n d s  on  th e  g e o m e t r y  of  the  i n d e n t e r  a n d  i s

__ t a n  cC/ 2 

6 R

T h e  i n d e n t e r  u s e d  i n  t h i s  s t u d y ,  h a d  =  1 5 4 °  a n d  R =  2 m m ,

W
t h e r e f o r e , t h e  h a r d n e s s  n u m b e r ,  H ,  =

d c  0 . 3 6 0 9  I

T h e  i n d e n t a t i o n s  p r o d u c e d  by  th e  d o u b l e - c o n e  i n d e n t e r

a r e  m u c h  s h a l l o w e r  t h a n  t h o s e  w h i c h  w o u ld  be  p r o d u c e d  by  th e

V i c k e r s  an d  th e  K n o o p  i n d e n t e r ,  on  th e  s a m e  m a t e r i a l .  T h e r e  i s

v e r y  s m a l l  r e c o v e r y  i n  th e  l e n g t h  of  a n  i n d e n t a t i o n .  A l a r g e  r e c o v e r y

t a k e s  p l a c e  a l o n g  th e  w i d t h  b u t  th e  w i d t h  d o e s  n o t - c o m e  in t o  th e

f o r m u l a .

1 . 3  U s e s  of  the  h a r d n e s s  t e s t

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

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

t e c h n i q u e s  a r e  a v a i l a b l e .  T h e  r e a s o n  i s  t h a t  i t  i s  q u i c k ,  s i m p l e ,  

c o n v e n i e n t  a n d  n o n - d e s t r u c t i v e .  I t  m a y  be  a p p l i e d  to m a k e  a n  

e s t i m a t e  of  t h o s e  m e c h a n i c a l  p r o p e r t i e s  of  m a t e r i a l s  w h i c h  h a v e  a
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s p e c i f i c  c o r r e l a t i o n  w i t h  t h e i r  h a r d n e s s .  A  n u m b e r  o f  i m p o r t a n t  

u s e s  of  t h i s  m e t h o d  o c c u r  i n  c o n n e c t i o n  w i t h  t h e  p o s s i b i l i t y  of  

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

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

f r a c t u r e  o f  c r y s t a l l i n e  s o l i d s .

W h i le  c o n s i d e r i n g  t h e  a p p l i c a t i o n  of  t h e  h a r d n e s s  t e s t ,  

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

c o n s i d e r e d  to b e  in  on e  g roup.  T h i s  i s  d o n e  to  s e c u r e  a  f u l l  u n d e r 

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

u n d e r  i n v e s t i g a t i o n  f a l l  i n t o  t h r e e  g r o u p s ,  l) d u c t i l e ,  2) s e m i - b r i t t l e ,  

a n d  3) v e r y  b r i t t l e .

T h e  h a r d n e s s  t e s t  h a s  l i t t l e  o r  no a d v a n t a g e  o v e r  t h e  

c o n v e n t i o n a l  b u l k  t e s t i n g  m e t h o d s  i n  s tu d y in g  th e  p r o c e s s  of  d e f o r m a t i o n  

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

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

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

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

q u a l i t y  s i n g l e  c r y s t a l s  of  o r i e n t e d  s u r f a c e s .  M o s t  of  t h e  b r i t t l e  

m a t e r i a l s  h a v e  a  lo w  t h e r m a l  s h o c k  r e s i s t a n c e ,  t h e r e f o r e ,  t h e y  

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

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

b e c a u s e  h i g h  -w' p r e s s u r e s  a r e  d e v e l o p e d  b e n e a t h  a n

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

F o r  s e m i - b r i t t l e  m a t e r i a l s ,  t h e  h a r d n e s s  t e s t  h a s  b e e n  f o u n d  to b e  

e q u a l l y  i m p o r t a n t  a s  f o r  t h e  b r i t t l e  m a t e r i a l s .  I t  h a s  b e e n  u s e d  to



-17-

s t u d y  t h e  e f f e c t s  of  s u r f a c e  c o n d i t i o n  on  th e  b u l k  m e c h a n i c a l

b e h a v i o u r  an d  to  e x a m i n e  t h e  d e p e n d e n c e  of  d i s l o c a t i o n  m o b i l i t y

o n  t e m p e r a t u r e ,  i m p u r i t i e s  a n d  e n v i r o n m e n t .

1 . 3 . 1  H a r d n e s s  an d  p r o p e r t i e s  of  d u c t i l e  a n d  s e m i - b r i t t l e  

m a t e r i a l s

Up to  th e  p r e s e n t  t i m e  t h e r e  h a v e  b e e n  m a n y  a t t e m p t s

to  c o r r e l a t e  h a r d n e s s  a n d  p h y s i c o - c h e m i c a l  p r o p e r t i e s  of m a t e r i a l s .

( 6 )
R i c h e r  a t t e m p t e d  to  i n t e r p r e t  h a r d n e s s  on  t h e  b a s i s  of  t h e  s t r e s s /

( 7 )s t r a i n  r e l a t i o n s h i p  i n  a  t e n s i l e  t e s t .  D a v i d e n k o v  c o n s t r u c t e d  .

(8 )s t r e s s / s t r a i n  d i a g r a m s  f r o m  h a r d n e s s  m e a s u r e m e n t s .  H i l l  a n d  

( 9 )T a b o r  h a v e  s h o w n  t h a t  a n  i n d e n t e r  m a y  b e  c o n s i d e r e d  a s  a  f l a t  

r i g i d  d ie  p e n e t r a t i n g  a n  e l a s t i c - p l a s t i c  m a t e r i a l .  T h e  V i c k e r s  

h a r d n e s s  n u m b e r ,  H y ,o f  t h e  f u l l y  w o r k - h a r d e n e d  m a t e r i a l  a n d  t h e  

c o r r e s p o n d i n g  y i e l d  s t r e s s  Y, a r e  r e l a t e d  b y  t h e  e q u a t i o n

j  ■ = ■

B o e k le n ^   ̂ o b t a i n e d  a  c o r r e l a t i o n  b e t w e e n  h a r d n e s s  a n d  s t r e s  s - s t r a i n

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

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

d e p e n d e n c e  o f  h a r d n e s s .  H e  d i f f e r e n t i a t e d  b e t w e e n  a  f u l l y  a n n e a l e d  specimen

a n d  on e  h a v i n g  b e e n  c o l d - w o r k e d  . to g iv e  a  p e r m a n e n t  s t r a i n .

A c c o r d i n g  to  h i m ,  t h e r e  w a s  a  r e l a t i o n s h i p  b e t w e e n  h a r d n e s s  an d

e x t e n s i o n  to  f r a c t u r e ,  th e  l a t t e r  b e i n g  i n f l u e n c e d  b y  t h e  d e g r e e  of

( 12)
c o l d - w o r k .  M u r p h y  e t  a l .  e x p r e s s e d  r e l a t i o n  b e t w e e n  u l t i m a t e  

s t r e n g t h  a n d  V i c k e r s  h a r d n e s s  n u m b e r  f o r  v a r i o u s  m e t a l s  a s :
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Y = A + B  H

w h e r e  H i s  h a r d n e s s  n u m b e r ,  A  a n d  B a r e  the  c o n s t a n t s  d e p e n d e n t
(13)

on  the  m o d u l i  o f  the  m a t e r i a l  u n d e r  h a r d n e s s  t e s t .  C h u z e  e t  a l .

fo u n d  a  c o r r e l a t i o n  b e t w e e n  h a r d n e s s  a n d  h e a t  c o n d u c t i v i t y  in  n o n -

m e t a l l i c  c r y s t a l s .

M i c r o h a r d n e s s  t e s t  ( a l s o  c a l l e d  m i c r o - i n d e n t a t i o n

h a r d n e s s  t e s t )  a r o s e  a s  a  r e s u l t  o f  a n  i n v e s t i g a t i o n  i n t o  th e  m e a s u r i n g

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

a p p e a r e d ,  in  th e  l i t e r a t u r e ,  on  th e  u s e  o f  the  m i c r o h a r d n e s s  t e s t

f o r  s t u d y i n g  i n d i v i d u a l  s t r u c t u r a l  c o m p o n e n t s  of  m e t a l l i c  a l l o y s  an d
(14) (15)

m i x e d  s i n g l e  c r y s t a l s .  B o c h v a r  e t  a l .  a n d  S a u l i n e r  s t u d i e d  the

s t r u c t u r a l  c o m p o n e n t s  of  c a s t  a l u m i n i u m - c o p p e r  a n d  a l u m i n i u m -
/ 1 £)\

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

to  s t u d y  s t r u c t u r a l  c o n s t i t u e n t s  o f  a l l o y s  o f  P b - S b ,  P b - S n  a n d  S n - S b

s y s t e m s .  T h e i r  i n v e s t i g a t i o n s  s h o w e d  t h a t  m i c r o h a r d n e s s  of  the

e u t e ^ i c  r e m a i n e d  c o n s t a n t .  F r i e d k i n ^  e v a l u a t e d  w o r k - h a r d e n i n g

of  w a l l s  o f  h o l e s  b y  m i c r o h a r d n e s s  t e s t s .  B r e n n e r  e t  a l . ^ ^ ^ ^ m a d e

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

(19)
a l u m i n i u m . .  B u e c k l e ' s  i n v e s t i g a t i o n s  on  s u p e r s a t u r a t e d  A l - M n  a l l o y s  

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

i n  m i c r o h a r d n e s s  c u r v e s .  G u d t s o v  e t  a l .  i n v e s t i g a t e d  th e  a g e i n g  

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

( 21 )
d u r i n g  v a c u u m  a n n e a l .  A r k h a r o v  e t  a l .  s t u d i e d  the  h a r d e n i n g  a t  g r a i n  

b o u n d a r i e s  of  a l l o y s  o f  h i g h  p a r i t y  c o p p e r  w i th  1% Z n ,  G a ,  G e ,  Sn a n d  

Sb.  A  n u m b e r  o f  w o r k e r s  h a v e  u s e d  t h i s  t e s t  to s t u d y  th e  p r o p e r t i e s
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o f  e l e c t r o  d e p o s i t e d  m e t a l s .  U s i n g  th i s  m e t h o d  th e  i n f l u e n c e  o f  t h e

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

( 22 )
d e p o s i t e d  m e t a l s ,  w a s  s t u d i e d  b y  S a m m o u r  et  a l  . T h e  r e l a t i o n

b e t w e e n  h a r d n e s s  a n d  g r a i n  s i z e  w a s  fo u n d  to  b e  a l m o s t  l i n e a r .

(23  24)
G l a z o v  e t  a l .  * a p p l i e d  t h i s  t e s t  to  t h e  i n v e s t i g a t i o n  of  b i n a r y

a n d  t e r n a r y  e q u i l i b r i u m  d i a g r a m s  o f  m e t a l l i c  s y s t e m s .  G l a z o v

e t  al(  ^^ a n d  C h e r n e v a s k a y a ^ ^ ° ^  a p p l i e d  t h i s  m e t h o d  to  s t u d y  the

c o m p o s i t i o n  o f  s o l i d  s o l u t i o n s .  C h e r n e v a s k a y a  s h o w e d  t h a t  th e

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

C a F ^ - S r F ^  s i n g l e  c r y s t a l s ,  i s  a c c o m p a n i e d  b y  a n  i n c r e a s e  i n

m i c r o h a r d n e s s .  In  t h e  a b s e n c e  of  a  s o l i d  s o l u t i o n  t h e  m i c r o -

(2 7)
i n d e n t a t i o n  h a r d n e s s  w a s  a l m o s t  c o n s t a n t .  K o v a l ' s k i i  e t  a l .  

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

a n d  t h e  c o m p o s i t i o n  i n  T iC  -  N b C .

1 , 3 . 2  H a r d n e s s  an d  p r o p e r t i e s  of  b r i t t l e  m a t e r i a l s

A  d i r e c t  l i n k a g e  h a s  b e e n  e s t a b l i s h e d  b y  s e v e r a l

i n v e s t i g a t o r s  b e t w e e n  m i c r o h a r d n e s s  a n d  c r y s t a l ' s  c h e m i c a l  p r o p e r t i e s .  

(28)
P o v a r e n n y k h  f o u n d  t h a t  c r y s t a l s  w i t h  c o v a l e n t  b o n d s  w e r e  h a r d e r

t h a n  t h o s e  i n  w h i c h  io n i c  b o n d s  w e r e  p r e d o m i n a n t .  T h e  c h e m i c a l  b o n d

i n  m o n o c a r b i d e s  o f  t r a n s i t i o n  m e t a l s  a n d  i t s  e f f e c t  o n  t h e  h a r d n e s s  of

( 2 9 )
c o m p o u n d s  w e r e  s t u d i e d  b y  H o w o t n y  e t  a l .  . T h e y  f o u n d  t h a t  t h e

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

Wolff^^^^ i n d i c a t e d  th e  d e p e n d e n c e  o f  t h e  m i c r o i n d e n t a t i o n  h a r d n e s s  f o r

III  V
e l e m e n t s  o f  s i l i c o n  c a r b i d e  g r o u p s ,  a n d  c o m p o u n d s  o f  t h e  A  B o r
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A  B ty p e  on  t h e  i n t e r a t o m i c  d i s t a n c e .  P e tz o ld ^ ^ ^   ̂ i n t e r p r e t e d  

t h e  m i c r o h & r d n e s s  of  s o m e  s i l i c a t e s  a n d  g l a s s  on a n  a t o m i s t i c  b a s i s .

(3 2 ^
A c c o r d i n g  to  G o l d s c h m i d t  ' t h e  h a r d n e s s  f o r

s a l t  c r y s t a l s ,  o n  M o h ' s  s c a l e ,  w a s  g i v e n  b y  t h e  e x p r e s s i o n

H = S . e . e . r  
a  c

w h e r e  e an d  e a r e  t h e  v a l e n c e s  o f  t h e  i o n s  . . .1*: . o f  t h e  a n i o n sa  c

a n d  c a t i o n s ,  r  i s  t h e  i n t e r a t o m i c  d i s t a n c e ;  S ,  m  a r e  c o n s t a n t s .

( 3 3 , 34)
R e b i n d e r  ’ u s e d  t h e  m i c r o i n d e n t a t i o n  h a r d n e s s  t e s t  a s  a  t o o l  o f  

i n v e s t i g a t i o n  of  th e  e f f e c t s  of  s u r f a c e - a b s o r p t i o n  e n v i r o n m e n t  o n  t h e

( 35 )
s u r f a c e  f r e e  e n e r g y  o f  a  s o l i d .  G e n d e l e v  e t  a l .  , o n  t h e  b a s i s  of

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

g a r n e t s ,  e s t a b l i s h e d  a  r e l a t i o n  b e t w e e n  th e  m i c r o h a r d n e s s  of  t h e

f a c e s  a n d  th e  e x t e r n a l  s h a p e  of  t h e  c r y s t a l s .  T h e y  f o u n d  t h a t  o n  th e

( 1 1 0 ) f a c e  t h e  [ i l l ]  d i r e c t i o n  a l w a y s  h a d  t h e  s m a l l e s t  m i c r o h a r d n e s s ,

T h i s  a n i s o t r o p y  w a s  b e l i e v e d  to  b e  due  to  t h e  c o m p a r a t i v e  e a s e  of

p e n e t r a t i n g  b e t w e e n  < 1 1 0  r o w s  in  w h i c h  t h e  n o n i n t e r s e c t i n g

c o l u m n s  of  o c t a h e d r a  o c c u r .

G o r y u n o v a  e t  a l l ^ ^ ^  s t u d i e d  th e  r e l a t i o n  b e t w e e n  h a r d n e s s

II IV V
of  s e m i - c o n d u c t o r  c o m p o u n d s  of  t h e  A  B C ^ t y p e  a n d  c e r t a i n  

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

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

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

a n d  t h e  a c t i v a t i o n  e n e r g y  of  t h e  i n t r i n s i c  e l e c t r o n s  d e c r e a s e d .
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1 . 4  P l a s t i c  f low  a r o u n d  h a r d n e s s  t e s t  i n d e n t a t i o n s  in  d u c t i l e  

m a t e r i a l s

I t h a s  long  b e e n  r e c o g n i s e d  t h a t  w h e n  a n  i n d e n t e r ,

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

s u r f a c e  o f  a  c r y s t a l ,  i t  c r e a t e s  s u r f a c e  d i s t o r t i o n s  a r o u n d

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

( 3 7  )
' p i l i n g - u p '  o r  ' s i n k i n g - i n '  (See  P i g .  1 . 2 ) .  O ' N e i l l ' s  w o r k  i s

p r o b a b l y  t h e  f i r s t  p h e n o m e n o l o g i c a l  a n a l y s i s  o f  t h e s e  e f f e c t s .  C r o w

( 38)  ̂ (39 )
e t  a l .  a n d  L y s a g h t  s t u d i e d  t h e  c h a r a c t e r i s t i c s  of  t h e s e  d i s t o r t i o n s

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

s i m i l a r  c l a s s i f i c a t i o n s  a s  O 'N e i l l .  A c c o r d i n g  to O 'N e i l l ,  ' p i l i n g - u p '

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

i n d e n t e r  an d  t h e  s a m p l e  i s  a b o v e  t h e  o r i g i n a l  l e v e l .  T h i s  t y p e  of

d i s t o r t i o n  w i l l  n a t u r a l l y  l e a d  to  c o n v e x i t y  i n  t h e  s u p e r f i c i a l  o u t l i n e  of

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

a t  t h e  c o r n e r s  t h a n  a t  t h e  o p p o s i t e  f a c e s .  I n  t h e  c a s e  o f  ' s i n k i n g - i n ' ,

t h e  p e r i m e t e r  of  t h e  c o n t a c t  i s  b e l o w  t h e  o r i g i n a l  l e v e l  a n d  c o n c a v i t y

w i l l , t h e r e f o r e  , r e s u l t .  In  O ' N e i l l ' s  c l a s s i f i c a t i o n  , no a c c o u n t  o f

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

L y s a g h t ' s  c l a s s i f i c a t i o n  of  d i s t o r t i o n s .  T h i b a u l t  a n d  N y q u is t^  ^^

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

a r o u n d  t h e  K n o o p  i n d e n t a t i o n s  on  s i l i c o n  c a r b i d e  c r y s t a l s .  T h e y

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

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

lo n g  d i a g o n a l .  Y a k u t o v i c h ,  V a n d y a s h e v  a n d  S u r i k o v a ^ ^  u s e d  a
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(a) (b)

Fi g .  1.2

(a)  F o r  h ig h l y  w o r k e d  m e t a l s  the  f lo w  of m e t a l  
a r o u n d  the  i n d e n t e r  p r o d u c e s  ' p i l i n g - u p  (b) f o r  a n n e a l e d  
m e t a l s  the  d i s p l a c e m e n t  of  m e t a l  o c c u r s  a t  r e g i o n s  a t  a 
s m a l l  d i s t a n c e  f r o m  the  i n d e n t e r  so  t h a t  ' s i n k i n g - i n  ' o c c u r s ,



- 2 3 -

p r o b e  m e t h o d  to  m e a s u r e  i n d e n t a t i o n s  a n d  f lo w  p a t t e r n s .  A  p r o b e

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

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

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

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

i n d e n t a t i o n s  ( d i a m e t e r  m o r e  t h a n  1 m m ) .  T o l a n s k y  et

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

i n v e s t i g a t e  t h e  f lo w  p a t t e r n s  p r o d u c e d  b y  h a r d n e s s  i n d e n t a t i o n s  on

t u n g s t e n  c a r b i d e ;  n i c k e l - s t e e l ,  d u r a l u m i n i u m  a n d  t i n .  C u r r e n t l y ,

a n  i n c r e a s i n g  n u m b e r  of  i n v e s t i g a t o r s  a r e  r e s o r t i n g  to  t h i s  t e c h n i q u e .

B o y a r s k a y a ^ ^ ^ ^  h a s  i n v e s t i g a t e d  t h e  p l a s t i c  f lo w  in  P b S  c r y s t a l s

u s i n g  i n t e r f e r e  g r a m s  of  th e  i n d e n t e d  s u r f a c e s .  T a k e o ^ ^   ̂ a p p l y i n g

this technique to Mn-Zn ferrite  single  crys ta ls  observed significant

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

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

1 . 4 . 1  P l a s t i c  f low  d u r i n g  i n d e n t a t i o n  of  s e m i - b r i t t l e  m a t e r i a l s

S m a k u l a ^  Eind _ K l e i n ^ ^ ^ ^ a r e p r o b a b ly  the  f i r s t  to d e s c r ib e

t h e  i n d e n t a t i o n  i n  t e r m s  of  s l i p  p r o c e s s .  Sei tz^   ̂ i n t r o d u c e d  t h e

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

a n d  J o h n s t o n ^ w e r e  f i r s t  to  n o te  t h a t  d i s l o c a t i o n s  c a n  b e  r e v e a l e d

b y  e t c h i n g  t h e  c r y s t a l s .  G i l m a n  a n d  J o h n s t o n  w o r k i n g  o n  L i F

( 52)c r y s t a l s  a n d  S to k e s  o n  Si,  i n d e p e n d e n t l y  s h o w e d  t h a t  d i s l o c a t i o n s  

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

E v e r  s i n c e  G i l m a n ' s  e x p e r i m e n t  of  d i r e c t  o b s e r v a t i o n  o f  d i s l o c a t i o n s
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b y  e t c h i n g ,  t h e  h a r d n e s s  t e s t  c o m b i n e d  w i t h  t h e  e t c h  m e t h o d  h a s  b e e n  

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

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

m u l t i p l i c a t i o n  of  g l i d e  b a n d s ,  d i s l o c a t i o n s  m o t i o n  e t c .

E t c h  p i t s  a r o u n d  i n d e n t a t i o n s  o n  th e  (lOO) f a c e s  of  i o n i c

a l k a l i  h a l i d e  c r y s t a l s  w i t h  r o c k  s a l t  t y p e  s t r u c t u r e  [ N a C l ,  L i F ,  : ,

. N a F ,  K C l ,  ] h a v e  b e e n  f o u n d  to b e  i n  t h e  f o r m  o f  a  r o s e t t e .

T h e  e i g h t  r a y s  o f  t h e  r o s e t t e .  F i g .  1. 3, c o r r e s p o n d  to  t h e  i n t e r s e c t i o n

o f  ( n o )  p l a n e  w i t h  t h e  c l e a v a g e  p l a n e  ( lOO).  T h e  d i a g o n a l  r a y s  ( m a d e

u p  o f  t i n y  e t c h  p i t s )  a l o n g  t h e  ^ 1 1 0 ^  d i r e c t i o n s  c o r r e s p o n d  to  t h e  e d g e

c o m p o n e n t s  o f  h a l f  l o o p s  o n  . { l o o j  p l a n e s  a t  90^ t o  t h e  s u r f a c e ,  a n d

t h e  r a y s  a l o n g  < 1 10> c o r r e s p o n d  to  t h e  s c r e w  c o m p o n e n t s  of  h a l f  l o o p s

o n  t h e  ( l i e )  p l a n e s  a t  4 5 °  to  t h e  s u r f a c e .  I n d e n t a t i o n s  o n  (OOl) p l a n e

o f  P b S ,  w h i c h  h a s  c o v a l e n t  b o n d i n g ,  s h o w  a  r o s e t t e  w i t h  f o u r  r a y s

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

r e v e a l s  t h a t  p r i m a r y  s l i p  i n  P b S  o c c u r s  a s  < 1 1 0 ^  ( lOO).  I n  i o n i c

c r y s t a l s  o f  r o c k  s a l t  s t r u c t u r e  i t  i s  <  110 ]> ( l  lO).

1 . 4 . 2  P l a s t i c  f l o w  a r o u n d  h a r d n e s s  t e s t  i n d e n t a t i o n s  i n  b r i t t l e  

m a t e r i a l s

B r i t t l e  m a t e r i a l s  g e n e r a l l y  p o s s e s s  a  c o v a l e n t  b o n d  o r  

t h e r e  i s  a  c o n s i d e r a b l e  p o r t i o n  o f  c o v a l e n t  b o n d i n g .  T h e y  do n o t  s h o w  

a n y  b u l k  d e f o r m a t i o n  w h e n  s t r e s s e d  a t  r o o m  t e m p e r a t u r e s .  D i s l o c a t i o n  

r n o t i o n  i s  r e s t r i c t e d  due  to  a  l a r g e  l a t t i c e  r e s i s t a n c e .  P l a s t i c  

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

t e m p e r a t u r e  a p p r o x i m a t e l y  e q u a l  to  2 / 3 r d s  of  i t s  m e l t i n g  p o i n t .
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Fig.1.3 . R o s e t t e  m a d e  of r o w s  of  e t c h  p i t s  

a r o u n d  a  V i c k e r s  i n d e n t a t i o n  on  ( 001]  

s u r f a c e  of MgO.
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C e r t a i n  c o v a l e n t  m a t e r i a l s ,  s u c h  a s  m e t a l  c a r b i d e s ,  

c e r a m i c  a l u m i n a  an d  s e m i - c o n d u c t o r s  s i l i c o n  a n d  g e r m a n i u m ,  

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

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

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

i n d e n t a t i o n .  In  s o m e  c a s e s  i t  i s  so  s m a l l  t h a t  u s e  m u s t  b e  m a d e  of  

e l e c t r o n  m i c r o s c o p y .

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

i n t e r e s t  i n  t h e  i n d e n t a t i o n  s t u d i e s  o n  t h e s e  m a t e r i a l s .  P l a s t i c i t y  of

G e  a n d  Si c r y s t a l s ,  a t  r o o m  t e m p e r a t u r e ,  b y  h a r d n e s s  i n d e n t a t i o n s ,

h a s  b e e n  a  c o n t r o v e r s i a l  s u b j e c t .  C h u r c h m a n ^ ^  1 T r e f i l o v  e t  al* ^

S u m in o ^ ^ ^ ^  an d  K r y l o v  a n d  Iv e ro n o v a ^ ^ ^ ^  m a d e  h a r d n e s s  i n d e n t a t i o n s

o n  Ge a n d  Si c r y s t a l s .  T h e y  u s e d  t h e  e t c h i n g  t e c h n i q u e  t o  f in d  o u t

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

d i s l o c a t i o n  m o t i o n  w a s  no t  d e t e c t a b l e  u n l e s s  t h e  i n d e n t a t i o n s  w e r e  m a d e

w h e n  t h e  c r y s t a l s  w e r e  a t  500°C  o r  a b o v e .  P u g h  and. S a m u e l ^ a n d .

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

b e e n  s u b j e c t e d  to  i m p a c t s  b y  f a l l i n g  t i n y  h a r d  s p h e r e s .  T h e y  b e l i e v e d

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

( 5 9 )
f o r  t h e  g e n e r a t i o n  of  d i s l o c a t i o n s .  T r a m p o s c h  a n d  K i n d e r  , m a k i n g  

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

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

a r o u n d  t h e  i n d e n t a t i o n s .  C r a i g ^  Ikeda^  a n d  R i n d e r^ ^ ^ ^  f o u n d  

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

th e  o t h e r w i s e  u n d e t e c t a b l e  e t c h  p a t t e r n s .  B u t  i t  c o u l d  no t  b e  d e c i d e d
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w h e t h e r  t h e  a n n e a l i n g  r e s u l t e d  i n  t h e  d i s l o c a t i o n  m o t i o n  i n  o r d e r  to 

r e l i e v e  t h e  i n t e r n a l  s t r e s s e s  o r  r e s u l t e d  i n  t h e  g e n e r a t i o n  o f  

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

t h e  i n d e n t a t i o n .  T h e  a n s w e r  to  t h i s  q u e s t i o n  w a s  p r o v i d e d  b y  C a r r o l l ^ ^ ^  

a n d  N i k i t ^ n k o  e t  al^ T h e y  o b s e r v e d  d i s l o c a t i o n s  i n  t h e

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

t e c h n i q u e s ,,w i t h o u t  a n n e a l i n g  the  s p e c i m e n  a f t e r  i n d e n t a t i o n .

T h e  m a t e r i a l  w h i c h  h a s  b e e n  s o  e x t e n s i v e l y  i n v e s t i g a t e d  

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

G e  a n d  Si c r y s t a l s  i s  a l u m i n i u m  o x i d e  ( a - A l ^ O ^ ) ,  P a l m o u r  e t  al^^^^ 

o b s e r v e d  p l a s t i c  f low  i n  s a p p h i r e .  R e c e n t l y ,  H ockey^^^^  a n d

( 6 7 )
R o z h a n s k i i  e t  a l .  m a d e  i n d e p e n d e n t  s t u d i e s  o n  i n d e n t e d  s a p p h i r e  

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

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

a t u r e .

R e f r a c t o r y  c a r b i d e s  h a v e  p r o b a b l y  r e c e i v e d  t h e  w i d e s t  

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

to  u n d e r s t a n d  t h e  p r o c e s s  o f  a b r a s i v e  w e a r  a n d  the r e s i d u a l  e f f e c t s  of  

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

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

h a v e  b e e n  s u m m a r i s e d  i n  T a b l e  I .  1 w i t h  b r i e f  r e m a r k s .
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Ĉ

X
3

I  -S
•H d
N U

<u

4)

3 .

B w 

0 - 1

o u

i l

I s

*” c=-
oo
o

A A
. s  . s

,—I

IX '::::

C O
r -

N
4J

a

ho

4->
d<u
to
(Uu

Pi

X
4)
ÎU

d
0
(j
X•H
CO

1
o

4J
X*H
Xu
d

U

A

^4o
X

X
4)
X

s
M
4)
>

bO
d

X
d
I-*
4) to 
p4 4) 
O
4)rÛ
O4-i

X
4)
>
4)

d

4)

a
4)4->

.d
bO4)

CP X



- 3 0 -

1 . 5 A n o m a l o u s  H a r d n e s s

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

d o n e  in  the  f i e l d  of  h a r d n e s s  te  s t in g ,  t h e r e  h a v e  b e e n  s i g n i f i c a n t

a n o m a l i e s  b e t w e e n  the  r e s u l t s  o f  v a r i o u s  w o r k e r s  i n v e s t i g a t i n g  the  ,

s a m e  p r o b l e m ,  s o m e  o f  w h ic h  h a v e  n o t  b e e n  r e s o l v e d .  T h e

d i s c r e p a n c i e s  a r i s i n g  due  to  e r r o r s  i n  m a k i n g  a n d  m e a s u r i n g

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

a  m i n i m u m .  T h e r e  h a s  b e e n  a  b ig  c o n t r o v e r s y  o v e r  th e  q u e s t i o n  a s  to

w h e t h e r  r e c o v e r e d  h a r d n e s s  i s  i n d e p e n d e n t  o f  the  l o a d .  H a r d n e s s

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

m a t e r i a l  b u t  f o r  the  l o w e r  r a n g e  of  l o a d in g  d i v e r s e  r e s u l t s  h a v e  b e e n

o b ta i n e d .  Of the  m a n y  w o r k e r s  who i n v e s t i g a t e d  the  v a r i a t i o n  o f

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

a n  i n c r e a s e  in  h a r d n e s s  w i th  d e c r e a s e  in  l o a d .  E x a m p l e s  o f  t h i s

(4) (79)
ty p e  o f  v a r i a t i o n  a r e  found  in  p a p e r s  b y  K noop  , B e r h a r d t  , 

M i t s c h j ^ L h u l z e ^ " ' )  . Sam u els  , Mott and o t h e r s ( " ' ' ' r )  

h o w e v e r ,  n o t e d  m a r k e d  d e c r e a s e  i n  h a r d n e s s  w i th  lo a d .  Meincke^^^^  

a n d  G r o d z i n s k / ^ ^ f r o m  t h e i r  s t u d i e s  on  s i n t e r e d  s i l i c o n  c a r b i d e ,  

i n d e n t e d  w i th  V i c k e r s  a n d  d o u b le - c o n e  i n d e n t e r s ,  found  t h a t  a s  the  

l o a d  on  the  i n d e n t e r  w a s  i n c r e a s e d  a n  i n c r e a s e  i n  h a r d n e s s  to  a  

c e r t a i n  m a x i m u m  v a l u e  o c c u r r e d  a c c o r d i n g  to a  h y p e r b o l i c  l aw .  

O n i t s c h ^ ^  a t t r i b u t e d  the  d i f f e r e n c e  in  h a r d n e s s  n u m b e r s  f o r  the  two 

r a n g e s  o f  lo a d ,  i n  a  p o l y c r y s t a l l i n e  m a t e r i a l ,  to  t h e  f a c t  t h a t  th e  l o w  

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

g r a i n ,  i n  c o n t r a s t  to s e v e r a l  g r a i n s  c o v e r e d  b y  a n  i m p r e s s i o n  a t
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h i g h  l o a d s  , E v e n  t h i s  c o n c e p t  i s  no t  i n  a c c o r d a n c e  w i t h  t h e

e x p e r i m e n t a l  o b s e r v a t i o n s .  F o r  i n s t a n c e ,  i t  d o e s  n o t  e x p l a i n

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

s h o u l d  h a v e  f u r t h e r  e f f e c t  o n  t h e  h a r d n e s s .  G r o d z i n s t i  r e d e f i n e d

h a r d n e s s  i n d e p e n d e n t  of  l o a d  a n d  e x p r e s s e d  i t  a s

P
H a r d n e s s  H = —

d ^

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

l o a d  p r o d u c i n g  a  r e c o v e r e d  i n d e n t a t i o n  o f  u n i t  length* i.  e,  d = 1 ,

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

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

(33)
l i g h t  of  t h e  e f f e c t s  of  t h e  e n v i r o n m e n t .  R e b i n d e r  w a s  t h e  f i r s t  

o n e  to d i s c o v e r  t h e  e f f e c t  o f  e n v i r o n m e n t  o n  the  f lo w  p r o p e r t i e s  of  

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

t e r m e d  t h e  " R e b i n d e r  e f f e c t " .  M i t s h e  e t  al^  ̂ a n d  W a l k e r  e t  al^.  ̂

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

m a t e r i a l s .  W e s tb r o o k ^  a n d  J o r g e n s e n ^ ^ ^ ^  i n t r o d u c e d  t h e  i d e a

of  " w e t "  a n d  " d r y "  h a r d n e s s .  T h e  f o r m e r  r e f e r s  to  t h e  h a r d n e s s  

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

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

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

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

i n d e p e n d e n t  h a r d n e s s  i n  d r y  c o n d i t i o n .  I n  t h e  " w e t "  c o n d i t i o n ,  

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

o f  v a r i a t i o n  i n  h a r d n e s s  w a s  t e r m e d  b y  t h e m  a s " A n o m a l o u s  

I n d e n t a t i o n  C reep ' . '  '



- 3 2 -

1 . 6  D i r e c t i o n a l  H a r d n e s s  a n i s o t r o p y .

H a r d n e s s  a n i s o t r o p y  i s  a  w e l l - k n o w n  p h e n o m e n o n .

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

n o n - m e t a l s ,  b o t h  c u b i c  a n d  h e x a g o n a l  s t r u c t u r e s .  O ne  o f  t h e

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

(9 1 )
w a s  b y  O ' N e i l l  w ho  p r e s s e d  s t e e l  b a l l s  a g a i n s t  a l u m i n i u m  s i n g l e

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

(9 2)
S c h u lz  a n d  H a n e m a n n  f o u n d  t h a t  V i c k e r s  d i a m o n d  i n d e n t a t i o n s  o n

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

a s y m m e t r y  to  t h e  d i r e c t i o n a l  h a r d n e s s  a n i s o t r o p y .  H a r d n e s s  t e s t s

(91 )
o n  t h e s e  c r y s t a l s  b y  O ' N e i l l  s h o w e d  a  s m a l l  d i f f e r e n c e  i n  h a r d n e s s

o f  t h e  ( 1 0 0 ), ( 1 1 0 ) a n d  ( i l l )  p l a n e s .  W inche l l^^^^  a n d  T h i b a u l t  e t

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

(94)
i n d e n t e r s .  D a n i e l s  a n d  D u n n  i n v e s t i g a t e d  t h e  e f f e c t  of  c r y s t a l

o r i e n t a t i o n  o n  K n o o p  h a r d n e s s  of  m e t a l l i c  s i n g l e  c r y s t a l s .  T h e y

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

t h e  l o n g  d i a g o n a l  o f  t h e  K n o o p  i n d e n t e r  w i t h  r e s p e c t  to  t h e  c r y s t a l .

(45)
T o l a n s k y  e t  a l . s t u d i e d  t h e  d i r e c t i o n a l  h a r d n e s s  v a r i a t i o n s  i n  t i n  a n d

( 9 5 )
b i s m u t h  c r y s t a l s .  S a n d u l o v a  i n v e s t i g a t e d  t h e  a n i s o t r o p y  i n  h a r d n e s s

of  s i l i c o n .  A b l o v a ^ ^ R e p o r t e d  a n i s o t r o p y  i n  g e r m a n i u m .  T h e  a n i s o t r o p y

b e t w e e n  ( i l l )  a n d  (lOO) p l a n e s  of  Si w a s  22% ,a n d  15% b e t w e e n  ( i l l )  a n d  ( 110

( 9 7 )
p l a n e s  o f  G e .  A t t i n g e r  found  t h a t  the  d o u b l e . c o n e  h a r d n e s s  ofoc-Al^O^ v a r i e

2 (99 )
f r o m  950 to  2070 K g / m m  . S t e r n  o b s e r v e d  h a r d n e s s  v a r i a t i o n s  o n  

d i f f e r e n t  p l a n e s  o f  s i l i c o n  c a r b i d e  c r y s t a l s .  G a r f i n k l e  a n d  G ar l ic k ^ ^ ^ ^  

h a v e  s h o w n  t h a t  K n o o p  h a r d n e s s  v a l u e s  f o r  s e v e r a l  c u b i c  c r y s t a l s  do
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n o t  d e p e n d  o n  th e  c r y s t a l  p l a n e  b u t  o n ly  o n  t h e  c r y s t a l l o g r a p h i c  

d i r e c t i o n s .  In  t h e  c a s e  of  h e x a g o n a l  c r y s t a l s ,  h o w e v e r ,  t h e  

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

W o r k  of  Meinc2^e o n  z i n c  a n d  c o p p e r  c r y s t a l s  h a s  p r o v i d e d  t h e  f i r s t  

e v i d e n c e  s u p p o r t i n g  t h e s e  o b s e r v a t i o n s .

I t  i s  d i f f i c u l t  to  d i s c u s s  a d e q u a t e l y  t h e  r e s u l t s  o f  a l l  

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

a n i s o t r o p y .  T h e  f a c t  t h a t  a  w id e  r a n g e  o f  d i r e c t i o n a l  h a r d n e s s  

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

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

i n s t a n c e ,  P e t e r  a n d  K n o o p ^ e x a m i n e d  t h e  m i c r o h a r d n e s s  of  b l a c k  a n d

g r e e n  s i l i c o n ^ c r y s t a l s  a n d  r e p o r t  a v e r a g e  K n o o p  h a r d n e s s  a s  2 1 0 0

2 2 K g/m m  with a maximum of 2140 K g/m m  , According to them

t h e  h a r d n e s s  d e c r e a s e d  m i d w a y  b e t w e e n  [ 1010  ] a n d  [ 1120  ]

on(0001)- ( 10 l)
o r i e n t a t i o n s ^  S h r i r a m u r t y ,  u s i n g  a  d o u b l e - c o n e  i n d e n t e r  , s h o w e d

2 ^

t h a t  S iC h a s  a  m a x i m u m  h a r d n e s s  330 7 K g / m m  a l o n g  a  <Z 1120 Z> 

d i r e c t i o n  a n d  m i n i m u m  a s  1992 K g / m m ^  a t  40°  to  i t  o n  o n e  s i d e  a n d  

2 0 °  o n  t h e  o t h e r  s i d e  o n  t h e  b a s a l  p l a n e .  S ha f fe r^   ̂ d id  no t  n o t i c e

2
a n y  a n i s t r o p y  o n  t h e  b a s a l  p l a n e  b u t  fo u n d  a  d i f f e r e n c e  o f  800 K g / m m  

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

p l a n e  ( lO lO ) .  I t  a p p e a r s  t h a t  t h e  d i v e r g e n c e  o f  t h e  v a r i o u s  v a l u e s  i s  

du e  to  t h e  p o o r  t e c h n i q u e  o f  m e a s u r i n g  t h e  a c t u a l  s i z e  o f  t h e  

i m p r e s s i o n  due  to  i n c i p i e n t  c r a c k i n g  a t  t h e  c o r n e r s  o f  i n d e n t a t i o n .
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 ̂  ̂ D i r e c t i o n a l  h a r d n e s s  a n i s o t r o p y  an d  e f f e c t i v e  r e s o l v e d
s h e a r  s r e s s  (E.  R. S.. S. )

(94)
D a n i e l s  a n d  D unn  , w h i l e  c a r r y i n g  o u t  t h e i r  s t u d i e s  

on  the  d i r e c t i o n a l  h a r d n e s s  a n i s o t r o p y ,  in  s i l i c o n  i r o n  a n d  z i n c  

c r y s t a l s ,  u s i n g  the  K noop  i n d e n t e r ,  p r o p o s e d  a  m o d e l  a c c o r d i n g  to  

w h ic h  the  h a r d n e s s  w a s  d e t e r m i n e d  by  a n  e f f e c t i v e  r e s o l v e d  s h e a r  

s t r e s s  (E .  R.  S .  S . )  , In  t h i s  m o d e l ,  t h e y  a s s u m e d  t h a t  o n ly  one 

s l ip  s y s t e m  w a s  a c t e d  upon  by  a l l  the  f o u r  f a c e t s  of  the  i n d e n t e r ,  

n a m e l y  , the  s l ip  s y s t e m  f o r  w h ich  E .  R.  S. S. o f  a n y  o f  the

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

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

t e n s i l e  f o r c e  p a r a l l e l  to the  s t e e p e s t  s lo p e  o f  th e  i n d i v i d u a l  

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

c l o s e  to the  f a c e t s  o f  the  i n d e n t e r  i s  t a k e n  in t o  a c c o u n t .  T he  

e f f e c t i v e  r e s o l v e d  s h e a r  s t r e s s  i s  e x p r e s s e d  b y  th e  w e l l  k n o w n  

e q u a t i o n

X = F  . c o s  . c o s  X • cosip
^  (S ee  F i g s .  1 , 4  a - c  f o r

w h e r e »  F  = a p p l i e d  f o r c e  e x p l a n a t i o n  o f  the  s y m b o l s ]
A  = a r e a  s u p p o r t i n g  F
X = a n g l e  b e t w e e n  a x i s  o f  F  a n d  s l ip  d i r e c t i o n ( S D )

( j ) -  a n g l e  b e t w e e n  a x i s  o f  F  a n d  n o r m a l  to
the  s l ip  p l a n e  (SP)  

l|)= a n g l e  b e t w e e n  Iha-.Clxis, of the  i n d e n t e r  a n d
a x i s  o f  r o t a t i o n  (AR) f o r  a  g i v e n  p l a n e  s y s t e m  .

T h e  t e r m  cosip  , i n  the  a b o v e  e q u a t i o n  i s  c a l l e d  th e  * c o n s t r a i n t  t e r m

I t  i s  a  m e a s u r e  o f  the  e a s e  w i th  w h ic h  a  s l ip  s y s t e m  m a y  r o t a t e  to

a l l o w  the  p e n e t r a t i o n  o f  the  i n d e n t e r .  A c c o r d i n g  to B r o o k e s   ̂ ^

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

F o r  i n s t a n c e ,  c o n s i d e r  a n  i n d e n t a t i o n  on the  ( 001 ) p l a n e  o f  a

M gO  c r y s t a l  a n d  i t s  two s l ip  p l a n e s  [ 110]  a t  r i g h t  a n g l e s  to  i t  .
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B y  s e t t i n g  the  a n g l e  ly = 9 0 °  i . e .  w h e n  the  i n d e n t e r ' s  f a c e t s

a r e  p a r a l l e l  to one  o f  the  9 0 ° - ty p e  s l ip  p l a n e s  , the  c o n s t r a i n t  t e r m

b e c o m e s  z e r o  . B u t  t h i s  w a s  n o t  fo und  to be  the  c a s e .  B e c a u s e

th e  E;  R,  S , S. i s  z e r o  on t h e s e  p l a n e s  o n ly  w h e n  'H '  , the

a x i s  p a r a l l e l  to the  i n d e n t e r  f a c e t  a n d  p e r p e n d i c u l a r  to  ' F '  , i s

a l o n g  t h e < l  l O ^ d i r e c t i o n ,  . F o r  a l l  o t h e r  o r i e n t a t i o n s  of

the  i n d e n t e r  s l ip  can  o c c u r  on the  ■( 1 10j< 1 1 0 >  s l ip  s y s t e m s .  T h i s

i s  s u p p o r t e d  by  th e  e t c h  p i t s  w h ic h  a r e  found  p a r a l l e l  to  t h e s e  p l a n e s ,

A c c o r d i n g  to B r o o k e s  , the  m a x i m u m  c o n s t r a i n t  i s  n o t  d e f i n e d

b y  ^  = 9 0 °  a l o n e .  I t  i s  n e c e s s a r y  f o r  th e  s l ip  d i r e c t i o n  'SD'  to  b e

p a r a l l e l  to 'H '  so t h a t  'A R '  i s  a t  9 0 ° f r o m  'H '  . I f  Y i s  the

m o d i f y i n g  a n g l e  , t h e n  the  c o n s t r a i n t  t e r m  i s  = c o s  ly + s in  Y

2
T h e  m o d i f i e d  exp  r e  s s ion  f o r  the  E .  R.  S . S. i s ,  t h e r e f o r e ,

X =__  E____ . c o s  9 .  c o s  X . C O S Ui + sinY
A  2

c , •  .  ( 2 0 1 , 2 0 2 , 9 4 ) .S e v e r a l  i n v e s t i g a t o r s  h a v e  s u c c e s s f u l l y

e x p l a i n e d  the  h a r d n e s s  a n i s o t r o p y , i n  c r y s t a l s  w i th  s i m i l a r  s l ip

s y t e m s ,  u s i n g  th e  E .  R. S., S. d i s t r i b u t i o n  on the  s l ip  p l a n e s .

I t  h a s  b e e n  s u g g e s t e d  t h a t  b u lk  p l a s t i c  f lo w  w i th i n  th e  c r y s t a l

c o n t r o l s  the  h a r d n e s s  a n i s o t r o p y .
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1. 7 P l a s t i c i t y  of  s i l i c o n  c a r b i d e  c r y s t a l s

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

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

e s t a b l i s h e d  f a c t .

„  (102-1051  ( 1 0 6 - 1 0 9 )
V e r m a  a n d  A m el inc loc  e x p l a i n e d  t h e  s p i r a l  g r o w t h  p a t t e r n s

o n  t h e  s c r e w - d i s l o c a t i o n  t h e o r y  of  B a r t o n ,  C a b r e r a  a n d  F r a n k .   ̂ ^

( 1 1 1 )
M i t c h e l l  e s t a b l i s h e d  a  c o r  r e l a t i o n s h i p  b e t w e e n  s c r e w  d i s l o c a t i o n s

a n d  t h e  k n o w n  p o l y t y p e s  o f  s i l i c o n  c a r b i d e .  B h i d e  an d  V e r m a ^  ^

r e a l i s e d  t h a t  th e  c o n c e p t  o f  p u r e  s c r e w  d i s l o c a t i o n s  c o u l d  no t

e x p l a i n  a l l  t h e  g r o w t h  f e a t u r e s  o n  s i l i c o n  c a r b i d e  c r y s t a l s .  T h e y

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

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

f e a t u r e s .  H o r n  a n d  G e C e r s  u s e d  t h e  c o n v e n t i o n a l  e t c h  t e c h n i q u e

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

(115)
A m e l i n c k x  e t  a l . , w e r e  t h e  f i r s t  to  s h o w  t h a t  s i l i c o n  c a r b i d e

( ty p e  II) h a s  c h a r a c t e r i s t i c s  of  t h o s e  m a t e r i a l s  w h i c h  c a n  b e  d e f o r m e d

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

w i t h  <  1 120  >  B u r g e r s  v e c t o r  i n t e r s e c t i n g  t h e  b a s a l  p l a n e s .  U s i n g

X - r a y  d i f f r a c t i o n  m i c r o s c o p y ,  t h e y  f o u n d  t h a t  s o m e  <  1 120> B u r g e r s

v e c t o r s  a l s o  i n t e r s e c t  a n o t h e r  p l a n e  v i z .  t h e  c o r r u g a t e d  p l a n e  (3301)

-  a  p s e u d o  p l a n e  c o m p o s e d  o f  ( 1 1 0 1) a n d  (4401)  s t r i p s .  T h e i r

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

( 116)
H a m i l t o n  d e t e r m i n e d  t h e  B u r g e r s  v e c t o r  o f  p u r e l y  s c r e w  d i s l o c a t i o n  

a s  < 0 0 0 1 >  f o r  t h e  4 H ty p e  s i l i c o n  c a r b i d e  w h i s k e r s .
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A t  r o o m  t e m p e r a t u r e , w e l l - d e f i n e d  V i c k e r s  a n d  K n o o p  

h a r d n e s s  i n d e n t a t i o n s  h a v e  b e e n  p r o d u c e d  b y  HocLV^ in  4H ty p e  

s i l i c o n  c a r b i d e  a n d  c o r u n d u m  c r y s t a l s .  H e  o b s e r v e d  h i g h  d i s l o c a t i o n  

d e n s i t i e s  b e n e a t h  t h e  i n d e n t e r s .

1 . 8  B i r e f r i n g e n c e

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

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

T h i s  i s  g e n e r a l l y  t h e  c a s e  i n  c r y s t a l s  i n  t h e  c u b i c  s y s t e m .  In  

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

r a d i a t i o n  w i l l  v a r y  a c c o r d i n g  to  t h e  d i r e c t i o n  o f  th e  r a y  i n  t h e  c r y s t a l .

B i r e f r i n g e n c e  o r  d o u b le  r e f r a c t i o n  i s  a  p h e n o m e n o n  w h i c h  

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

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

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

w h i c h  i s  i s o t r o p i c , h a s  b e e n  o b s e ^ v e d ^ t o  b e  b i r é f r i n g e n t  w h e n  s t r a i n e d .  

T h e  b i r é f r i n g e n t  p a t t e r n s  f r o m  t h e s e  m a t e r i a l s  a r e  s i m i l a r  to  

n a t u r a l l y  a n i s o t r o p i c ,  u n i a x i a l  c r y s t a l s ,  s u c h  a s  c a l c i t e  o r  q u a r t z .  

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

t w o - d i m e n s i o n a l  s t r e s s  p r o b l e m .

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

a p p l i c a t i o n  of  a n  e x t e r n a l  f o r c e ,  u p o n  i t s  r e m o v a l  s o m e  s t r a i n  

w i l l  s t i l l  e x i s t  i n  t h e  m a t e r i a l ,  : k n o w n  a s  t h e ' f r o z e n - i n  ’ s t r a i n .

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

o r  h a v i n g  s m a l l  r e g i o n s  o f  ' f r o z e n - i n '  s t r a i n s  due  to p l a s t i c  d e f o r m a t i o n  

m a y  g iv e  r i s e  t o  b i r e f r i n g e n c e  a r o u n d  t h e  i n c l u s i o n s  a n d  t h e  s t r a i n e d
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r e g i o n s  w h e n  p l a c e d  b e t w e e n  t h e  c r o s s e d  n i c o l s .  Lar ig  a t t r i b u t e d  

t h e  b i r e f r i n g e n c e  o f  s o m e  d i a m o n d s  to  t h e s e  c a u s e s .

B o n d  an d  A n c i ru s ^ a n d  N y e  e t  slL . O b ta in e d  p h o t o g r a p h s  of  

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

i n d i v i d u a l  e d g e  d i s l o c a t i o n s  i n  s i l i c o n  c r y s t a l s .  B o n d  a n d  A n d r u s  

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

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

T h e y  o b t a i n e d  c o n t o u r s  o f  i n t e n s i t y  o f  t r a n s m i t t e d  l i g h t .  B ul lough^   ̂

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

a  c r y s t a l  o f  s i l i c o n  c o n t a i n i n g a  s i n g l e  e d g e  d i s l o c a t i o n  , He fo u n d  

t h a t  t h e  i n t e n s i t y  d i s t r i b u t i o n  a r o u n d  t h e  d i s l o c a t i o n  o b t a i n e d  b y  B o n d  

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

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

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

g a v e  s i m i l a r  i n t e n s i t y  c o n t o u r s  , t h e  o n ly  d i f f e r e n c e  w a s  t h a t  of  

a b s o l u t e  m a g n i t u d e .

(123)
L e d e r h a n d l e r  i n v e s t i g a t e d  t h e  s t r e s s - i n d u c e d  b i r e f r i n g e n c e  

i n  s i l i c o n .  U r o s o v s k a y a  e t  a Z  c a r r i e d  ou t  a  s t u d y  o f  i n d e n t a t i o n  f i g u r e s  

i n  c e s i u m  h a l i d e  c r y s t a l s  b y  t h e  b i r e f r i n g e n c e  m e t h o d .  E x a m i n a t i o n  , 

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

f i g u r e  , s h o w e d  b i r e f r i n g e n c e  b a n d s  a l o n g  v e r t i c a l  s l i p  p l a n e s .  O kuda^  

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

d e f o r m a t i o n  i n  s i n g l e  c r y s t a l s  o f  N a C l  -  N a B r  solid solut ions.
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1 . 8 . 1  B i r e f r i n g e n c e  s t u d i e s  of  s t r e s s  a r o u n d  a  h a r d n e s s  t e s t  

i n d e n t a t i o n  .on  a s i l i c o n  c a r b i d e  c r y s t a l .

T h i b a u l t  e^ a l . o b t a i n e d  a  r o s e t t e  o f  b i r e f r i n g e n c e  due  

t o  t r a n s m i t t e d  p l a n e  p o l a r i z e d  l i g h t  a r o u n d  a  K noop  i n d e n t a t i o n  o n  

a  s i l i c o n  c a r b i d e  c r y s t a l .  No  a t t e m p t  h a s  b e e n  r e p o r t e d  so  f a r ,  i n  

t h e  l i t e r a t u r e ,  o n  a n a l y s i s  o f  t h e  t r a n s m i t t e d  i n t e n s i t y .  ' T h o u g h  i t  

i s  no t  p o s s i b l e  to  m a k e  q u a n t i t a t i v e  e s t i m a t i o n  o f  t h e  s t r e s s  

d i s t r i b u t i o n  a r o u n d  a n  i n d e n t a t i o n  (d u e  to  t h e  n o n - e x i s t e n c e  o f  d a t a  

of  t h e  s t r e s s - o p t i c a l  c o n s t a n t s  of  s i l i c o n  c a r b i d e ) ,  t h e  b i r e f r i n g e n c e  

m e t h o d  i s  v e r y  u s e f u l  f o r  a  q u a l i t a t i v e  e s t i m a t i o n  o f  t h e  ' f r o z e n - i n ’ 

s t r a i n  o r  the  s t r e s s  c a u s i n g  th e  b i r e f r i n g e n c e .

1 . 9  H a r d n e s s  t e s t  i n d e n ta t i o n ,  a n d  f r a c t u r e  of  b r i t t l e  m a t e r i a l s

T h e  i n d e n t a t i o n  h a r d n e s s  t e s t  i s  r e g a r d e d  a s  a  v e r y  v e r s a t i l e
I

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

m a t e r i a l s .  S m a l l  r e g i o n s  o f  v e r y  h i g h  s t r e s s  i n t e n s i t y  c a n  b e  

p r o d u c e d  b y  i n d e n t a t i o n s .  T h e  s t r e s s e s  g e n e r a t e d  b y  a n  i n d e n t a t i o n  

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

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

i m p o r t a n t  i n  f r a c t u r e .  T h e  s h e a r  a n d  c o m p r e s s i v e  s t r e s s e s  g iv e  r i s e  

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

d e f o r m a t i o n  o f  a n  i r r e v e r s i b l e  k in d .  ♦ T h e  l a t t e r  l e a d s  to  a  p e r m a n e n t ,  

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

o f  t h e  i n d e n t e r .  In  c o n v e n t i o n a l  b u l k  m e c h a n i c a l  d e f o r m a t i o n  t e s t s ,  

t h e  c o n d i t i o n s  m e n t i o n e d  a b o v e  do no t  a p p e a r .  T h i s  i s  b e c a u s e  a 

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

T h e  h a r d n e s s  t e s t  i s ,  t h e r e f o r e ,  v e r y  u s e f u l  i n  c h a r a c t e r i z a t i o n  of  

d e f o r m a t i o n  p a r a m e t e r s .

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

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

c a r b i d e ,  -  ̂ m a g n es iu m  o x id e ,  g l a s s ,  f u s e d  s i l i c a ,  s a p p h i r e  a n d  

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

in g  a b r a s i o n ,  g r i n d i n g ,  e r o s i o n  a n d  t o o l - c u t t i n g  p r o p e r t i e s .
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C H A P T E R  II

S IL IC O N  C A R B I D E  _ ITS  P R O P E R T I E S  A ND  USES
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2.  1 T h e  p l a c e  of  s i l i c o n  c a r b i d e  i n  s c i e n c e  an d  i n d u s t r y .

D u e  to  i t s  r e m a r k a b l e  o x i d a t i o n  r e s i s t a n c e  a n d  h a r d n e s s ,  

t o g e t h e r  w i t h  i t s  s t a b i l i t y  u p  to  v e r y  h i g h  t e m p e r a t u r e s ,  s i l i c o n  

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

m a t e r i a l  a n d  a b r a s i v e .  S o m e  o t h e r  v a l u a b l e  c h a r a c t e r i s t i c s  a r e  

s u m m a r i s e d  be low ;

H ig h  s t r e n g t h ,  c o r r o s i o n  r e s i s t a n c e ,  w e a r  r e s i s t a n c e .

H ig h  t h e r m a l  s t a b i l i t y ,  v e r y  s l o w  o x i d a t i o n  r a t e  a t

e x t r e m e l y  h i g h  t e m p e r a t u r e s .

C h e m i c a l  r e a c t i v i t y  w i t h  h a l o g e n s  a n d  w i t h  s e v e r a l

_ , m e t a l  o x i d e s .

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

L o w  a b s o r p t i o n  of  t h e r m a l  n e u t r o n s .

L o w  t h e r m a l  e x p a n s i o n .

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

w i r e  s a w i n g  of  s t o n e s ,  a b r a s i v e  b l a s t i n g  an d  s i m i l a r  o p e r a t i o n s  

u s i n g  s m a l l  a n d  s h a r p  l o o s e  g r i t s .  I t  w a s  e s t a b l i s h e d  lo n g  ag o  

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

a n d  t h u s  n u m e r o u s  m e t a l  o x i d e s  c o u l d  b e  r e d u c e d  to  m e t a l  by  

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

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

b y  b u r n i n g  s i l i c o n  c a r b i d e  i n  c h l o r i n e ,  w a s  u s e d  i n  W o r l d  W a r  I 

to  p r o d u c e  s m o k e  s c r e e n s .
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T h e  u s e f u l n e s s  o f  s i l i c o n  c a r b i d e  a s  n o n - l i n e a r  r e s i s t o r s ,  

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

r e a l i s e d  f a i r l y  r e c e n t l y .  I t  i s  n o w a d a y s  u s e d  to  o b t a i n  f in e  s i l i c a  

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

an d  s i l i c o n  m e t a l  m a n u f a c t u r e .  A g r e a t  d e a l  o f  e f f o r t  i s  b e i n g  

d e v o t e d  to the  f a b r i c a t i o n  of  s i l i c o n  c a r b i d e  d e v i c e s  w h i c h  c a n  

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

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

p r o d u c i n g  a  t h e r m o  e . m . f ,  of  a b o u t  2 5 | l V / d e g r e e  C, I t  i s  a l s o  

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

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

i n t e r g r a n u l a r  c r a c k i n g  a n d  c o r r o s i o n  i n  g a s e o u s  m e d i a  a n d  v a r i o u s  

m olten m etals and s la g s ,  ' Cold cathodes of s il ico n  carbide are 

e x t e n s i v e l y  u s e d  i n  e l e c t r o n  g u n s .  T h e s e  h a v e  th e  a d v a n t a g e  of  

b e i n g  h ig h l y  s t a b l e ,  h a v i n g  w i d e  e n e r g y  g a p  a n d  p o s s e s s i n g  l a r g e  

e l e c t r o n  m o b i l i t y .  S i l i c o n  c a r b i d e  i s  s t a b l e  w h e n  e x p o s e d  to 

r a d i a t i o n s  f r o m  a n  a t o m i c  r e a c t o r .  B o t h  c a r b o n  a n d  s i l i c o n  h a v e  

lo w  t h e r m a l  n e u t r o n  a b s o r p t i o n  c r o s s - s e c t i o n .  T h e s e  p r o p e r t i e s  

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

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

of  m i c r o s p h e r e s .

G r o w n  p - n  j u n c t i o n s  a r e  u s e d  a s  a  d e t e c t o r  of  p h o n o n s  o r  

n u c l e a r  p a r t i c l e s .  T h e  o p e r a t i o n  d e p e n d s  u p o n  th e  f o r m a t i o n  a n d
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c o l l e c t i o n  of  e l e c t r o n - h o l e  p a i r s  p r o d u c e d  by  the  p a s s a g e  of  th e  

p h o to n  o r  p a r t i c l e  t h r o u g h  the  d e t e c t o r .  A n o t h e r  i m p o r t a n t  

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

p a s s e d .

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

of  S iC ,  t h e r m o c o u p l e  p r o t e c t o r s ,  r o c k e t  m o t o r  n o z z l e s  an d  

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

e t c .  , s i l i c o n  c a r b i d e  i s  f a b r i c a t e d  by  r e a c t i o n - s i n t e r i n g  w i t h  the  

a d d i t i o n  of a  s m a l l  p e r c e n t a g e  of  one  o r  m o r e  m a t e r i a l s ,  e . g .

M gO ,  C aO ,  S iO ^  o r  A l^ O ^ .  T h e  b o n d e d  m a t e r i a l s  h a v e  good  

s t r e n g t h ,  o x i d a t i o n  r e s i s t a n c e  a n d  h e a t  c o n d u c t i v i t y .

2 . 2  G e n e r a l  p h y s i c a l  p r o p e r t i e s  of  s i l i c o n  c a r b i d e  c r y s t a l s

S i l i c o n  c a r b i d e  i s  a  v e r y  h a r d  c r y s t a l l i n e  s o l i d .  I t s

h a r d n e s s  i s  p l a c e d  a t  n u m b e r  9 i n  M ohs  s c a l e  o f  h a r d n e s s ,

b e t w e e n  d i a m o n d  (10) a n d  t o p a z  (8 ). I t  i s  c l a i m e d  t h a t  s o m e  t y p e s

of s i l i c o n  c a r b i d e  w i l l  s c r a t c h  c e r t a i n  v a r i e t i e s  of  d i a m o n d ,
(131)

E a g l e  e t  a l . r e p o r t s  th e  b e n d  s t r e n g t h  of  s i l i c o n  c a r b i d e  c r y s t a l s  a t  

r o o m  t e m p e r a t u r e  a s  25 ,  000  p s i .

S i l i c o n  c a r b i d e  h a s  a  h i g h  r e f r a c t i v e  i n d e x  n  ^ ( fo r  the  

o r d i n a r y  r a y )  =  2 , 6 4 7  a n d  n^  ( fo r  th e  e x t r a o r d i n a r y )  =  2 , 6 9 ,  f o r  

th e  s o d i u m  l i n e  X =  5890  A°.  W h e n  s h in y ,  t r a n s p a r e n t  c r y s t a l s  

a r e  v i e w e d  b e t w e e n  th e  c r o s s e d  p o l a r i z e r s  a l l  t h e  c r y s t a l s  s h o w  

s o m e  d e g r e e  of  b i r e f r i n g e n c e  w h i c h  c o u l d  be d u e  to  t h e  r e s u l t  of  

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

T a y l o r  \ o u n d  th e  t h e r m a l  c o n d u c t i v i t y  of  S iC  to be 

0 . 2 4 4  c a l / c m  ° C  a t  2 0 0 ° C  a n d  0. 101 c a l / c m ° C  a t  1 0 0 0 ° C .

T h e  c o e f f i c i e n t  of  l i n e a r  e x p a n s i o n  h a s  b e e n  r e p o r t e d  a s  4x1 0  ^ ° C  

a s  th e  m e a n  v a l u e  b e t w e e n  0 °  a n d  lOOO^C. S i l i c o n  c a r b i d e  h a s  a  

r e m a r k a b l e  h ig h  t h e r m a l  s t a b i l i t y .  I t  h a s  n o t  g o t  a n y  c o n g r u e n t  

m e l t i n g  p o i n t  a n d  d i s s o c i a t e s  in to  c a r b o n  a n d  s i l i c o n  v a p o u r s ,

a b o v e  2, 000 C. K n i p p e n b e r g  h a s  e s t i m a t e d  the  v a p o u r  p r e s s u r e  of

o (135)
the  s y s t e m  S iC  +C a s  1 a t m  a t  2800  C,  D r o w a r t  e t  a l  f o u n d  th e

v a p o u r  p r e s s u r e  of  d i f f e r e n t  g a s e o u s  p r o d u c t s  (Si,  S iC  a n d  Si  C)
2 2

i n  e q u i l i b r i u m  w i t h  S iC  + C s y s t e m  a s  1 a t m  a t  2 8 5 0 ^ C .

S i l i c o n  c a r b i d e  i s  one  of  the  f e w  w id e  b a n d  g a p  s e m i 

c o n d u c t o r s  a n d  d u e  to  i t s  s e m i c o n d u c t i n g  p r o p e r t i e s  th e  e l e c t r i c a l  

p r o p e r t i e s  h a v e  b e e n  e x t e n s i v e l y  i n v e s t i g a t e d  by  s e v e r a l  i n v e s t i g a t o r s

S i l i c o n  c a r b i d e  i s  a  n o n - c o n d u c t o r  w h e n  p u r e  a n d  h a s  a  r e s i s t i v i t y  

3 5of th e  o r d e r  of  1 0 -  10 o h m  c m s .  I t  w a s  g e n e r a l l y  b e l i e v e d  t h a t

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

e x c e s s  of  e l e c t r o n s  ( n - t y p e )  w h e r e a s  b l a c k  c r y s t a l s  w e r e  d u e  to  th e  

e x c e s s  of h o l e s  ( p - t y p e ) .  B u t  Kerf<^aÀ h a s  s h o w n  t h a t  the  b l a c k  

c r y s t a l s  c o u l d  be of  p -  o r  n -  t y p e .  A c c o r d i n g  to  h i m  s i l i c o n  

c a r b i d e  s h o u l d  be  a  s e m i c o n d u c t o r  d u e  to the  p r e s e n c e  of  n o n -  

s t o i c h i o m e t r i c  a m o u n t s  of  S i  o r  C o r  to  th e  p r e s e n c e  o f  i m p u r i t i e s  

s u c h  a s  a l u m i n i u m ,  b o r o n  o r  n i t r o g e n .  K e n d a l l  c o u l d  n o t  m a k e  

p r e c i s e  m e a s u r e m e n t s  to e s t a b l i s h  w h e t h e r  t h e y  w e r e  p -  o r  n - t y p e  

e x c e p t  by  s i m p l e  i n v e s t i g a t i o n  of  th e  s i g n  of  th e  t h e r m o e l e c t r i c
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. l le W hc o e f f i c i e n t  a t  r o o m  t e m p e r a t u r e .  L e l y  f o u n d  t h a t  t h e  i n t r o d u c t i o n  of

n i t r o g e n  r e s u l t s  in  t h e  f o r m a t i o n  o f  n - t y p e  w i t h  t h e  d o n o r  l e v e l  ly in g
(138)

0 . 10 eV b e l o w  t h e  c o n d u c t i o n  b a n d .  V a n  D a a l  e t  al.  r e p o r t e d  c r y s t a l s

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

0 . 3 0  eV a b o v e  t h e  v a l e n c e  b a n d .  T h e  r e s u l t s  o f  t h e  t e m p e r a t u r e

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

c a r b i d e  c r y s t a l s  s h o w  t h a t  b e l o w  500^C t h e  p r o c e s s  o f  i n j e c t e d  c a r r i e r

c a p t u r e  b y  d o n o r  a n d  a c c e p t o r  c e n t r e s  i s  p r o m i n e n t ;  t h e s e  c e n t r e s

a c t  a s  e l e c t r o n  an d  h o l e  t r a p s .  W h e n  t h e  c r y s t a l  i s  h e a t e d ,  r e l e a s e

o c c u r s ,  f i r s t  of  e l e c t r o n s  f r o m  e l e c t r o n  t r a p s  ( o r  h o l e s  f r o m  h o l e

t r a p s )  w h i c h  m a k e  up  the  d e f i c i e n c y  o f  c a r r i e r s  i n  t h e  c o n d u c t i o n  ( o r

v a l e n c e  b a n d ) .  T h e  o n s e t  o f  i n t r i n s i c  c o n d u c t i v i t y  b e g i n s  a t  500^C.

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

h a s  b e e n  g a t h e r e d  f r o m  t h e  w o r k  o f  l^mi?Â, e t  a l .  » R a c e t t e  ^and
(142)

C h o y k e  e t  a l .  T h e  H a l l  m o b i l i t y  of  s i l i c o n  c a r b i d e  v a r i e s  w i t h  

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

c o n d u c t o r s .  T h e  m a x i m u m  v a l u e  of  10 c m ^ / V .  s e c  a t  2 0 0 ° K ,  f o r  

n - t y p e ,  f a l l s  to  n e a r l y  z e r o  a t  9 0 ° K ;  f o r  p - t y p e  t h e  m a x i m u m  

m o b i l i t y  h a s  a  v a l u e  o f  70 c m ^ / V .  s e c  a t  2 0 0 ° K  a n d  20 c m  / V .  s e c  

a t  1 0 0 0 ° K ,  C h o y k e  e x p r e s s e d  t h e  f u n d a m e n t a l  a b s o r p t i o n  e d g e  o f  

s i l i c o n  c a r b i d e  i n  t e r m s  of  p h o n o n  e m i s s i o n  a n d  a b s o r p t i o n .  A c c o r d i n g  

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

a n d  in v o l v e  t h e  e m i s s i o n  a n d  a b s o r p t i o n  o f  p h o n o n s  o f  e n e r g y  0 . 0 9  e V . 

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

2 . 8 6  eV .
Un
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2 . 2 . 1  Chem ical p ro p ert ie s .

S i l i c o n  c a r b i d e  i s  u n a t t a c k e d  b y  a l l  a c i d s  e x c e p t  o r t h o -

p h o s p h o r i c  a c i d  a t  2 1 5 ^ C .  I t  r e a c t s  w i t h  C u ,  Ni,  F e  a n d  M n

o x i d e s ,  a t  t e m p e r a t u r e s  a b o v e  lOOO^C, to  g iv e  m e t a l  s i l i c i d e s

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

a n d  s u l p h a t e s .  S i l i c o n  c a r b i d e  h a s  a  h i g h  c h e m i c a l  r e a c t i v i t y  w i t h

h a l o g e n s .  In  c h l o r i n e  i t  b e g i n s  to  d e c o m p o s e  s l o w l y  a t  6 0 0 ^ an d

c o m p l e t e l y  d e c o m p o s e s  a t  1200°C  g iv in g  C C l  a n d  SiC 1 . NTtrogen react s
4 4 . '  ^

of TAOÛC with' i t  g iv in g  s i l i c o n  n i t r i d e s  a n d  C t . H y d r o g e n  e t c h i n g

a t  1700 C h a s  b e e n  r e p o r t e d .  I t  i s  a l s o  a t t a c k e d  b y  o x y g e n  a t  h i g h

t e m p e r a t u r e s  b u t  up  to  a b o u t  1000°C  t h e  o x i d a t i o n  i s  r a t h e r  s lo w .

I^eaf^Naka^oga^a, Lar^^ei^tscn and AdamsLy investigated oxidation of

s i l i c o n  c a r b i d e  o v e r  a  l a r g e  r a n g e  o f  t e m p e r a t u r e s .  L a m b e r t s o r i s

r e s u l t s  i n d i c a t e  t h a t  o x i d a t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  f r o m  9 5 0 °

t o  l 6 0 0 ° C  i s  c o n t r o l l e d  b y  t h e  d i f f u s i o n  o f  s o m e  s p e c i e s  t h r o u g h  SiO^

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

d i f f u s i n g  in t o  S i C - S iO ^  i n t e r f a c e  o r  C O  d i f f u s in g  o u t w a r d  i n t o  a t m o s -

s p h e r e .  A b o v e  1 6 5 0 ° C  o x i d a t i o n  b e c o m e s  r e a c t i o n - c o n t r o l l e d  w i t h

t h e  r e a c t i o n  b e t w e e n  SiC a n d  SiO^ a s  t h e  r a t e - c o n t r o l l i n g  s t e p .

2 .3  Polytypism  in s ilicon  c a rb id e ,

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

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

(147)
i n v e s t i g a t e d ,  B a u m h a u e r  d i s c o v e r e d  t h e  e x i s t e n c e  o f  t h r e e  t y p e s  w h i c h

(148)
w e r e  a r b i t r a r i l y  n a m e d  I, II  a n d  III i n  t h e  o r d e r  o f  d i s c o v e r y .  O t t  

d e t e r m i n e d  t h e  s t r u c t u r e s  o f  t h e s e  t y p e s  a n d  f o u n d  a  15 l a y e r  r h o m b o -
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h e d r a l ,  a  6 l a y e r  h e x a g o n a l  a n d  a  4 l a y e r  h e x a g o n a l  f o r m  r e s p e c t i v e l y .

H e  a l s o  found  a  c u b i c  f o r m  c a l l e d  t y p e  IV a n d  51 l a y e r  r h o m b o h e d r a l

(149)
f o r m  k n o w n  a s  ty p e  V. T h i b a u l t  r e g a r d e d  t y p e  IV a s  a  t r u e

m o d i f i c a t i o n  a n d  t e r m e d  i t  a s  P - s i l i c o n  c a r b i d e .  F i g .  2. 1 s h o w s

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

In  t h e  l i t e r a t u r e  o v e r  45 d i f f e r e n t  s t r u c t u r e s  w h i c h  h a v e  b e e n

i d e n t i f i e d  b y  X - r a y  i n v e s t i g a t i o n s  h a v e  b e e n  r e p o r t e d .  A l l

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

a r r a n g e m e n t  of  t h e s e  l a y e r s .  E a c h  ty p e  i s  i d e n t i f i e d  b y  t h e

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

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

a  = b = 3 . 0 7 8  ° A  
o o

c = 2 . 5 1 8  X n 
o

w h e r e  n  i s  t h e  n u m b e r  i n  t h e  h e x a g o n a l  u n i t  c e l l .  F o r  i n s t a n c e  a - S i C  

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

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

t i m e s  t h e  n u m b e r  i n  t h e  r h o m b o h e d r a l  c e l l .  ( F i g . 2. 2 ),
151

2 .  4 A t o m i c  p o s i t i o n s  i n  t y p e  I (15 R) a n d  t y p e  II (6 H) c r y s t a l s  (W yckoff )

a - S i C  ( 15 R) :  ( H e x a g o n a l - r h o m b o h e d r a l )

L a t t i c e  p a r a m e t e r s

a  = 1 2 . 6 9  A °  ; a  = 1 3 °5 5 '  ( r h o m b o h e d r a l ) ,  n  = 5 
o

= 3 . 0 7 3  A ° ;  c^= 3 7 , 7 0  A P  ( h e x a g o n a l )  n  = 15

A t o m i c  p o s i t i o n s

00  U;  i - V f ,  i  + U. i .  1 +  U

U ^ = 0,  0 . 1 3 3 ,  0 . 4 ,  0 . 6 ,  0 . 6 6
c a r b o n

s i l i c o n )  J
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Æ  - ^ 3  i

i f  ’t^

M o d i f i c a t i o n  I ]  
(6 H )

Modif icat ion 1 

(15 R)

M o d i f i c a t i o n  I I I  

( 4 H )

B -  Si C 
•' Cubic

Fi g. 2.1.



51-

c

F i g .  2 . 2  . P r i m i t i v e  c e l l s  of S i C ,
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a -  SiC (6H) o r  type  II ;
o o

a  = 3 . 0 7 3  A  ; c = 1 5 . 0 8  Ao o

T h e  p o s i t i o n  o f  i t s  6 m o l e c u l e s  a r e  on  t r i  g o n a l  a x e s :

0 0 U; 0 n  + -  
2

I  , V; | ,  I  . V + 1 / 2

^ ( s i l i c o n ) '  0 - l Z S :  ^ ( s i l i c o n ) = 0 - " 9 1 ,  0 . 9 5 8

2. 5 N a t u r e  of  s i l i c o n - c a r b i d e

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

i s  g i v e n  b y  (19 2 s 2p 3ê 3P' ) a n d  ( i s ^  2 s ^  2 p ^ )  r e s p e c t i v e l y .

T h e  S i - C  b i n d i n g  c a n  b e  of  tw o  t y p e s .

2.  5. 1 Ion ic  o r  e l e c t r c v a l e n t  b in d i n g

B o t h  C a n d  Si h a v e  f o u r  v a l e n c e  e l e c t r o n s  i n  t h e  o u t e r m o s t

s h e l l s .  V C a to m i i ,  b e i n g  m o r e  e l e c t r o n e g a t i v e  t h a n  t h e  Si ,  i s  i n

a  p o s i t i o n  to  a c c e p t  1 e l e c t r o n  f romthe 4 Si a t o m s  b o u n d  t o  i t  t e t r a -

- 4h e d r a l l y  f o r m i n g  a  C io n .  E a c h  Si a t o m  i n  t u r n  d o n a t e s  4 e l e c t r o n s ,  

1 to  e a c h  C ,  t h e r e f o r e ,  f o r m i n g  a  Si ^  i o n .  A n  io n i c  b o n d  i s  f o r m e d  

d u e  to  th e  e l e c t r o s t a t i c  a t t r a c t i o n  b e t w e e n  t h e s e  i o n s .

A c c o r d i n g  to  t h i s  m o d e l  th e  S i - C  b o n d  l e n g t h  i s  1 . 7 9  a n d

t h e  C a t o m  i s  a b o u t  3, 7 t i m e s  b i g g e r  t h a n  the  Si a t o m .

2.  5. 2  N e u t r a l  o r  c o v a l e n t  b o n d

If  i n  t h e  t e t r a h e d r a l  b o n d in g  of  Si a n d  C tw o  e l e c t r o n s  f r o m

t h e  C a t o m  s h a r e  t h e  b o n d  w i t h  tw o e l e c t r o n s  f r o m  Si a t o m  w i t h  

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

o u t e r m o s t  s h e l l .  S u c h  a  s t r u c t u r e  w h e r e  t h e  f o u r  b o n d s  a r e  

d i r e c t e d  t o  t h e i r  n e i g h b o u r s  h a v e  n e u t r a l  o r  c o v a l e n t  b o n d .
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T h e  S i - C  d i s t a n c e ,  i n  t h i s  c a s e , i s  1 . 9 4  a n d  t h e  S i  a t o m

i s  a b o u t  1. 5 t i m e s  a s  b ig  a s  t h e  C a t o m .

T h e r e  a r e  g r o u n d s  t o  b e l i e v e  t h a t  s i l i c o n  c a r b i d e  i s

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

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

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

s i l i c o n  a to m s  r e s u l t s  i n  a n  io n i c  c o n t r i b u t i o n  o f  a b o u t  1 0 % t o  t h e

152
b o n d ,  as e s t i m a t e d  f r o m  P a u l i n g ' s  e m p i r i c a l  f o r m u l a  ( P a u l i n g ) .

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

i n  t h e  X - r a y  e m i s s i o n  s p e c t r a  o f  Si  i n  S iC .  T h i s  s h i f t  d e p e n d s  o n

153
th e  c h a r g e  on  t h e  Si a t o m ,  ( F a e s s l e r ) ,  f o r  a  n u m b e r  o f  S i  c o m p o u n d s  

w i t h  d i s s i m i l a r  b o n d  c h a r a c t e r .  L i k e  a l l  o t h e r  c r y s t a l s  w h i c h  

p a r t l y  h a v e  p o l a r  b i n d i n g ,  S iC s h o w s  a  m a x i m u m  i n  t h e  i n f r a r e d  

r e f l e c t i v i t y .  In  t h e  m o d e l  p r o p o s e d  b y  H o l g e f ^ t h e  f o r m u l a  r e l a t i n g  

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

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

p e r f e c t  i o n i c  m o d e l .  I t  h a s  b e e n  s h o w n  t h a t  t h i s  f a c t o r  f o r  S iC  i s  

i n  a g r e e m e n t  w i t h  t h a t  f o r  A B c o m p o u n d s  i f  e s t i m a t i o n  o f  p o s i t i v e  

c h a r g e  o n  t h e  a t o m  i s  m a d e  f r o m  P a u l i n g ' s  f o r m u l a .
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C H A P T E R  III

E X P E R I M E N T A L  T E C H N IQ U E S
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3.  1 M u l t i p l e - b e a m  I n t e r f e r o m e t r y .

T h i s  t e c h n i q u e  w a s  d e v e l o p e d  b y  T o l a n s k y  i n  1943 a n d  

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

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

h a r d n e s s  t e s t i n g  an d  so  on .  I t s  g r e a t  p o w e r  l i e s  i n  t h e  f a c t  t h a t  i t  

r e v e a l s  q u i t e  s u b t l e  c h a n g e s  i n  t h e  h e i g h t - d e p t h  d i r e c t i o n .

I n t e r f e r e n c e  f r i n g e s  a r i s e  f r o m  a  s y s t e m  c o n s i s t i n g  o f  tw o  

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

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

b y  t h e  o b j e c t .  S u ch  a  s y s t e m  c a n  e i t h e r  b e  a  p a r a l l e l  p l a t e  o r  

w e d g e  s h a p e d ,  a n  e x t r e m e l y  t h i n  a i r  f i l m  s e p a r a t i n g  t h e m .

A c c o r d i n g  to  T o l a n s k y , t h e  fo l l o w i n g  c o n d i t i o n s  s h o u l d  b e  

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

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

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

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

3.  M o n o c h r o m a t i c  l i g h t  s h o u l d  b e  u s e d .

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

o f  l i g h t .

5 . A  p a r a l l e l  b e a m  w i t h i n  a  t o l e r a n c e  o f  i 1 -  3 °  s h o u l d  b e  u s e d .

6 . T h e  l i g h t  s h o u ld  b e  n o r m a l  to  t h e  r e f l e c t i n g  s u r f a c e .
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3. 2 F r i n g e s  of  E q u a l  C h r o m a t i c  O r d e r  ( F .  E .  C.  O. )

T h e s e  f r i n g e s  w e r e  f i r s t  d e s c r i b e d  b y  T o l a n s k y  in  1945.

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

m o n o c h r o m a t i c  l i g h t ,  f r o m  a  w e d g e  s y s t e m  i s  p r o j e c t e d  on the  s l i t

o f  a  s p e c t r o g r a p h ,  (FLg.3 .1 ) , a n d  th e n  th i s  l i g h t  s o u r c e  i s  r e p l a c e d

b y  a  w h i t e  l i g h t  s o u r c e ,  the  s p e c t r u m  in  the  f o c a l  p l a n e  o f  the  s p e c t r o g r a p h

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

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

by Tolansky

I t  h a s  b e e n  show n  ( T o l a n s k y  ) t h a t  o v e r  a n y  s e c t i o n  o f  tne  

w e d g e  b o th  ’t '  ( the  s e p a r a t i o n  b e t w e e n  the  p l a t e s  o f  the  w e d g e )  a n d  ’ ^  * 

( w a v e - l e n g t h )  a r e  v a r i a b l e s  a n d  f r i n g e s  a r e  f o r m e d  a t  c o n s t a n t  t / \  

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

A s s u m i n g  n o r m a l  i n c i d e n c e ,  f o r  a n  a i r  f i l m ,  th e  f r i n g e  o r d e r  i s  g i v e n  b y  

n = 2 t / ^  = 2 V t ; w h e r e  v = w a v e  n u m b e r .

D i f f e r e n t i a t i n g

6 n = 2  5v* t.

F o r  s u c c e s s i v e  o r d e r s  dn  = 1, t h e r e f o r e ,

t  = 1 / 2  ÔV

F o r  a n y  g iv e n  v a l u e  of  t, the  f r i n g e s  a r e  e q u a l l y  s p a c e d  a n d  th e  s p a c i n g  

i s  i n d e p e n d e n t  of  th e  a n g l e  b e t w e e n  the  s u r f a c e s .  T h e s e  f r i n g e s  a r e  

r e l a t e d  to  the  t o p o g r a p h y  o v e r  the  s e l e c t e d  s e c t i o n .  T h e  d i r e c t i o n  

o f  th e  c u r v a t u r e  o f  f r i n g e s  s h o w s  w h e t h e r  the  s u r f a c e  i s  c o n v e x  (h i l l )  

o r  c o n c a v e  ( v a l l e y ) .  A  c o n v e x  s u r f a c e  b o w s  th e  f r i n g e s  c o n v e x  to  the  

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

a l s o  s h o w s  h o w  to e v a l u a t e  the  h e i g h t  o r  d e p t h  o f  a n y  d i s t o r t i o n ,  i f  one

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

t h e s e  f r i n g e s .
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g .  3 . 1  . O p t i c a l  a r r a n g e m e n t  f or  F . E . C. O.

A •= W hi te  l i g h t  s o u r c e  

C = C i r c u l a r  a p e r t u r e  

E  = I n t e r f e r o m e t e r  s y s t e m  ^

G = S l i t  of  a  p r i s m  s p e c t r o g r a p h  S 

H = P h o t o g r a p h i c  p l a t e  on w h i c h  the  f r i n g e s  a p p e a r

S p e c i m e n  F r i n g e s  — >-V i o l e t

Y*Y 
2 1

( W h i te  l i g h t  s p e c t r u m ,  Y ^,Y^  . . . .  G.  . . . , s u p e r i m p o s e d  
on F ,  E .  C,  O. w h ic h  a r e  c o n v e x  t o w a r d s  v i o l e t  )
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3 . 3 .  T h e  I n d e n t a t i o n  i n s t r u m e n t s  ( H a r d n e s s  T e s t e r s ) .

3 , 3 . 1  L o w  l o a d  (up  to  200  gm) i n d e n t a t i o n s  .

T h e s e  w e r e  m a d e  w i t h  s t a n d a r d  d i a m o n d  p y r a m i d ,  

s p h e r i c a l  a n d  d o u b le  c o n e  i n d e n t e r s ,  m o u n t e d  o n  t h e  o b j e c t i v e  

o f  a  V i c k e r s  P r o j e c t i o n  M i c r o s c o p e ,  i n  c o n j u n c t i o n  w i t h  a  

c o m m e r c i a l  h a r d n e s s  t e s t e r  m a d e  b y  C o o k e ,  T r o u g h t o n  a n d  S i m s  : ,  

F i g . 3 ,  2 s h o w s  t h e  a p p a r a t u s  s e t  up  o n  t h e  V i c k e r s  m i c r o s c o p e .

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

a p p a r a t u s :

A  , , ,  C o a r s e  m o t i o n  h e a d

B . , .  F i n e  m o t i o n  h e a d

C .  . .  D i a m o n d  i n d e n t e r

D . , .  S o c k e t  a n d  s u p p o r t  b l o c k  f o r  l o a d  c e n t r e  i n d i c a t o r

E .  . ,  R o t a t i o n  s t o p  to  l o a d  c e n t r e  i n d i c a t o r

F . , ,  B a s e  p l a t e

G . , ,  S e c u r i n g  s c r e w s

H .  , . C o u n t e r  w e i g h t

I .  , ,  V e r t i c a l  p i l l a r

J ,  , ,  P i v o t  a x l e  b e a r i n g  w i t h  a d j u s t i n g  s c r e w s  

K . . * P o c k e t  f o r  a u x i l i a r y  c o u n t e r - w e i g h t s  

L .  . .  A u x i l i a r y  c o u n t e r  w e i g h t s  

M * . , B e a m

N,  . .  L a m p  h o u s i n g  w i t h  r e d  g l a s s  w in d o w  

O,  , , H o r i z o n t a l  b a r  s u p p o r t  to  i n d i c a t o r  p i n  

P . . ,  L o a d  p o s i t i o n  i n d i c a t o r
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L M N 0 Q R S

Fi g 3.2. COOKE MICRO -  HARDNES S TESTER 

Set u p o n  the V ic k e rs  M i c r o s c o p e .
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Fi g.3.3 . H ardness  tester f o r  m acro  

indentations.
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Q .  . .  C h e m i c a l  b a l a n c e  w e i g h t s  a s  ' load*

R .  , .  L o a d  p l a t e

S , , ,  C o l l e t  c h u c k  s e c u r i n g  s p e c i m e n

T ,  . .  C l a m p  f o r  S

U . . .  B e a m  c o n t a c t  t i p

V ,  , ,  B a s e  p l a t e  c o n t a c t  a n v i l

W , , , L o w  v o l t a g e  s u p p l y

X . . .  H i n g e d  s c r e w  l o c k

Y . . ,  S t a g e  c r o s s  t r a v e r s e  s c r e w s

Z . . .  S t a g e  l o n g i t u d i n a l  t r a v e r s e  s c r e w s

3 . 3 .  2 H ig h  l o a d  (up  to  5 k g  ) i n d e n t a t i o n s

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

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

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

u p  t o  7 k g ,  a n d  i s  a l m o s t  a s  s e n s i t i v e  a s  t h e  o t h e r  o n e .  F i g .  3 • 3 

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

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

t h e  t e s t e r  a s  i n  F i g ,  3. 2.,

3.  4 R e p l i c a  t e c h n i q u e s

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

b y  a n  A ,  E .  I.  E M 6 e l e c t r o n  m i c r o s c o p e .  T w o  t y p e s  o f  r e p l i c a s  w e r e  

p r e p a r e d :

(1) P l a s t i c  r e p l i c a s

( 2 ) T w o -  s t e p  p l a s t i c / c a r b o n  r e p l i c a s .

T h e  f o l l o w i n g  p l a s t i c  s o l u t i o n s  w e r e  u s e d  f o r  t y p e  ( l )  r e p l i c a s :
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(a )  F o r m v a r ,  p o l y v i n y l  f o r m a l  o r  p o l y v i n y l  a c e t a l  r e s i n

1 . 2 % s o l u t i o n  in  d i o x a n e ,

(b)  C o l l o d i o n ,  p y r o x l i n ,  c e l l u l o s e  n i t r a t e  -  4 % s o l u t i o n  

i n  3 p a r t s  e t h y l  e t h e r ,  1 p a r t  e t h a n o l .

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

w a s  no t  b e t t e r  t h a n  200  a n d  t h e  c o n t r a s t  w a s  p o o r .

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

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

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

c e l l u l o s e .  Ok e n -  S ho j i  C o .  L t d . , T o k y o ,  J a p a n .

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

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

( i )  P r e p a r a t i o n  o f  t h e  s u r f a c e . C r y s t a l s  a r e  t h o r o u g h l y  w a s h e d  

f i r s t  w i t h  a  d e t e r g e n t  a n d  t h e n  w i t h  h y d r o g e n  p e r o x i d e  o r  

c l e a n e d  u l t r a  s o n i c  a l l y  u s i n g  a c e t o n e .

( i i )  T h e  a c e t y l  c e l l u l o s e  f i l m  o f  B i o d e n  o f  0 . 0 3 4  m m

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

t h a n  t h e  s p e c i m e n  s u r f a c e .  A  p i e c e  i s  l o w e r e d  in t o  a s o l v e n t  e .  g. 

m e t h y l  a c e t a t e ,  f o r  j u s t  a  s e c o n d ,  t h e  f i l m  i s  t h e n  q u i c k l y  

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

t h e r e  a r e  no a i r  b u b b l e s  u n d e r n e a t h .  A f t e r  a l l o w i n g  t h e  

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

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

f o r m e d  i s  k n o w n  a s  t h e  f i r s t - s t e p  r e p l i c a .
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( i i i )  T h e  f i r s t - s t e p  r e p l i c a  i s  l i k e l y  to  c u r l .  I t  i s ,  t h e r e f o r e ,  

p l a c e d  b e t w e e n  tw o c l e a n  g l a s s  s l i d e s  a n d  t i g h t e n e d  s l i g h t l y  

w i t h  p a p e r  c l i p s  a n d  k e p t  i n  a n  o v e n ,  a t  8 0 ^ C ,  f o r  h a l f  a n  

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

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

b e l l  j a r  of  e v a p o r a t i n g  u n i t ,  E d w a r d s c o a t i n g  u n i t  t y p e  3 

T h e  b e l l  j a r  i s  e v a c u a t e d  to  a  low  p r e s s u r e  ( 10 ^ m m  H g) .

( iv) T h e  s e c o n d - s t e p  r e p l i c a  i s  now  f o r m e d  by  d e p o s i t i n g  a  

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

of  50 a m p s  t h r o u g h  th e  c a r b o n  e l e c t r o d e s  (one b lu n t ,  th e  

o t h e r  s h a r p  to  g iv e  a  p o i n t  s o u r c e )  l o c a t e d  i n s i d e  th e  b e l l  

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

s i l v e r  o r  go ld .  T h e  s h a d o w i n g  h a s  the  a d v a n t a g e s  t h a t

- i t  i m p r o v e s  the  c o n t r a s t ,
-  th e  s h a p e  a n d  d i m e n s i o n s  of  a  f e a t u r e  c a n  be 

d e t e r m i n e d .

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

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

p a i r  of  e l e c t r o d e s  a n d  e v a p o r a t e d  by  p a s s i n g  a  h e a v y  

c u r r e n t  i n  th e  t u n g s t e n  f i l a m e n t  o r  i t  c a n  be  i n  t h e  f o r m  of 

a  c y l i n d r i c a l  c o r e  i n  one  of  the  tw o  c a r b o n  e l e c t r o d e s .

U s e  o f  the  l a t t e r  e l i m i n a t e s  d o u b le  e v a p o r a t i o n .  T h e  a n g l e  

o f  s h a d o w i n g  i s  v a r i e d  a c c o r d i n g  to the  ty p e  of  s t r u c t u r e  

u n d e r  e x a m i n a t io n ^ fo r  g e n e r a l  p u r p o s e s i t  i s  g o o d  e n o u g h



- 6 4 -

to  h a v e  a n  a n g l e  of  3 0 ° .  ^

In  o r d e r  to m a k e  a  r o u g h  e s t i m a t e  of  th e  t h i c k n e s s  o f  the  

( c a r b o n  + p l a t i n u m )  f i l m ,  a  d r o p  of s i l i c o n e o i l  i s  p l a c e d  

o n  th e  g l a s s  s l i d e  h a v i n g  th e  f i r s t - s t e p  r e p l i c a  b e f o r e  th e  

c o m m e n c e m e n t  of  the  s t a g e  ( i i i )  d e s c r i b e d  a b o v e .  T h e  

f i l m  w i l l  n o t  be d e p o s i t e d  on  t h e  o i l  d r o p  w h e r e a s  the  

a r e a  a d j o i n i n g  i t  i s  s l i g h t l y  t i n t e d .  W h e n  th e  t i n t  b e c o m e s  

g r e y i s h ,  the  c a r b o n  f i l m  i s  a b o u t  2 0 0 ° A  a n d  t h e  e v a p o r a t i o n  

i s  s t o p p e d .

( iv)  T h e  t w o - s t e p  r e p l i c a  so  f o r m e d  i s  r e m o v e d  f r o m  th e  

e v a p o r a t i n g  u n i t .  P a r a f f i n  W clx i s  m e l t e d  i n  a  b e a k e r  

a n d  a  g l a s s  s l i d e  d i p p e d  i n  i t  to  f o r m  a  w a x  l a y e r  of  0 . 1 

to  0 . 3  m m .  B e f o r e  i t  r e s o l i d i f i e s ,  th e  r e p l i c a  i s  p l a c e d  

o n  th e  t h i n  l a y e r  w i t h  c a r b o n  c o a t e d  f a c e  of  t h e  r e p l i c a  

i n  c o n t a c t  w i t h  i t .  W a x  p r e v e n t s  th e  c a r b o n  f i l m  f r o m  

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

w h i c h  i s  d o n e  by  d i s s o l v i n g  th e  l a t t e r  i n  m e t h y l  a c e t a t e .

(v) R e m o v a l  of  th e  p l a s t i c  f i l m .  T h e  r e p l i c a  a t t a c h e d  to  

t h e  g l a s s  s l i d e  t h r o u g h  w a x  i s  now s o a k e d  i n  m e t h y l  

a c e t a t e ,  a t  r o o m  t e m p e r a t u r e ,  in  a  p e t r i  d i s h .  T h e  p l a s t i c  

f i l m  b e g i n s  to s w e l l  in  3 - 5  m i n u t e s .  T h e  d i s h  i s  p l a c e d  i n  

t h e  o v e n  s e t  a t  5 0 ° C  a n d  the  w a x  b e g i n s  to d i s s o l v e ,  a s  

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

m i n u t e s .  T h e  c a r b o n  r e p l i c a  c o m e s  off  th e  g l a s s  s l i d e  

a n d  f l o a t s  i n  the  s o l v e n t .
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(vi)  T h e  r e p l i c a  i s  t r a n s f e r r e d  in to  a n o t h e r  d i s h  c o n t a i n i n g  

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

p l a c e d  i n s i d e  th e  o v e n ,  w h i c h  i s  a l r e a d y  a t  5 0 ° C .  T h e  

t e m p e r a t u r e  of  th e  s o l v e n t  i s  r a i s e d  to  a b o u t  4 5 ° C  i n  

1 5 - 2 0  m i n u t e s .  A n  e a s y  w a y  of  r a i s i n g  the  t e m p e r a t u r e

i s  to p u t  th e  d i s h  in  a  s l i g h t l y  b i g g e r  d i s h  h a l f - f i l l e d  

w i t h  w a t e r  a n d  r e t u r n  i t  to  th e  o v e n .

(vi i)  T h e  r e p l i c a  i s  w a s h e d  i n  th e  s o l v e n t ,  f o r  f i v e  o r

s i x  t i m e s  o r  u n t i l  i t  i s  f r e e  f r o m  w a x ,  a s  d e s c r i b e d  a b o v e .  

I t  i s  f i n a l l y  c o l l e c t e d  on  to  a  c o p p e r  g r i d  ( p r e v i o u s l y  

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

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

( I

S o m e t i m e s  a  r e p l i c a  m a y  be s e e n  f o l d e d  w h i l s t  i n  th e

i

s o l v e n t .  I t  c a n  be  u n f o l d e d  by  t r a n s f e r r i n g  i t  i n t o  a  d i s h  

c o n t a i n i n g  a  m i x t u r e  of  60% a c e t o n e  a n d  40% d i s t i l l e d  

w a t e r .  I t  e x t e n d s  f l a t  du e  to  s u r f a c e  t e n s i o n .  I t  i s  

c l e a n e d  in  d i s t i l l e d  w a t e r  a n d  c o l l e c t e d  on  to  a  c o p p e r  

g r i d .

3 . 5  I o n - b o m b a r d m e n t  o r  i o n - t h i n n i n g  t e c h n i q u e  .

T h e  l i m i t i n g  t h i c k n e s s  f o r  th e  t r a n s m i s s i o n  e l e c t r o n -  

m i c r o s c o p y  d e p e n d s  l a r g e l y  u p o n  th e  a t o m i c  n u m b e r  of  th e  s p e c i m e n ,  

d e c r e a s i n g  f r o m  2 0 0 0 ° A  f o r  a l u m i n i u m  to a p p r o x i m a t e l y  5 0 0 ° A  

f o r  u r a n i u m  ( T h o m a s  ^^^^^) , H e i d e n r e i c h   ̂  ̂ w a s  t h e  f i r s t  to

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

L a t e r  on ,  m o s t  of t h e  a t t e m p t s  to p r e p a r e  t h i n  f i l m s  f r o m  b u l k
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m a t e r i a l s  c o n s i s t e d  of  tw o  o p e r a t i o n s :

1 ) to  t h i n  th e  b u lk  m a t e r i a l  d o w n  to a  f ew  t h o u s a n d t h s  of  a n  i n c h  by  

m e c h a n i c a l  g r i n d i n g .

2 ) to  t h i n  i t  d o w n  f u r t h e r  by

a) c h e m i c a l  p o l i s h i n g ,  o r

b) s c a n n i n g  j e t  m a c h i n i n g ,  o r

c)  s p a r k - e r o s i o n ,  o r

d)  a b r a s i o n  w i t h  f i n e  p a r t i c l e s  ( s a n d - b l a s t i n g ) .

T h e  e x p l o i t a t i o n  of  ’g low  d i s c h a r g e '  f o r  s p u t t e r i n g  h a s  

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

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

( 160 ) .
N iO .  D r u m ,  u s i n g  a  h o r i z o n t a l  d i s c h a r g e  t u b e ,  w a s  a b l e  to  g e t  

e x t r e m e l y  s m a l l  e l e c t r o n  t r a n s m i s s i o n  s e c t i o n s  i n  s i l i c o n  c a r b i d e  

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

i o n - b e a m  t h i n n e r s  a v a i l a b l e  i n  th e  m a r k e t ,  s u c h  a s  th e  i o n  m i c r o 

m i l l i n g  i n s t r u m e n t  I M M l  d e v e l o p e d  by  C o m m o n w e a l t h  S c i e n t i f i c ,  

a n d  th e  i o n - e t c h e r  f r o m  A E I .  T h e  i o n - t h i n n e r  a s s e m b l e d  by  t h e  

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

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

a d v a n t a g e s  o v e r  th e  c o m m e r c i a l  o n e s :

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

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

p a r t s  c o s t  a r o u n d  £ 1 5  f o r  a  c o m m e r c i a l  o n e .  T h e s e  a l s o  n e e d
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r e p l a c e m e n t s  a f t e r  e v e r y  2 0 0  h o u r s  o r  s o ,  of  c o n t i n u o u s  o p e r a t i o n .

2 . I o n - t h i n n i n g  i s  f a s t e r  d u e  to  th e  u s e  of a  s p e c i a l  e l e c t r o d e  

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

i o n - b o m b a r d m e n t  of  h ig h  c o n c e n t r a t i o n .

3.  No s p e c i m e n  h o l d e r  i s  r e q u i r e d .  T h e  d i s c h a r g e  tu b e  b e i n g  

v e r t i c a l ,  a  s a m p l e  c a n  be  s i m p l y  p l a c e d  on  t h e  c a t h o d e .

3 . 5 . 1  T h e  i o n - t h i n n e r .{ Fig. 3-  ̂1

T h e  d i s c h a r g e  c h a m b e r  of  th e  i o n - t h i n n e r  i s  s c h e m a t i c a l l y  

s h o w n  i n  F i g . 3 . 5 » C a t h o d e  (C) i s  m a c h i n e d  f r o m  h i g h  p u r i t y  s t a i n l e s s  

s t e e l .  I t i s  i n  th e  f o r m  of  a  c y l i n d r i c a l  c a p ,  w i t h  e d g e s  of  on e  e n d  

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

T h i s  i s  s l i p p e d  on  to a  v e r t i c a l  c o p p e r  tu b e  w h i c h  h a s  a  c o n c e n t r i c

t u b e  i n s i d e  i t .  T h e s e  t u b e s  a r e  h a r d - s o l d e  r e d  t o g e t h e r  i n  s u c h  a
/

w a y  t h a t  t h e y  m a k e  a  w a t e r - c o o l i n g  u n i t ,  w i t h  a  w a t e r  i n l e t  a n d  o u t l e t  

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

of  t h e  s a m e  d i a m e t e r  a s  C,  a n d  i s  a t t a c h e d  to  a n  a l u m i n i u m  r o d  (L ) .  

T h e  a n o d e  c a n  be  m o v e d  i n  th e  c a t h o d e - a n o d e  a x i a l  d i r e c t i o n .  T h e  

d i s c h a r g e  t u b e  (D) i s  a  q u i c k  f i t  Q . V . F .  of  2"  d i a m e t e r .  T h i s  s o r t  

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

i n t r o d u c e d  a n d  e l e c t r o d e s  m o v e d  q u i t e  e a s i l y .  M o r e o v e r ,  s i n c e  th e  

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

c o n n e c t i o n s  ( i n l e t  a n d  o u t l e t )  to  t h e  c o o l i n g  s y s t e m  n e e d  n o t  be 

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

i n s u l a t i o n  c l a m p  a n d  a  t e f l o n  p l a t e  , w i t h  a
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Fig.3.A. l o n - b e a m  T h i n n e r
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r e c e s s  f o r  a n  O - r i n g  , a t  th e  a n o d e  e n d  , a n d  a l u m i n i u m  

c l a m p s  a n d  1 / 4 "  t h i c k  s t e e l  p l a t e  w h i c h  a l s o  h a s  a n  O - r i n g  a t  th e  

c a t h o d e  e n d .  T h e  m e t a l l i c  e n d  p l a t e  e x t e n d s  th e  e f f e c t i v e  c a t h o d e  

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

g r a d i e n t s  a t  th e  c a t h o d e .

A r o t a r y  p u m p  (no t  s h o w n )  i s  u s e d  to p u m p  d o w n  to g lo w  

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

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

i n s i d e  t h e  c h a m b e r .  T h e  c a t h o d e  - a n o d e  v o l t a g e  d r o p  c o u l d  be 

v a r i e d  b e t w e e n  0 - 5  k v  a t  30 m A .  A lo w  i m p e d a n c e  f i l t e r e d  D .  C.  

p o w e r  s u p p l y  "was a s s e m b l e d .  T h e  c i r c u i t r y  of  th e  p o w e r  s u p p l y  

i s  s h o w n  i n  F i g .  3 .  5 .  T h e  c u r r e n t  w a s  m e a s u r e d  a s  t h e  v o l t a g e  

d r o p  a c r o s s  a  s t a n d a r d  100 o h m  r e s i s t a n c e  (R).

In  o r d e r  to  c o n f i n e  th e  g low  d i s c h a r g e ,  r a t h e r  t h a n  l e t t i n g  

i t  s p r e a d  i t  i n  th e  e n t i r e  c h a m b e r ,  a  q u a r t z  t u b e  (T)  of  d i a m e t e r  a  

l i t t l e  l a r g e r  t h a n  t h a t  of  th e  c a t h o d e  o r  a n o d e  a n d  l e n g t h  e q u a l  to 

t h e  i n s i d e  l e n g t h  of  th e  c h a m b e r  w a s  h e l d  v e r t i c a l  a n d  c o n c e n t r i c  

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

o f  H e l m h o l t z  c o i l s ,  o u t s i d e  a n d  c o n c e n t r i c  to  t h e  m a i n  d i s c h a r g e  

c h a m b e r ,  c o n n e c t e d  to  a  D, C.  s u p p l y  ( 1 0 - 1 5  a m p s .  ),  w e r e  u s e d  

to  p r o d u c e  a  ' p i n c h i n g  e f f e c t ’ on  th e  d i s c h a r g e  b e t w e e n  th e  e l e c t r o d e s
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s a m p l e s  f o r  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y

T o  p r o d u c e  th in  s e c t i o n s  i n  s i l i c o n  c a r b i d e  c r y s t a l s ,  

s a m p l e s  l e s s  t h a n  1 /1  00 th  of  a n  i n c h  w e r e  r e q u i r e d .  T h i c k  s a m p l e s  

c a n  be  m e c h a n i c a l l y  g r o u n d  to s u c h  v a l u e s  bu t  d u e  to  th e  n o n 

a v a i l a b i l i t y  of  a  d i a m o n d  a b r a s i v e  w h e e l ,  s o m e  of th e  t h i n n e s t  

p o s s i b l e  (as  g r o w n )  c r y s t a l s  w e r e  a c q u i r e d  ( t h i c k n e s s  — lOOp. ).

T h e  s p e c i m e n  to be  t h i n n e d  w a s  p l a c e d  in  th e  c a v i t y  on  

t h e  c a t h o d e .

T h e  e l e c t r o d e s ,  w i t h  s p a c i n g  d =  15 c m s  ( t h i s  w a s

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

w e r e  e n c l o s e d  i n s i d e  the  q u a r t z  tu b e  a n d  t h e n  . s e a l e d  i n  t h e  m a i n

d i s c h a r g e  c h a m b e r  , T h e  g a s  l e a k  w a s  c l o s e d  a n d  t h e

v a l v e  c o n n e c t i n g  the  r o t a r y  p u m p  to the  c h a m b e r  w a s  o p e n e d  , T h e

• 2
d i s c h a r g e  c h a m b e r  w a s  p u m p e d  dow n  to  a  p r e s s u r e  / ^ l O  T o r r ,  

a s  i n d i c a t e d  by  th e  P i  r a n i  g a u g e .  A r g o n  w a s  a d m i t t e d  t h r o u g h  

th e  g a s  l e a k  v a l v e  w h i c h  w a s  r e g u l a t e d  to  k e e p  a n  e q u i l i b r i u m  

p r e s s u r e .  A f t e r  the  p r e s s u r e  w a s  s t e a d y  f o r  h a l f - a n - h o u r  o r  s o  

a  h i g h  d . c .  v o l t a g e  w a s  a p p l i e d  a c r o s s  th e  e l e c t r o d e s .  T h e  v o l t a g e  

w a s  s m o o t h l y  v a r i a b l e  f r o m  0 to 5 k v .

A g low  d i s c h a r g e  a p p e a r e d  a t  a b o u t  1 k v .  O c c a s i o n a l  

a r c i n g  w a s  n o t i c e d  in  the  b e g i n n in g  w h i c h  w a s  p r o b a b l y  c a u s e d  by  

s o m e  d u s t  p a r t i c l e s  r e m a i n i n g  on  th e  s p e c i m e n .  T h e  d i s c h a r g e  

b e c o m e s  s t e a d y  in  a few  m i n u t e s .  A  l o n g i t u d n a l  m a g n e t i c  f i e l d  

o f  300 to  400  o e r s t e d s  i n t e n s i t y  w a s  a p p l i e d  to  th e  d i s c h a r g e  

b y  m e a n s  o f  th e  H e l m h o l t z  c o i l s  .



- 7 2 -

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

r a n g e  of  1 0 0 0 - 3 0 0 0  A, i n  the  f o r m  of e x t r e m e l y  n a r r o w  

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

to p r o d u c e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s .

3 . 6  E t c h i n g  t e c h n iq u e

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

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

o f  o r i e n t a t i o n  of  c r y s t a l s .

T h e  e t c h  m e t h o d  f o r  r e v e a l i n g  d i s l o c a t i o n s  i s  b a s e d  on  

t h e  a s s u m p t i o n  th a t  t h e r e  i s  a  one to one  c o r r e s p o n d e n c e  b e t w e e n  

t h e  p i t s  f o r m e d  by e t c h i n g  an d  the  e m e r g e n c e  of  d i s l o c a t i o n  l i n e s  

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

a l o n g  d i s l o c a t i o n  l i n e s  a r e  a t t a c k e d  p r e f e r e n t i a l l y  by  th e  e t c h a n t s .

C a b r e r a  an d  o t h e r s  c o n s i d e r e d  th e  t h e o r e t i c a l  c o n d i t i o n s  

f o r  the  f o r m a t i o n  of  the  e t c h  p i t s  a t  d i s l o c a t i o n s .  T h e y  e s t a b l i s h e d  

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

a c t i v i t y .  A c c o r d i n g  to W yon  e l^a l^ \  s o m e  i m p u r i t y  s e g r e g a t i o n s  o r  

’C o t t r e l l  a t m o s p h e r e ' ,  i n  m e t a l s ,  a r e  n e c e s s a r y  b e f o r e  d i s l o c a t i o n s  

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

th e  s o l u b i l i t y  a n d  h e n c e  i n c r e a s e s  th e  e t c h i n g  r a t e .  T y a p u n i n a  e t  a l f , ^

h o w e v e r ,  s h o w e d  t h a t  the  p r e s e n c e  of  i m p u r i t i e s  r e v e r s e s  th e  e f f e c t  o f  

p r e f e r r e d  e t ch ing  of  a  c r y s t a l *  H o rn ^ ^ * w ls  f i r s t  to  s h o w  t h a t  e t c h  

p i t s  a r e  f o r m e d  p r i m a r i l y  a t  the  i n t e r s e c t i o n  of  s c r e w  d i s l o c a t i o n s .

H i s  e t c h i n g  e x p e r i m e n t s ,  on  s i l i c o n  c a r b i d e  c r y s t a l s  h a v i n g  g r o w t h  

s p i r a l s  on  the  b a s a l  p l a n e ,  s h o w e d  t h a t  g r o w t h  s p i r a l s  a r e  r a p i d l y  

e t c h e d  a w a y  a n d  a  h e x a g o n a l  p i t  i s  f o r m e d  w h i c h  g r o w s  p r o g r e s s i v e l y
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t>igger  u n t i l  a  h o le  i s  p r o d u c e d .  E t c h i n g  s t u d i e s  on  s o m e  o t h e r  

c r y s t a l s  h a v i n g  g r o w t h  s p i r a l s  s u c h  a s  b e r y l ,  t o p a z ,  C d l ,  A g C l ,

• ^ g ^ r ,  t h y n o l  a n d  s a l o l  s h o w e d  t h a t  h e x a g o n a l  p i t s  w e r e  f o r m e d  on  

g r o w t h  s p i r a l s .  T h e  i n v e s t i g a t i o n s  c a r r i e d  o u t  by  ranA,  E o r t y ^  166)

P f a n  , G i l m a n )  p Ü Z ü L n d  o t h Q r s ' h a l ^  s u b s t a n t i a t e d

a  c o n n e c t i o n  b e t w e e n  the  e t c h  p i t s  an d  the  e m e r g e n c e  of d i s l o c a t i o n s .  

O n e  to  one  c o r r e s p o n d e n c e  b e t w e e n  t h e m  h a s  b e e n ,  h o w e v e r ,  

c h a l l e n g e d  by  s o m e  i n v e s t i g a t o r s .

3 . 6 . 1  C l a s s i f i c a t i o n  of e t c h i n g  p r o c e s s

E t c h i n g  of th e  c r y s t a l l i n e  s o l i d s  i s  c a r r i e d  o u t  u s i n g  on e  

o f  t h e  f o l l o w i n g  m e t h o d s .

1. C h e m i c a l  - the  m a t e r i a l  i s  r e a c t e d  w i t h  a  m o l t e n  s a l t ,  

a t  i t s  m e l t i n g  po in t ,  i n  a  p l a t i n u m  o r  g o ld  c r u c i b l e .  T h e  s a l t  c h o s e n  

i s  t h e  o n e  w h i c h  d o e s  n o t  l e a v e  a n y  i n s o l u b l e  l a y e r  on  th e  c r y s t a l .

2.  E l e c t r o l y t i c  -  the  d i s s o l u t i o n  i s  c a r r i e d  o u t  b y  the  f lo w  

o f  c u r r e n t  i n  a  s u i t a b l e  e l e c t r o l y t e .

3.  C a t h o d i c  b o m b a r d m e n t  -  th e  m a t e r i a l  i s  p l a c e d  o n  the  

c a t h o d e  o r  n e a r  i t ,  i n  a n  i o n - b o m b a r d m e n t  a p p a r a t u s .

4.  T h e r m a l  t r e a t m e n t  i n  v a c u u m  o r  i n  a n  i n e r t  g a s  - 

e t c h i n g  i s  c a r r i e d  o u t  a t  a  h ig h  t e m p e r a t u r e ,  u s u a l l y  to 2 / 3 r d s  of  

t h e  m e l t i n g  p o in t ,  by  v a p o u r i z a t i o n .

3 . 6 . 2  E t c h i n g  of  s i l i c o n  c a r b i d e  c r y s t a l s

F a u s t  J r . ,  h a s  r e v i e w e d  the  e t c h i n g  p r o c e s s e s  e m p l o y e d  

f o r  s i l i c o n  c a r b i d e  e t c h i n g .  In  t h i s  w o r k  th e  c h e m i c a l  e t c h  m e t h o d
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w a s  u s e d .  B o r a x  and  a m i x t u r e  of N a ^ C O ^  an d  K ^C O ^  ( in  th e

r a t i o  of 1:3)  w e r e  found  to be s a t i s f a c t o r y  e t c h a n t s .  T h e  t e m p e r a t u r e

of r e a c t i o n s  w e r e  1000 C °  and  700 C ° ,  r e s p e c t i v e l y .

T h e r m a l  t r e a t m e n t  of s i l i c o n  c a r b i d e  c r y s t a l s ,  ( a n n e a l i n g  a t  

h ig h  t e m p e r a t u r e s )

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

th e  c r y s t a l s .  T h e  P l a s m a  T o r c h  c o n s i s t e d  e s s e n t i a l l y  of  a  6 M H z

r a d i o  f r e q u e n c y  g e n e r a t o r  w i th  a  c o i l  i n  i t s  t a n k .  A q u a r t z  tu b e

w a s  p l a c e d  v e r t i c a l  and  c o n c e n t r i c  to th e  c o i l  a n d  h a d  a n  o u t l e t  f o r

a r g o n .  P u r e  a r g o n  a t  1 a t .  w a s  i m p o s e d  in to  the  tu b e  w i t h  a  v e r y

lo w  o r  no  g a s  v e l o c i t y .  A n  i n t e n s e  h o t  f l a m e  c o u l d  be p r o d u c e d  by

p a s s i n g  r f  p o w e r  ( z" 3kw) t h r o u g h  the  c o i l .  T h e  h o t  z o n e  h a d  a

v o l u m e  of  0. \ T h e  t e m p e r a t u r e  a t  v a r i o u s  p o i n t s ,  i n  the  f l a m e ,

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

o
fo u n d  to  v a r y  f r o m  1500 to 3500  C i n  th e  v e r t i c a l  d i r e c t i o n .

C r y s t a l s  to be h e a t e d  w e r e  p l a c e d  in  a  c a r b o n  c r u c i b l e  m a c h i n e d  

f r o m  s p e c i a l  e l e c t r o g r a p h i t e .  A t r a v e l l i n g  m i c r o s c o p e  s t a n d  w a s  

u s e d  f o r  l o w e r i n g  the  c r u c i b l e  in to  th e  f l a m e .  H e a t  t r e a t m e n t  w a s  

s t o p p e d  by  c u t t i n g  off  th e  p o w e r  in p u t  to the  g e n e r a t o r  w h i l e  a r g o n  w a s  

s t i l l  l e f t  f l o w in g  f o r  a  f e w  m i n u t e s .  In  o r d e r  to a v o i d  t h e r m a l  

s h o c k ,  th e  c r u c i b l e  w a s  v e r y  s l o w l y  w i t h d r a w n  f r o m  the  f l a m e ,  

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

s w i t c h e d  off .
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3. 7 B i r e f r i n g e n c e  e x p e r i m e n t

T h e  V i c k e r s  p r o j e c t i o n  m i c r o s c o p e  w a s  th e  m a i n  

a p p a r a t u s  u s e d  in  the  s t u d y  of b i r e f r i n g e n c e  p a t t e r n s .

T h e  in d e n t e d  s p e c i m e n  w a s  p l a c e d  in  a  h o l d e r  

a t t a c h e d  to  the  m o v a b l e  st&ge of  the  m i c r o s c o p e .  T h i s  h o l d e r  c o u l d  

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

h e l d  a t  a n y  d e s i r e d  a n g l e  w i th  r e s p e c t  to the  i n c i d e n t  l i g h t .  T h e  

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

w;^ s p o l a r i z e d  by  a  P o l a r o i d  type  p o l a r i z e r .  T h e  p o l a r i z e d  l i g h t  

w a s  t r a n s m i t t e d  t h r o u g h  the s p e c i m e n  a n d  c o l l e c t e d  b y  th e  o b j e c t i v e  

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

th e  e y e - p i e c e  of  the  m i c r o s c o p e  f o r m e d  the  f i n a l  i m a g e .

T h e  s p e c i m e n s  c h o s e n  f o r  t h i s  i n v e s t i g a t i o n  w e r e  

t h o s e  w h i c h  w e r e  f r e e  f r o m  i m p u r i t i e s ,  c o l o u r l e s s  a n d  th in  ( t h i c k n e s s  

a p p r o x i m a t e l y  200 m i c r o n s ) .  T h e  l o a d s  u s e d  f o r  m a k i n g  i n d e n t a t i o n s  

w e r e  a b o v e  500 g .
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C H A P T E R  IV

S T R E S S  F I E L D S  B E N E A T H  A N  I N D E N T E R
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^ ^  d i s t r i b u t i o n  due to i n d e n t a t i o n

In  d e a l i n g  w i th  th e  p r o b l e m s  of d e f o r m a t i o n  of  tw o

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

by  t h e  a p p l i c a t i o n  of H e r t z  c o n t i c V n l o d e l  C  e . g .  W i l l i s^  □  an d

H a n k e l  t r a n s f o r m  m e t h o d  C  e .  g. E l l i o t t ^  □ .  In t h e  H e r t z

m o d e l  tw o  c u r v e d  b o d ie s  a r e  c h a r a c t e r i s e d  by tw o  p r i n c i p a l  r a d i i  of

c u r v a t u r e  n e a r  the  p o in t  of  c o n t a c t .  A s  the  a r e a  of  c o n t a c t  i s

g e n e r a l l y  v e r y  s m a l l  c o m p a r e d  to the  r a d i u s  of  c u r v a t u r e ,  one  of  th e

b o d i e s  c a n  be  r e p l a c e d  by a n  e l a s t i c  s e m i - i n f i n i t e  p l a n e .  In  th e  l a t t e r

m e t h o d  the  s o l u t i o n  i s  o b t a i n e d  i n  t e r m s  of  two h a r m o n i c  f u n c t i o n s .

S e v e r a l  o t h e r  i n d e p e n d e n t  s o l u t i o n s  h a v e  b e e n  fou n d ,  s u c h  a s  by

W e s t e r g a a r d ^ ^ ^ ^ )  , S e n f ^ ^ ^ )  , G r e e n  a n d  Z e r n a

a n d  G a l i n   ̂^ ^ , T h e s e  d e a l  w i t h  t w o - d i m e n s i o n a l  p r o b l e m s  of

p l a n e  c o n t a c t .  V e r y  l i t t l e  w o r k  h a s  b e e n  r e p o r t e d  f o r  e l a s t i c  s t r e s s

( 182)
d i s t r i b u t i o n  i n  t h r e e  d i m e n s i o n s .  R e c e n t l y ,  C h e n  a n d

f 18 3)C o n w a y  e t  a l . '  • ' h a v e  p r e s e n t e d  a n a l y t i c a l  r e s u l t s  of  m a x i m u m  s h e a r

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

r i g i d  b a l l  s p h e r e s .  T h e y  u s e d  H a m i l t o n  a n d  G o o d m a n  

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

h a s  b e e n  s h o w n  t h a t  the  m a x i m u m  s h e a r  s t r e s s  d i s t r i b u t i o n ,  b e n e a t h  a n  

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

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

i n d e n t e r ,  i n  the  i n t e r i o r  of the  h a l f - s p a c e  of a n  a n i s o t r o p i c  h e x a g o n a l  

b o d y  ( s i l i c o n  c a r b i d e  c r y s t a l ) , u s i n g  the  H e r t z i a n  c o n t a c t  m o d e l  a n d  

fo l l o w i n g  th e  a n a l y s e s  m a d e  b y  C h e n  a n d  H a m i l t o n .  ( S e e  A p p e n d i x  I ).
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4.  2 H e r t z i a n  c o n t a c t

S t r e s s  d i s t r i b u t i o n  in  c y l i n d r i c a l  p o l a r  -  

c o o r d i n a t e s  u n d e r  the  i n f l u e n c e  of a  s y m m e t r i c  n o r m a l  l o a d ;

T h e  c o m p o n e n t s  of  s t r e s s  (0 i • . «) a n d  d i s p l a c e m e n tr r  r 9  -

» Ug * ) a r e  r e l a t e d  to e a c h  o t h e r  by th e  f o l l o w i n g  r e l a t i o n s :

O r r  =  ^ l l  ^  + (=12 +  ^ 1 3  ( 4 . I )

5 r  r  66  6 z

0 , 3  =  C , 3 G U , _  ,

5 r  r  6 0 6 z

=  C ^3 + G ^  , ,  C 33  G ^
5 r  r  6 0  6 z

0 , , =  C ^4  ( f V  + G ^  j
6 z r  6 0

0 . e  =  ^
r  6 0 6 r

C a r e  c a l l e d  e l a s t i c  c o n s t a n t s . ( S e e  F i g .  4.  1 f o r  i l l u s t r a t i o n  o f  C e tc . ) ,  
i j ' s  r r

T h e  e q u a t i o n s  of  e q u i l i b r i u m  a r e

G ^ r r  + GOpQ + 60  rz =  0 ( 4 . 2 )
g r  r C 0 6  z

6( ^ r 0  + ^ ^ 0 0  + ^ ^ 0 z  =  0
5 r  r  60  5 z

^ ^ r z  + ^ ^ 6z + ^ ^ 2  =  0
6 r  r  60  6 z

S u b s t i t u t i n g  e q u a t i o n s  (4. 1 ) i n  th e  a b o v e  e q u a t i o n s ,  w e  g e t

c„ ♦ i l^n ■‘=u> ' i ,  * 4̂4 a \
T  r  6 0 ' '  c 2

6 r

+ &  + < ^ 3  + ^44»

z
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C o o r d i n a t e  s y s t e m  f o r  a x i a l l y  s y m m e t r i c

p o i n t  l o a d in g  t
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5 ^ U „  , ^  ^  6 ^U
+ (=44

6 t ^  r ^  q  q  5 z'i
- 6U 6U

+ ; T g + (^13 + (=44» 7 T ^ =

^ 4 4  < ^  ) + S 3  S 4 ) A
6 g r 2  6 6%

( G ^ r  + GUq  ̂ ^  0 . (4 . '5 )
0 r r 50

The solution of these  equations can be of the form

S / f r  ' s  = T T o  S  ^

where k is  a constant.

Equations (4 .3 )  and (4 .4 )  are sa t is f ied  if

] ,  [ ' = « * ' " = . 3 * ' = « ' ] f e  -  0.

and equation(4. 5) i s  sa t i s f ied  if

[ f ! -  *6 r  . r 50

F o r  a .three d im ens iona l  n o n -z ero  solution these  equations should be 

identical;  so that

k  + C 4 4 ) + C 4 4  _  k  _  y  (4 . 7 )

C j i  ^ ^ 4 4  + *"13 + S 4

This g ives  a quadratic equation

S i  S 4 V " + C C ^ 3 < 2  S 4  + S 3 > - S l  S 3 = > ^  + S 3 S 4 = ° -  <"•«)

The p o ss ib le  functions 0  are  the solutions of
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2
V +

w h e r e  ^

a n d

0  . 

2

5 r
z

( j = 1 . 2 )

( j =1» 2)

a n d  a r e  t h e  r o o t s  o f  e q u a t i o n  ( 4. 8 ) ; th e  c o r r e s p o n d i n g  v a l u e s

o f  k  a r e  g i v e n  b y

■ ‘' j
S ' l S  -  S 4

^ 1 3  + S 4

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

T  ( S )  'u _ 6
r or

_  5
0 . r  69

u = 6

T h e  c o r r e s p o n d i n g  s t r e s s e s  a r e

c
r r

00

+ C j 3 ( k j 5 ^ 0 1  f k ^ A ^ Z )

6 r ÔZ

C - -  - ^ " 2  + ^ i i (  4 ^ 2
'■  2 2 

+ C i 3 ( k i  6 0 2  )

5 z  5 z  2

2  - 1

12 ~ ^ 2

0 r0 = ( S 1- S 2 )
1 6_  
r  0 r269 J

( 0 j  + 0 2  )
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'o z  = [ ( 1 + k j )  J- 5 ^ 0 1  + (1 + ]

50 5 z 6 0  5 z

6 r  5 z

0 .' r  z  = C [ ( 1  + k ,  5 «*1 + ( 1 + k  ) 6 -^2 ]
44  1 " T  ^ 5 r  6 z

(1 + k ^ )  6 ^ 0 j  + ( 1 + k^ )  6^0%

6 z

( 4 . 9 )

1
5zJ

L e t  ua t a k e  t h e  a x i s  o f  s y m m e t r y  o f  t h e  l o a d  a s  t h e  z - a x i s  

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

n o r m a l l y  a g a i n s t  t h e  p l a n e  . z = 0 o f  a  s e m i - i n f i n i t e  e l a s t i c  m e d i u m  

z ^ 0 .  T h e  s h e a r i n g  s t r e s s e s  v a n i s h  a t  a l l  p o i n t s  o f  b o u n d a r y  z = 0, 

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

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

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

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

( 4 . 1 0 )0  = 0, r z

z z
- P

2 2 \ i
a  -  r  

L- 0
V

r  < a

( 4 . 1 1 )

'—2 i s  t h e  m a x i m u m  H e r t z i a n  p r e s s u r e ,  d e n o t e d  b y  p  , a n d  i n  t e r m s  oi 
IT a

3 W

l o a d  W, i t  i s  g i v e n  b y

^  2 n

W e n o w  d e f i n e  a  f u n c t i o n  ^  ( r ,  z) w h i c h  s a t i s f i e s  e q u a t i o n  (4 .  1 1). 

I t  c a n  b e  s h o w n  t h a t ;
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p  /  V
0 j  ( r ,  Zj) = 1

(1 +  y  - / ^ z )

^ ( r ,  z^ )

E q u a t i o n s 4 .  H  now  r e d u c e  to

6 ^ ( r ,  z)
2

6 z
z = 0

-  (a^  -  r%)à ,

0 ,

r  <  a

r  >  a

(182)
T h e  d e t e r m i n a t i o n  o f  t h e  s t r e s s  f i e l d  t h e n  f o l l o w s  f r o m  C h e n .

2 2 y
W r i t i n g  t  = z + l a ,  a n d  R  = ( t  + r  ) » t h e  s t r e s s  c o m p o n e n t s  

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

l|/ ( r ,  z)  = i m a g ( t ^  3 -  i  a  t ^  -  % r ^ z  ) lo g  ( R  + t)

- W -  R ^  + -7 r ^  R  + ^  + I  r ^ z
18 6 * '  2 

T h e  d e r i v a t i v e s  n e e d e d  f o r  f i n d i n g  t h e  c o m p o n e n t s  o f  t h e  s t r e s s

f i e l d  c a n  b e  o b t a i n e d  e a s i l y  f r o m  l | j ( r ^  z)

( r ,  z) ^ 1 

6 z
2 I m a g ( t ^ - 2 i a t - %  r ^ )  l o g  ( R  + t)-*“  R t

6'4l ( r /  z) _ £  

5 r .  ^

6 0) ( r ,  z) _ 2  - - 6l j)(r,z ) _

6 r ^  ^ 6 r
I m a g ' + R t  + i a  t  z

3 ( R  + t) R  + t  2

6 = W g
2

Gz

z lo g  ( t  + R)  -  R
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I m a g - log  ( R +  t) + i  log 2 i a  -  t 
R +  t

T h e  p r i n c i p a l  s t r e s s  0^^  i s  g i v e n  b y

»  y v i  . y v ^ f y ^  6 4 ) ( r ,  z^ )  -  f ÿ '2 ^ ^ ( r . z ^ )

6 z' 6 z

(.4. 12)

a n d

0 + 0 2 P
V ( 1 +  k  ) ■ V )

- / v ,  (
1

2 V  2
5 ^ 2

 (4 .  13)

A A _ 2 P  
Q : r -  0 0 9  v ^ ( / V j  _ / V ^ ) 1ra.

1 + k.
5 4 ) ( r ,  z ^ )  2  Gij; ( r,  z ^)

" ^ 7 " ' '  Gr '

(1 + k ^ ) 6 r
6 r

. . ( 4 . 1 4 )

T h e  p r i n c i p a l  s t r e s s  0 ^ ^  i s  c a l c u l a t e d  b y  a d d i n g  e q u a t i o n s  ( 4 . 13)

a n d  ( 4 . 1 4 ) 

T h e r e f o r e  0
2 P

5 z

+ N .
1

y v .
5 $ ( r ,  z  )

5 ^ ( r .  

6 = 2 ^

5 i l j ( r ,z^ )  

r  6 r

( 4 .1 5 )
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T h e  m a x i m u m  s h e a r  s t r e s s ,  0  , , i s  f o u n d  f r o m  e q u a t i o n s
^ s h e a r

( 4 . 12) a n d  ( 4 . 15),

4.  3 A p p l i c a t i o n  of  f r a c t u r e  m e c h a n i c s  to  t h e  c r a c k i n g  d ue  to  t h e  

h a r d n e s s  t e s t  i n d e n t a t i o n  

( 1 8 5 , 1 8 6 )
G r i f f i t h ' s  e n e r g y  b a l a n c e  c o n c e p t  a n d  c r i t e r i o n  f o r  c r a c k

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

(187)
. I r w i n  a n d  h i s  c o - w o r k e r s ,  c i r c a  1950 ,  g a v e  a n  i m p e t u s  to  t h e  e v o l u t i o n  

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

a n a l y s i s  o f  a  w i d e  r a n g e  o f  c r a c k - l o a d i n g  g e o m e t r i e s .

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

d i v e r s e  a n d  N u m e r o u s .  A l t h o u g h  t h e r e  m i g h t  b e  s e v e r a l  f a c t o r s  

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

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

s y s t e m  f r o m  a n o t h e r  a r e ,  h o w e v e r ,  g e o m e t r i c a l .  In  m o s t  c a s e s ,  

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

t o  a p p l i e d  l o a d i n g .  T h e  a i m  o f  t h i s  a p p r o a c h  i s  to  g e n e r a l i z e  t h e  

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

s u c h  a s  t h e  c r a c k  e x t e n s i o n  f o r c e  a n d  s t r e s s  i n t e n s i t y  f a c t o r  ( d e n o t e d  

b y  G a n d  K i n  t h i s  t e x t ) .

4 .  3. 1 C r a c k  e x t e n s i o n  f o r c e  G

C o n s i d e r  a  f l a t  c r a c k  o f  l e n g t h  2 c i n t r o d u c e d  i n t o  a n  

e l a s t i c  b o d y  s u b j e c t  to  a  u n i f o r m  t e n s i l e  s t r e s s .  A c c o r d i n g  t o  

G r i f f i tÂ ,^^ a ^ c o n d i t i o n  f o r  c r a c k  p r o p a g a t i o n  i s
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£  (u + w  .  S):^0  (4 . 1 6)

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

W i s  t h e  a m o u n t  o f  w o r k  d o n e  b y  t h e  a p p l i e d  l o a d  a n d  S i s  t h e  t o t a l  

s u r f a c e  e n e r g y .  T h e  t e r m  ( U + W) i s  r e f e r r e d  t o  a s  ' t h e  f r e e  

e n e r g y l

A  c r a c k - e x t e n s i o n  f o r c e  i s  d e f i n e d  b y  

G = - d  ( - W  + U ) / d c  

p e r  u n i t  w i d t h  o f  c r a c k  f r o n t .  I f  t h e  c r a c k  e x t e n d s  w i t h o u t  a n y  

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

G = -  ( 5c )^  (4 .  17)

w h i c h  d e f i n e s  G a s  t h e  s t r a i n - e n e r g y  r e l e a s e  r a t e  p e r  u n i t  c r a c k  

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

a r e a  = 6 c X l ) .

T h e  a b o v e  d e f i n i t i o n s  o f  G h a v e  b e e n  m a d e  i n d e p e n d e n t l y  

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

I t  m a y  b e  s e e n  t h a t  t h e  G r i f f i t h ' s  e n e r g y - b a l a n c e  e q u a t i o n  

(4.  1 6 )  a n d  e q u a t i o n  (4,  17) a r e  s i m i l a r .  I t  m e a n s  t h a t  'G '  p a r a m e t e r  

i s  c l o s e l y  c o n n e c t e d  to  t h e  c o n d i t i o n s  o f  c r a c k  e x t e n s i o n .

S t r e s s  i n t e n s i t y  f a c t o r  ' K ^

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

d i s t a n c e  ( r )  s m a l l  c o m p a r e d  to  t h e  d i m e n s i o n s  o f  t h e  c r a c k  s y s t e m ,

.  u \  (188)i n  p o l a r  c o o r d i n a t e s ,  c a n  b e  e x p r e s s e d  a s

. 0  . .  = K , ( 2 r t  r ) " '  f . .  (0)
I J  I J

w h e r e  K ^ s  t h e  s t r e s s - i n t e n s i t y  f a c t o r ,  I t  d e p e n d s  u p o n  t h e  a p p l i e d
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(&)

(b)

g.
H e r t z i a n  f i e l d .  S t r e s s  t r a j e c t o r i e s

(a)  H a l f - s u r f a c e  v i e w
(b) S id e  v i e w ,

(i)

( i i )

( i i i )

“ 1.00

-•023
005

A - 1 . 2 5 ^  -1.0

A -I SO A

0.03^/^ (1 .2

- 0.01

“ 0.100

Fi 9* ^ .3 . C o n t o u r s  o f  p r i n c i p a l  n o r m a l  s t r e s s e s

(i) Ô «(ii) 0 , a n d  ( i i i )  6 , in  H e r t z i a n  f i e l d , U n i t
11 22  33

o f  s t r e s s  i s  ' p ' , the  i n d e n t a t i o n  p r e s s u r e ,  a n d  th e  c o n t a c t

d i a m e t e r  i s  A A ,
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l o a d i n g  a n d  c r a c k  c o n f i g u r a t i o n .  I t  d e t e r m i n e s  t h e  i n t e n s i t y  of  

t h e  l o c a l  f i e l d .  L i k e  G, i t  i s  a l s o  a s s o c i a t e d  w i t h  t h e  c o n d i t i o n s  o f  

c r a c k  e x t e n s i o n .

2
I r w i n  a l s o  d e f i n e s  K o f  t h e  d i m e n s i o n s * s t r e s s  x  ( l e n g t h )  ,

4 . 3 . 2  F r a c t u r e  m e c h a n i c s  o f  m i c r o c r a c k i n g

H e r e  w e  a n a l y s e  t h e  m e c h a n i c s  o f  m e d i a n  v e n t s  i n  t e r m s  

o f  H e r t z i a n  e l a s t i c  f i e l d  e q u a t i o n s  f o r  p o i n t  l o a d i n g .  T h e  H e r t z i a n  

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

c o m p u t e d  by  Lawn^ 190)^ C o n t o u r s  o f  p r i n c i p a l  s t r e s s e s  h a v e  b e e n  

r e p r o d u c e d  i n  F i g .  4, 2 a n d  F i g .  4.  3 .

S t r e s s e s  0 ^ ^  a n d  6 ^ ^  l i e  w i t h i n  t h e  p l a n e  o f  s y m m e t r y ,  

w i t h  0 ^ ^  e v e r y w h e r e  t e n s i l e ,  6 ^ ^  e v e r y w h e r e  c o m p r e s s i v e .  0 ^ ^  

i s  t e n s i l e  w i t h i n  a  r e g i o n  0  5 2 °  b e n e a t h  t h e  i n d e n t e r  a n d  c o m p r e s s i v e

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

f i e l d ,  i f  s u f f i c i e n t l y  l a r g e ,  c a n  s u s t a i n  a  b r i t t l e  c r a c k .

W e n o w  p r o c e e d  to  f i n d  t h e  s t r e s s  i n t e n s i t y . f a c t o r  i n  t e r m s  

of  t h e  c r a c k  d i m e n s i o n  c .

T h e  m e a n  i n d e n t a t i o n  p r e s s u r e  ' p '  u n d e r  t h e  i n d e n t e r ,  i s  

e x p r e s s e d  a s
P

p =  -

TC a

w h e r e  P  i s  t h e  loadontbe  iridenter a n d  *a' i s  t h e  r a d i u s  o f  t h e  c o n t a c t

z o n e .  T h e  r a d i u s  o f  c o n t a c t  ' a '  i s  g i v e n  b y

3 4 k^
a  = 2 g  P r ,  w h e r e  E  i s  t h e  Y o u n g ' s  m o d u l u s

o f  t h e  m a t e r i a l  a n d  Ic a  d i m e n s i o n % l e s s  c o n s t a n t ,  e q u a l  t o  u n i t y  i f
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t h e  i n d e n t e r  a n d  t h e  s p e c i m e n  a r e  of  t h e  s a m e  m a t e r i a l s .  I f  t h e y  a r e  d i f f e r e n t ,  

k^ = Y ^ [ ( l - V ^ )  + ( l - v ^ )  ] t w h e r e  a n d  E ^  a r e  t h e

Y o u n g ’s m o d u l i '  a n d  » y ^ a^re t h e  p o i s s o n ' s  r a t i o s  f o r  t h e  tw o  

m a t e r i a l s .

F o r  t h e  s a k e  o f  s i m p l i c i t y  i n  t h e  m a t h e m a t i c a l  a n a l y s i s ,  

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

p r e s s u r e  ’p ’ a n d  a l l  t h e  l e n g t h s  i n  t e r m s  of  t h e  r a d i u s  o f  c o n t a c t  ' a ' .

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

s t a g e ,  b e f o r e  e v a l u a t i n g  t h e  s t r e s s  i n t e n s i t y  f a c t o r .  T h e  f i r s t  o n e  (C )
s

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

p e r i p h e r y  o f  t h e  c i r c l e  o f  c o n t a c t .  T h e  o t h e r  i s  t h e  i n t e r n a l  e l l i p t i c a l  

c r a c k .  C r a c k i n g  p r o c e e d s  o r t h o g o n a l l y  to  t h e  g r e a t e s t  t e n s i l e  s t r e s s  

0 ^ ^ ,  t h e  t r a j e c t o r y  0 ^ ^  c a r r i e s  t h e  c r a c k  r o u n d  i n  a  c i r c l e  a b o u t  

t h e  a x i s  a n d  t h e  t r a j e c t o r y  0 ^ ^  i s  r e s p o n s i b l e  f o r  c a r r y i n g  i t  

d o w n w a r d s ,  i n i t i a l l y  v e r t i c a l l y  a n d  s u b s e q u e n t l y  i n t o  a  w i d e n i n g  c o n e  (C) .

( F i g .  4 , 4 , ) ,

^  (189)
A c c o r d i n g  to  F r a n k ,  t h e  c r a c k  p a t h  i s  c o n t r o l l e d  b y  t h e  p r i o r  

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

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

T h e  c r a c k  p a t h  i s  n o t  e x a c t l y  a l o n g  t h e  s t r e s s  t r a j e c t o r i e s  a s  

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

t r a j e c t o r i e s  a n d  u l t i m a t e  c r a c k  p a t h ,  a t  l e a s t  q u a l i t a t i v e l y .

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

a  f a m i l y  o f  c i r c l e s  w i t h  a  c o m m o n  p l a n e  0 = c o n s t a n t  a n d  t h e  c r a c k
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—r

Fi g .  A.A . H e r t z i a n  c o n t a c t .

{ A s p h e r e  o f  r a d i u s  ' r* i s  p r e s s e d  a g a i n s t  the  s u r f a c e  of  
a n o t h e r  m a t e r i a l  b y  a  l o a d  'W* , C d e n o t e s  the  s u r f a c e  
r i n g  c r a c k  a n d  C the  c o n e - c r a c k .  )
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p a t h  to  b e  c o i n c i d e n t  w i t h  o n e  o f  t h e s e  c i r c l e s .

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

w o r k  to  b e  d o n e  o n  t h e  c r a c k  s u r f a c e s  t o  b r i n g  t h e m  t o g e t h e r .  T h i s  w o r k

i s  e x p r e s s a b l e  a s  a n  i n t e g r a l  o f  p r i o r  s t r e s s  r n u l t i p l i e d  b y  th e

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

(189)
s u r f a c e s .  F r o m  L a w n ,  t h e  s t r e s s  i n t e n s i t y  f a c t o r

r _ , (4.18)r  " ( c / a ) ' ,  O h ’d t)

[ ( c / a ) M ^ , ] ^

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

c r a c k .  In  a  H e r t z i a n  f i e l d  s o l u t i o n ,  b  i s  t h e  t e n s i l e  s t r e s s

F r o m  e q u a t i o n s  (4.  13) a n d  ( 4 ,  14)

r  ” (
" y v j - / v |  (1 + k j ) ' V j  6 j . / ^ 2  [ v ^ T +  k ^ ) -  1  '

5 z ‘ / -

2
V

I r w i n  d e f i n e s  K ^in  t e r m s  o f  t h e  C r a c k  e x t e n s i o n  f o r c e  G a n d  

e l a s t i c  c o n s t a n t s  ( m o d u l u s  o f  e l a s t i c i t y  E  a n d  P o i s s o n ' s  r a t i o  V o f  

t h e  m e d i u m  a s

G = ( 1 -  v ^ )  K ?  • (4 .  20)
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T h e r e f o r e ,  w i t h  t h e  a i d  o f  eq :  4,  18 , G c a n  b e  w r i t t e n  a s

G = 4 (1 - V )
n E  ^

2 \ c/a.
r  ^ e e  (z) d

• 0
( c / a ^  -

( 4 . 2 1 )

T h i s  e q u a t i o n  c a n  b e  w r i t t e n  a s

G =  c / a  . 4  ( c / a )  ( 4 .  22)

c
T h e  c o m p u t e d  ip ( — ) c u r v e s  h a v e  m a x i m u m  a n d  m i n i m u m  v a l u e s ,  

a s  s h o w n  i n  F i g .  5.8 ,

F u n c t i o n  iji ( c / a ) ,  d e t e r m i n e d  b y  u s i n g  d i f f e r e n t  c r a c k  

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

m a x i m u m  a t  e r a / 10; a  c r a c k  b e c o m e s  v i s i b l e  a t  c r  3a .  . .

4 .  A. B i r e f r i n g e n c e  c a u s e d  b y  i n d e n t a t i o n .

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

c a r b i d e  c r y s t a l s  i s  q u i t e  s m a l l  ( n ^  -  n ^  = . 0 4 9 ) .  A  s t r a i n - f r e e  

c r y s t a l  c a n ,  h o w e v e r ,  b e  m a d e  s t r o n g l y  b i r é f r i n g e n t  b y  a  w o r k  

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

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

i t  w o u l d  t e n d  to  do  s o  i n  s u c h  a  m a n n e r  a s  t o  r e l i e v e  t h e  m e c h a n i c a l  

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

4 . 4 . 1  C o n t o u r s  o f  t r a n s m i t t e d  i n t e n s i t y .

O n e  m a y  a s s u m e  t h a t  t h e  c r y s t a l  b e h a v e s  a s  a  d o u b l y  ^

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

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

c r o s s e d  nicbl ., i s  g i v e n  b y

T = a ^  s i n ^  (2 y  ) s i n ^  6 / 2  (4 .  23  )

w h e r e  6 i s  t h e  p h a s e  d i f f e r e n c e  i n  tw o  p r i n c i p a l  d i r e c t i o n s
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a t  a n y  p o i n t  o f  t h e  c r y s t a l  p l a t e ,  a  i s  t h e  a m p l i t u d e  of  t h e  i n c i d e n t  

p l a n e - p o l a r i z e d  l i g h t  a n d  2 y t h e  a n g l e  b e t w e e n  t h e  i n c i d e n t  l i g h t  

a n d  a  p r i n c i p a l  d i r e c t i o n .

T h e  p h a s e  a n g l e  6 i s  p r o p o r t i o n a l  to  th e  t h i c k n e s s  o f  t h e  

c r y s t a l ,  t h e  b i r e f r i n g e n c e  An a n d  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  

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

6 = ( ) A  n ( 4 . 2 4 )

T h e  p r i n c i p a l  s t r e s s e s , b e n e a t h  a  s p h e r i c a l  i n d e n t e r ,  i n  a  

c r y s t a l  o f  t h i c k n e s s  t ,  a r e  g i v e n  b y  th e  p o l a r  e q u a t io n ^

0  2 P  C o s  0
r r  = ------------------

T h e  s t r e s s  i n d u c e d  b i r e f r i n g e n c e  i s  g i v e n  b y

A n = C . ^ r r  = ^  C o s  0 ( 4 . 2 6 )
K t  r

w h e r e  C i s  t h e  s t r e s s - o p t i c a l  c o n s t a n t  o f  t h e  c r y s t a l .

A s  t h e  b i r e f r i n g e n c e  i s  u s u a l l y  s m a l l .  S in  6 /  2 i n  e q .  ( 4.  2 ^  

c a n  b e  r e p l a c e d  b y  6 / 2 .  U s i n g  (4 .  23) ,  (4 ,  24) a n d  (4 ;  26) a n d  n o t i n g  t h a t  

2 y  = 90 + 0 , w e  g e t
2 2

T  = -  t - ' ■ C o s ^  0.  C o 3 ^ 0  o r

4
T = . C o s  0 ( 4 . 2 7 )

r

w h e r e  A  =     . I n  p o l a r  c o o r d i n a t e s  , e q ,  ( 4.  27  ) m a y  b e
A

w r i t t e n  a s  . 2

^ ( r ,  0) "  - 2 -  ( 4 . 2 8 )
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T h e  c o n t o u r s  o f  c o n s t a n t  i n t e n s i t i e s  a r e ,  t h e r e f o r e ,

g i v e n  b y  t h e  p o l a r  e q u a t i o n

2
. C o s 4  0 = Cos '*  0 ( 4 . 2 9 )

w h e r e  = A ^ / T .
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C H A P T E R  V 
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5. T h e  H e r t z i a n  c o n t a c t  b e t w e e n  a n  i n d e n t e r  a n d  a  t e s t  s p e c i m e n .

S e c t i o n s  5. 1 -5.  4 d e a l  w i t h  t h e  c o m p o n e n t s  of  a  s t r e s s  f i e l d  

d u e  to  t h e  H e r t z i a n  c o n t a c t  of  a  d i a m o n d  b a l l  i n d e n t e r  a n d  a - S i C  

( type  II) c r y s t a l s .  T h e  H e r t z i a n  c o n t a c t  m o d e l  c o n s i d e r s  tw o  

c u r v e d  b o d i e s  c h a r a c t e r i z e d  by  t h e i r  p r i n c i p a l  r a d i i  of  c u r v a t u r e  

i n  th e  r e g i o n  of  c o n t a c t .  B u t  s i n c e  t h e  a r e a  of  c o n t a c t  i s  s m a l l e r  

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

o n e  o f  t h e  b o d i e s  ( in  t h e  p r e s e n t  c a s e ,  a  S iC  c r y s t a l )  i s  a n  e l a s t i c  

s e m i - i n f i n i t e  s p a c e .

5.  1 S t r e s s  f i e l d  c o m p o n e n t s

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

b e e n  c o m p u t e d  u s i n g  t h e  p r o g r a m  S T R F E L D  ( A p p e n d i x   ̂ ).

T h e  e l a s t i c  c o n s t a n t s  of  a - s i l i c o n  c a r b i d e  ( type  II) c r y s t a l s ,  l i s t e d  

i n  T a b l e  5 ,  1, h a v e  b e e n  o b t a i n e d  f r o m  t h e  s u r v e y  o f  C hung .^  192) 

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

( o r  l e n g t h s )  h a v e  b e e n  n o r m a l i s e d  b y  a s s u m i n g  t h e  m a x i m u m  

s u r f a c e  p r e s s u r e  ’p ’ e x e r t e d  b y  t h e  i n d e n t e r ,  a n d  th e  a r e a  of  

t h e  c o n t a c t  b e t w e e n  t h e  i n d e n t e r  a n d  t h e  c r y s t a l  ' a '  e a c h  e q u a l  

to  u n i t y .
T A B L E  5 . 1 .

E l a s t i c  c o n s t a n t s  o f  a - S i C  ( ty p e  II) a n d  y9 - q u a r t z .

C l l S z ^ 1 3 ^ 3 3
C . M a t e r i a l  
‘ 44  ‘

5 0 . 4  
)1 . 66

9 . 8  
1. 67

5.  6 
3. 28

5 6 .  6 
1 1 . 0 6

1 7 . 0  S iC  (II)
3. 606  yg - q u a r t z

( A l l  c o n s t a n t s  a r e  i n  u n i t s  o f  10 d y n e s ,  c m  . )
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5 . 2  D e p e n d e n c e  of  s t r e s s  f i e l d  c o m p o n e n t s  on  r a d i a l  d i s t a n c e  '

T h e  v a r i a t i o n  of  th e  p r i n c i p a l  c o m p o n e n t s  of  t h e  s t r e s s e s ,

, 0 .  _ a n d  Ô , w i t h  t h e  r a d i a l  d i s t a n c e  m e a s u r e d  f r o m  t h e  
r r  Q0 z z

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

s h o w n  i n  F i g .  5 . 1 .  I t  i s  e v i d e n t  f r o m  t h i s  f i g u r e  t h a t  t h e  p r i n c i p a l

s t r e s s e s  a r e  s u c h  t h a t  a t  e v e r y  p o i n t  (5 >  >  0r r  00 ^ z z

F i g .  5 . 2  s h o w s  th e  v a r i a t i o n  o f  th e  p r i n c i p a l  s t r e s s e s

a l o n g  th e  a x i s  o f  l o a d i n g ,  f r o m  t h e  s u r f a c e  o f  t h e  c r y s t a l .  H e r e

a l s o  Ô >  0  ^  0  , w i t h  0  n e a r l y  e q u a l  to  i n  a  s h a l l o w
r r  00 z z  z z  '  00

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

p r i n c i p a l  s t r e s s  a t  a n y  p o i n t  i s  o b t a i n e d  b y  d r a w i n g  a  t a n g e n t  to

th e  c o n t o u r s  of  t h e  p r i n c i p a l  s t r e s s e s  a t  t h a t  p o i n t .

T A B L E  5. 2.
C o m p u t e d  v a l u e s  o f  p r i n c i p a l  s t r e s s e s

N o . D i s t a n c e  b e l o w  
t h e  s u r f a c e

P r i n c i p a l  s t r e s s

^ 9 0 0 r r 0 z z

1 0. 00 - 0  . 5 9 4 4 -  . 4 8 3 r 1 . 0 0
2 • 0 . 1 0 - 0  . 4 1 9 1 -  . 3 3 8 -  . 9 9 1
3 0 . 2 0 - 0  . 2 8 8 8 - . 2 2 2 -  . 964
4 0 . 3 - 0  . 1 9 8 5 -  . 1 3 2 - . 9 2 3
5 0 . 4 - 0  . 1 3 9 6 -  . 0 6 3 - . 8 7 3
6 0 . 5 - 0  . 1 0 3 8 - -
7 0 . 6 - 0  . 0 8 3 8 + . 0 2 9 - . 7 5 9
8 0 . 7 - 0  . 0 7 4 4 + . 0 5 9 -  . 7 5 2
9 0 . 8 - 0  . 0 7 1 7 + . 0 9 2 -  . 6 2 0
10 0 . 9 - 0  . 0731 + . 1 0 0 -  . 5 9 0
11 1 . 0 - 0  . 0 7 6 9 + . 1 1 3 -  . 5 5 1
12 1 . 1 - 0  . 1 2 7 2 + . 125 -  . 502
13 1 . 2 - 0  . 1 5 1 3 + . 1 3 4 -  . 4 6 1
14 1 . 3 - 0  . 1 6 2 1 + . 140 -  . 4 2 4
15 * 1 . 4 - 0  . 1 6 7 6 + . 146 -  . 3 9 0
16 1 . 5 - 0  . 1 6 7 6 + . 1 5 9 -  . 3 5 9
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F ig .  5 . 1 .

V a r i a t i o n  o f  p r i n c i p a l  s t r e s s e s  in the  

s u r f a c e  of  S iC in c o n t a c t  w i t h  a  s p h e r i c a l  

i n d e n t e r .
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a l o n g  t h e  a x i s  of  l o a d i n g , b e l o w  t h e  s u r f a c e .
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C o n t o u r s  of  p r i n c i p a l  s t r e s s e s  0 ^ ^  a n d  C ^  h a v e  b e e n  p l o t t e d  

i n  F i g u r e s  5 . 3  a n d  5 , 4 .  T h e s e  c u r v e s  r e p r e s e n t  t h e  p o l a r  f u n c t i o n s  

o b t a i n e d  f r o m  e q u a t i o n s  4 . 9  ( S e c t i o n  4.  2 ). T h e  s t r e s s e s  Ô
z z

a n d  (3^^ l i e  w i t h i n  th e  p l a n e  of  s y m m e t r y  t h r o u g h  th e  n o r m a l  l o a d

a x i s .  Ô i s  e v e r y w h e r e  c o m p r e s s i v e  w h i l e  ^  i s  eomnc.essi ve in a 
z z  r r

s h a l l o w  r e g i o n  b e n e a t h  t h e  i n d e n t e r  a n d  iensile • f u r t h e r  d o w n .

T h e  d  ^ c o n t o u r s  m e e t  t h e  s u r f a c e  of  t h e  c r y s t a l  o r t h o g o n a l l y  

w i t h i n  t h e  r a d i u s  of  c o n t a c t .  T h e y  h a v e  p o i n t s  of  i n f l e x i o n s  o u t s i d e

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

. h a v e  Inflexions
to  th e  s u r f a c e  o f  t h e  c r y s t a l .  T h e  0  ^ t r a j e c t o r i e s  . ^ a t  d i s t a n c e s

a p p r o x i m a t e l y  e q u a l  to  l / 4 t h  o f  t h e  r a d i u s  o f  c o n t a c t  c i r c l e .  T h e y

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

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

c i r c l e .

5 .  3 S h e a r  S t r e s s

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

s h e a r  s t r e s s  t a k e n  f r o m  th e  o u t p u t  o f  t h e  p r o g r a m  S T R F E L D .

T h e  h i g h e s t  v a l u e  of  t h e  m a x i m u m  s h e a r  s t r e s s  i s  o b t a i n e d  b y  

p l o t t i n g  t h e  r e s u l t s  g i v e n  i n  T a b l e  5. 3 . T h i s  i s  f o u n d  to  be

0 . 4 0 5  (w i th  th e  m a x i m u m  s u r f a c e  p r e s s u r e  a s  t h e  u n i t s  o f  s t r e s s ) ,  

a t  a  d e p t h  o f  0 . 4  ( the  r a d i u s  of  t h e  c i r c l e  o f  c o n t a c t  a s  t h e  u n i t ) ,  

o n  a  p o i n t  o n  t h e  a x i s  o f  s y m m e t r y .

F i g  5 . 5  s h o w s  t h e  v a r i a t i o n  of  m a x i m u m  s h e a r  s t r e s s  w i t h  

t h e  d i s t a n c e  d o w n w a r d  f r o m  t h e  f r e e  s u r f a c e  of  th e  c r y s t a l .
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Fig. 5. 3 . C on t ou r s  
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in SiC b e n e a t h  a d i amond
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Fi g. 5.5 . D i s t r i  but ion of s h e a r  s t r e s s  in indented SiC.
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T A B L E  5. 3.

Majc.  s h e a r  s t r e s s  d i s t r i b u t i o n  d u e  to  d i a m o n d  b a l l  
i n d e n t a t i o n  of  S i C

N o .
D i s t a n c e  b e l o w  
th e  s u r f a c e  of  
th e  c r y s t a l

r  =  0
0 z z 0 r r

M a x .  s h e a r  s t r e s s

=  (0 -  0  ) /  2 z z  r r

1 0 1 . 0 - . 4 8 3 . 2 5 8
2 0 . 1 . 9 9 1 - . 3 3 8 . 3 2 6
3 0 . 2 . 9 9 6 - . 2 2 2 . 3 7 1
4 0 . 3 . 9 2 3 - . 1 3 2 . 3 9 5
5 0 . 4 . 8 7 3 - . 0 6 3 . 4 0 5
6 0 . 6 . 7 5 9 + . 029 . 3 9 4
7 0 . 7 . 7 0 2 + . 059 . 3 8 1
8 0 . 8 5 . 6 2 0 +. 092 . 356
9 1 . 0 .5 5 1 + . 1 1 3 . 332
10 1 . 2 .4 6 1 + . 1 3 4 . 2 9 7
11 1 . 4 . 3 9 0 + . 1 4 6 . 2 6 8
12* 1 . 6 . 332 + . 1 5 3 . 2 4 3
13 1 . 8 . 2 8 4 + . 1 5 8 . 2 2 1
14 2 . 0 . 2 4 5 + . 1 6 2 . 2 0 3

5 . 4 .  C o n t o u r s  of  m a x i m u m  s h e a r  s t r e s s

T a b l e  5, 4 h a s  b e e n  c o n s t r u c t e d  f r o m  t h e  o u t p u t  o f  t h e  

p r o g r a m  S T R F E L D ,  I t  g i v e s  t h e  c o o r d i n a t e s  o f  t h o s e  p o i n t s  

f o r  w h i c h  s h e a r  s t r e s s e s  a r e  e q u a l .  F o r  e x a m p l e ,  w e  c h o o s e  a n  

a r b i t r a r y  v a l u e  0. 15 f o r  t h e  s h e a r  s t r e s s  a n d  r e a d  t h e  o u t p u t  d a t a  

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

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

s t r e s s  i s  0,  15 ( + 0. 0 1 5 ) .  C o n t o u r s  o f  e q u a l  s h e a r  s t r e s s  f o r  S iC  

(6H) a r e  s h o w n  i n  F i g ,  5 ,  6 .  F o r  t h e  p u r p o s e  o f  c o m p a r i s o n ,  th e  

c o n t o u r s  o f  e q u a l  s h e a r  s t r e s s  f o r  a  n e a r l y  i s o t r o p i c  b o d y ,  p -  q u a r t z .
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u s i n g  t h e  e l a s t i c  c o n s t a n t s  g i v e n  i n  T a b l e  5. 1 , h a v e  b e e n  p l o t t e d

( F i g .  5 . 7 ) .

I t  m a y  be  s e e n  t h a t  t h e  m a x i m u m  s h e a r  s t r e s s ,  ( in  F i g .  5. 6 ), 

i s  0 . 4 0 5 ,  a n d  i t  i s  c o n c e n t r a t e d  a t  a  d e p t h  o f  0 . 4  a l o n g  t h e  a x i s  of  

l o a d i n g .  F o r  p - q u a r t z ,  t h e  g r e a t e s t  v a l u e  of  t h e  m a x i m u m  s h e a r  

s t r e s s  i s  0 . 3 3  a n d  t h i s  o c c u r s  a t  a  d e p t h  o f  a b o u t  0 . 4 4 , a l s o  a l o n g  th e  

a x i s  o f  l o a d i n g .  T h e  r e s u l t s  f o r  P - q u a r t z  a r e  i n  a g r e e m e n t  w i t h  t h e  

c o m p u t e d  r e s u l t s  of  Chen^  . ^ T h i s  a g r e e m e n t  t e s t i f i e s  th e  a c c u r a c y  

o f  o u r  c o m p u t e r  p r o g r a m  S T R F E L D  .

T A B L E  5 . 4

M a x i m u m  s h e a r  
s t r e s s

P a r a m e t e r s M a x i m u m  s h e a r  
s t r e s s

P a r a m e t e r s
D e p t h R a d i u s D e p t h R a d i u s .

0 . 1 5 . 6 0 . 9 5 0 . 3 5 0 . 2 . 4 0
. 7 0 . 9 5 0 . 3 . 5 0
. 9 5 0 . 9 5 0 . 5 . 5 0
1 . 1 0 . 9 3 0 . 6 . 4 0
1 . 3 0 . 9 0 0 . 7 . 3 5
1 . 5 0 . 9 0 0 . 8 ' . 1
2 .  0 0 . 8 5 0 . 9 5 0

0 . 2 0 0 . 0 0 . 8 5 0 . 3 7 5 0 . 2 0
0 . 1 0 . 8 5 0 . 4 . 4 0
0 . 4 0 . 8 5 0 . 5 . 3 5
0 . 7 0 . 8 5 0 . 6 . 3 0
l . O '^0.80 0 . 7 . 1 5
1 . 1 0 . 7 5 0 . 8 0
1 . 3 0 . 7 0 0 . 4 0 0 . 3 0
1 . 5 0 . 6 0 0 . 4 .1
1 . 7 0 . 5 0 0 . 6 0
2.  0 0 . 2 0 0 . 4 0 5 0 . 4 0

0 . 3 0 0 . 0 0 . 6 0
0 . 2 0 . 6 0
0 . 4 0 . 6 0
0 . 5 0 . 6 0
0 . 7 0 . 6 0
0 . 8 0 . 5 0
0 . 9 5 0 . 4 0
1 . 1 0 . 2 0
1 . 2 0. 0
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5 . 5  C a l c u l a t i o n  of  t h e  c r a c k  e x t e n s i o n  f o r c e  f o r  S i C  (6H) c r y s t a l s  

T h e  c r a c k  e x t e n s i o n  f o r c e  G i s  g i v e n  b y  th e  e q u a t i o n  

( S e c t i o n ^ .  3.2), a s

G =  3 '  ( 5 . 1 )
^  ^  i  ( c / a ^  -

G *
I n  p r a c t i c e ,  i t  i s  t h e  q u a n t i t y  ^  w h i c h  i s  e v a l u a t e d . G

i s  t h e  c r a c k  e x t e n s i o n  f o r c e  c o r r e s p o n d i n g  to  t h e  e q u i l i b r i u m  c r a c k

l e n g t h  w h i c h  i s  d e t e r m i n e d  f r o m  4)(c/a )  c u r v e s .

A c o m p u t e r  p r o g r a m ,  0  R  I  0  N  ( A p p e n d i x  II ), w a s

w r i t t e n  to  s o l v e  t h e  s q u a r e d  t e r m  of  t h e  e q u a t i o n  ( 5 , 1 ) ,  T h e

m a i n  p r o g r a m  s o l v e s  t h e  s t r e s s  f i e l d  0 ^ ^  w h i l e  a  s u b r o u t i n e  i s  u s e d

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

l e n g t h .  T a b l e  5. 5 g i v e s  t h e  c o m p u t e d  v a l u e s  o f  \ y ( c / a )  a n d  _2_ •
G*

F i g ,  5 .  8 i s  a  p l o t  ofi|j(.^) v s .  c .  T h e  e q u i l i b r i u m  c r a c k

l e n g t h  i s  d  0 , 0 5  ( in  u n i t s  of  t h e  r a d i u s  o f  c o n t a c t  c i r c l e ) .  F i g .  5,  9

s h o w s  G /  G* a s  a  f u n c t i o n  o f  t h e  c r a c k  l e n g t h  f o r  S i C ,  T h e  c u r v e

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

(193)
c c ,  » c  -  a n d  c , »  a s  i n  F i g .  5 , 10 w h i c h  h a s  b e e n  r e p r o d u c e d  f r o m  

U 1 Z  «5

t h e  w o r k  o f  L a w n  o n  t h e  c r a c k  e x t e n s i o n  f o r c e s  i n  g l a s s .  A c c o r d i n g  

to  L a w n ,  Cq a n d  c ^ r e p r e s e n t  u n s t a b l e  e q u i l i b r i u m  a n d  c^ a n d  c ^ 

t h e  s t a b l e  e q u i l i b r i u m .  C r a c k  e x t e n s i o n  f o r c e  G m u s t  be  i n c r e a s e d  

f o r  a n y  i n c r e a s e  i n  c Q a n d  c c  ̂ a n d  c^  i n c r e a s e  b y  i n c r e a s i n g  G. 

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

p o i n t  o f  m e r g e r  o f  c   ̂ a n d  c ^ .  T h e  c r a c k  i s  f o r c e d  u p  t h e  h i l l  to
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to  th e  r i g h t  s i d e  o f  t h i s  p o i n t  o f  m e r g e r  ( F i g ,  5.10 ) , a n d  t h e  s t a b l e

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

l e n g t h  c^ .  T h e  c r a c k  i s  v i s i b l e  w h e n  i t  h a s  r e a c h e d  th e  l e n g t h  c^ .

F r o m  F i g .  5. 9 » w e  f in d  t h i s  l e n g t h  a s  a p p r o x i m a t e l y  e q u a l  to  u n i t y

( c o n s i d e r i n g  th e  r a d i u s  o f  c o n t a c t  c i r c l e  a s  th e  u n i t  o f  l e n g t h ) .

(193)
I n  th e  c a s e  o f  a m o r p h o u s  s i l i c a t e s ,  L a w n  h a s  d e t e r m i n e d  t h i s  

l e n g t h  a s  ^ 3 a ,  w h i c h  i s  t h r e e  t i m e s  t h e  l e n g t h  o f  s t a b l e  c r a c k  i n  a  

s i l i c o n  c a r b i d e  c r y s t a l  «

T A B L E  5. 5

( F r o m  o u t p u t  f i l e  o f  c o m p u t e r  p r o g r a m  0 R I 0 N  g i v e n  in  A p p e n d i x  I I  )

No c r a c k
l e n g t h

( c / a )

i p ( c / a ) ( c / a )
X 4 j ( c / a )

G _ c.  ij) ( c / a )  

G* c * . > ( c / a ) *

1 0. 01 , 53 0. 0 0 5 3 0

2 0.  02 . 2 8 3 9 0 8 5 0 567817 0.

3 0. 03 4 1 7 2 3 1 0 0 1251 6 9 3 0. 2

4* 0. 04 6 4 7 0 7 1 0 0 2 5 8 8 2 8 4 0,42  .

5 0.  05 1 2 5 9 1 7 0 8 0 6 2 9 5 8 5 4 . 1 , 0 0

6 0. 06 33 7 8 7 4 5 0 2 0 2 7 2 4 7 0,  32

7 0. 07 . 6 1 1 6 7 5 0 0 4 2 8 1 7 2 5 0. 6

8 0. 08 18590850 1487268 0. 8

9 0 . 0 9 15 3 1 7 5 8 7 7 13 7 8 5 8 2 9 2, 1

10 0. 10 8 7 9 1 9 7 9 0 8 7 9 1 9 7 9 1. 4

11 0.  15 2 2 7 8 8 6 1 3 3 4 1 8 2 9 2 0. 55

12 0.  20 4 1 7 4 0 6 0 8 3 4 8 1 2 0 , 1 4

13 0. 30 7 3 9 3 8 3 6 221 8 1 5 1 0. 35

14 0 . 4 0 9 7 5 8 7 6 2 3 9 0 3 5 0 5 0 . 2 2

15 0. 50 9 3 6 4 5 2 4 6 8 2 2 6 0 , 0 7

16 0. 60 1319776 7 9 1 8 6 6 0. 12

17 0. 70 8 9 4 0 1 4 6 2 5 8 1 0 0. 1

18 0. 80 2 5 7 4 4 2 7 20 59542 0. 08

19 0.  90 9 0 3 3 9 8 81 3 0 5 9 0 , 1 3

20 1. 00 • 514381 514381 0. 08
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f u n c t i o n .  Ip c / a  f o r  SjC t y p e l l .
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( f r o m  L a w n ' "  )

F|g.5 J0  T h e  s t a g e s  of  c r a c k  e x t e n s i o n  in g l a s s .
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b .

I
F i g .  5.11 , C o n 6  c r c i c j <f  c r o s s -  s s c t i o n o l  p r o f i l © 
a s  s e e n  in t h e  ( 1 0 1 0 )  p l a n e  ]
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5, 6 P r o p a g a t i o n  o f  th e  c o n e  c r a c k

T h e  c o n e - c r a c k  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  

on  t h i c k e s t  a v a i l a b l e  s i n g l e  c r y s t a l s  o f  s i l i c o n  c a r b i d e  a n d  

i n d e n t a t i o n s  on t h e m  w e r e  m a d e  w i t h  a  d i a m o n d  b a l l  i n d e n t e r .

T h e  i n d e n t a t i o n s ,  s y s t e m a t i c a l l y  v a r y i n g  w i th  l o a d ,  w e r e  e q u a l l y  

s p a c e d  a l o n g  o n e  o f  th e  <  l lOO-> e d g e  o f  t h e  t e s t  s a m p l e .

F i g .  5.11 a.  i l l u s t r a t e s  t h e  s i d e  v i e w  o f  a n  i n d e n t a t i o n  

w i t h  1 kg  l o a d  , on  t h e  (OOOl) p l a n e  . A  c o n e - c r a c k  i s  n o t  y e t  f o r m e d  . 

T h e  c e n t r a l  d e f o r m a t i o n  z o n e  c a n  b e  n o t i c e d  . .  F i g ,  5, l i b .  s h o w s  

th e  p r o f i l e  o f  a  c o n e - c r a c k  a s  s e e n  in  th e  ( lO lO )  p l a n e .  T h i s  

c r a c k  i s  p r o d u c e d  b y  a n  i n d e n t a t i o n  w i t h  3 kg  l o a d .

F i g .  5. l i a  r e p r e s e n t s  th e  s u b c r i t i c a l  g r o w t h  b e t w e e n  

c^ a n d  c^  b r a n c h e s  o f  F i g . 5, lO. , w h e r e a s ,  F i g . 5 , l i b .  c o r r e s p o n d s  

to  t h e  f u l l y  d e v e l o p e d  c o n e - c r a c k  o f  l e n g t h  c^ .

T h e  d a t a  c o l l e c t e d  f r o m  the  c o n e - c r a c k  e x p e r i m e n t s  

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

l e n g t h  a n d  t h e  i n d e n t a t i o n  l o a d ,  d u e  to  n o n - a v a i l a b i l i t y  o f  t h i c k  a n d  

t r a n s p a r e n t  ( c o l o u r l e s s )  c r y s t a l s .  N e v e r t h e l e s s ,  t h e s e  r e s u l t s  

a r e  b e l i e v e d  to  b e  a d e q u a t e  e n o u g h  to  i l l u s t r a t e  th e  m a n n e r  i n  w h i c h  

a  s u r f a c e  r i n g  c r a c k  d e v e l o p s  i n t o  a  fu l l  c o n e - c r a c k .

5. 7 E n v i r o n m e n t a l  ( w a t e r  a d s o r p t i o n  ) e f f e c t s  on  m i c r o h a r d n e s s  

T h e  p u r p o s e  o f  th e  p r e s e n t  i n v e s t i g a t i o n  i s  to  s t u d y  

t h e  e x t e n t  to  w h i c h  w a t e r  a d s o r p t i o n  a f f e c t s  th e  o b s e r v e d  a n i s o t r o p y  

in  th e  m i c r o h a r d n e s s .  T h i s  s t u d y  w a s  l i m i t e d  to  t h e  (OOOl) p l a n e s  

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

i n  a l m o s t  a l l  t h e  a v a i l a b l e  c r y s t a l s  • A  c o m m e r c i a l  h a r d n e s s ,  t e s t i n g
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a p p a r a t u s :  t h e  " T u n k o n "  h a r d n e s s  t e s t e r  w a s  e m p l o y e d .  T h i s

ty p e  of  a p p a r a t u s  i s  s p e c i a l l y  c o n v e n i e n t  w h e n  i n d e n t a t i o n s  a r e  to

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

O r i e n t a t i o n s  of  th e  c r y s t a l s  w e r e  d e t e r m i n e d  f r o m  t h e i r

h a b i t  f a c e s .  I n d e n t a t i o n s  w e r e  m a d e  w i t h  t h e  V i c k e r s  p y r a m i d

a n d  t h e  d o u b l e - c o n e  (d.  c ,  ) i n d e n t e r s  u s i n g  l o a d s  u n d e r  150  g m s .

L o w  l o a d s  "Were u s e d  s o  t h a t  t h e  i n d e n t a t i o n s  w e r e  s h a l l o w  e n o u g h

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

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

i n d e n t a t i o n  f o r  V i c k e r s  p y r a m i d  i n d e n t e r  w a s  15 s e c o n d s  a n d  t h a t

f o r  d o u b l e  c o n e  30 s e c o n d s .

In  o r d e r  to  o b t a i n  v i s i b l e  i n d e n t a t i o n s  a t  l o w  l o a d s  a n d  to

e v a l u a t e  ' u n r e c o v e r e d '  h a r d n e s s ,  i t  i s  e s s e n t i a l  to  c o a t  t h e  s u r f a c e  of  a

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

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

i n d e n t a t i o n  a r e a  a n d  c a n  n o t  r e c o v e r ,  A m i c r o s c o p i c  e x a m i n a t i o n

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

(5)
m a x i m u m  p r e s s u r e  h a d  b e e n  m a d e .  G r o d z i n s k i  s h o w e d  t h a t

t h i s  i s  a  v e r y  s e n s i t i v e  w a y  f o r  d e t e r m i n i n g  t h e  ' e l a s t i c '  o r

' u n r e c o v e r e d '  h a r d n e s s .  F o r  s t u d y i n g  t h e  w a t e r  a b s o r p t i o n  e f f e c t

o n  h a r d n e s s ,  th e  c r y s t a l s  w e r e  n o t ,  h o w e v e r ,  c o a t e d  w i t h  s i l v e r

i n  t h e  v a c u u m  p l a n t .  A n  a l t e r n a t i v e  m e t h o d  to  o b t a i n  v i s i b l e

(194)
i n d e n t a t i o n s  a s  s u g g e s t e d  b y  B r o d i e  a n d  S m o l u c h o w s k i  » a n d
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(195)
B e r g s m a n ,  w a s  u s e d  ..in t h i s  w o r k .

T h e  d i a m o n d  i n d e n t e r  w a s  c o a t e d  w i t h  a  t h i n  l a y e r  

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

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

i n s i d e  th e  h a r d n e s s  i m p r e s s i o n .

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

t h a n  t h e  V i c k e r s  i n d e n t e r  to  i n v e s t i g a t e  t h e  w a t e r  a d s o r p t i o n  e f f e c t s .  

I n d e n t a t i o n s  m a d e  w i t h  t h e  V i c k e r s  i n d e n t e r  w i t h  l o a d s  l e s s  t h a n  

100 g w e r e  n o t  c l e a r l y  v i s i b l e .  T h e  a v e r a g e  d i a g o n a l  l e n g t h s  of  

V i c k e r s  i m p r e s s i o n s  w e r e  9 . 2  fX a n d  8 . 6 p ,  o n  a n  a s - r e c e i v e d  

c r y s t a l  a n d  a f t e r  i t  w a s  d r y - d e h y d r a t e d ,  r e s p e c t i v e l y .  T h e s e  

l e n g t h s  c o r r e s p o n d  to  V i c k e r s  h a r d n e s s  n u m b e r s  2 1 9 0  k g .  m m  ^ 

a n d  2 5 0 6  k g .  m m  ^ r e s p e c t i v e l y .

5 , 7 . 1  ' D r y - d e h y d r a t e d *  c o n d i t i o n  a n d  'wet* c o n d i t i o n  h a r d n e s s .

T a b l e  5. 6 g i v e s  t h e  d o u b l e - c o n e  h a r d n e s s  m e a s u r e d  

a t  v a r i o u s  l o a d s  u n d e r  t h e  tw o  c o n d i t i o n s .  A l l  i n d e n t a t i o n s  w e r e  

m a d e  p a r a l l e l  to  e a c h  o t h e r  to  a v o i d  d i r e c t i o n a l  a n i s o t r o p y  . M e a s u r e m e n t s  

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

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

I t  w a s  o b s e r v e d  t h a t  b o t h  t h e  ' d r y - c o n d i t i o n '  a n d  ' w e t -  

c o n d i t i o n '  h a r d n e s s  v a r i e d  w i t h  l o a d  , a s  s h o w n  i n  F i g .  5. 1 2 . I t  w a s  

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

o f  l o a d  . F o r  i n s t a n c e ,  th e  i n c r e a s e  o f  l o a d , f r o m  20 g t o  100 g ,  c a u s e s  

t h e  ^ to  d e c r e a s e  f r o m  33.  2 to  19. 7 ,
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T h e  r e s u l t s  o f  T a b l e  5. 6 w e r e  u s e d  to  f in d  o u t  

t h e  v a l u e  o f  M e y e r  e x p o n e n t  ' n '  w h i c h  g i v e s  t h e  r e l a t i o n  b e t w e e n  

th e  h a r d n e s s  a n d  l o a d  a p p l i e d  , T h i s  e x p o n e n t  i s  d e f i n e d  b y  t h e

e q u a t i o n  j l o g  P  = n  lo g  Î + D (  ̂ = l e n g t h  o f  i n d e n t a t i o n )  ,

F i g ,  5. 131 s h o w s  t h e  l o g - l o g  p l o t  f o r  (OOOJ) p l a n e  f o r  b o t h  c o n d i t i o n s .  

T h e  s l o p e  o f  t h e  tw o  l i n e s  a r e :

n = 2 , 6 6
( d r y - c o n d i t i o n )

n = 3. 33
( w e t - c o n d i t i o n )

5. 7, 2 D i r e c t i o n a l  h a r d n e s s  a n i s o t r o p y  i n  ' d r y - '  a n d  ' w e t -  ' c o n d i t i o n s

T a b l e  5 . 7  g i v e s  ' u n r e c o v e r e d '  d o u b l e - c o n e  

h a r d n e s s  o f  (OOOl) p l a n e ,  i n  d i f f e r e n t  c r y s t a l l o g r a p h i c  d i r e c t i o n s .  

I n d e n t a t i o n s  l o a d  w a s  50 g a n d  i n d e n t a t i o n s  w e r e  m a d e  a t  3 0 °  i n t e r v a l s .

T h e  r e s u l t s  c o n t a i n e d  i n  T a b l e  5. 7 i n d i c a t e  t h a t  t h e  

m a x i m u m  h a r d n e s s  i s  a l o n g  <  1120 > d i r e c t i o n s ,  a n d  m i n i m u m  a l o n g  

< 0 1 Î 0 >  , i n  b o t h  t h e  d r y  a n d  w e t  c o n d i t i o n s .  T h e  r e s u l t s  c a n  b e  

s u m m a r i s e d  a s  î

D o u b l e -  c o n e  m i c r o h a r d n e s s  r a t i o

<ii20> <ono>
D r y - c o n d i t i o n  1 : 0 . 9 6
W e t - c o n d i t i o n  1 : 0, 96

W e  n o t e  t h a t  t h e  m i c r o h a r d n e s s  r a t i o s ,  i n  t h e  tw o  

c o n d i t i o n s ,  a r e  a p p r o x i m a t e l y  e q u a l  • T h e r e f o r e ,  t h e  h a r d n e s s  

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

c r y s t a l s  a r e  i n  t h e  d r y  c o n d i t i o n  o r  w e t  c o n d i t i o n  ( a s - r e c e i v e d ) .
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5. 8 H a r d n e s s  a n d  a n n e a l i n g

T h e  e f f e c t  o f  a n n e a l i n g  on  t h e  m i c r o h a r d n e s s  of  

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

T a b l e  5. 8 g i v e s  d o u b l e  c o n e  h a r d n e s s  n u m b e r s  f o r  a s - r e c e i v e d  a n d  

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

T o r c h ,  f o r  f i f t e e n  m i n u t e s ,  p r i o r  to  i n d e n t a t i o n .

T A B L E  5 . 8

( I n d e n t e r  l o a d  = 200 g. D a r k  g r e e n  S iC  c r y s t a l  t y p e  II  )

I n d e n t e r ' s  
o r i e n t a t i o n  on  
(OOOl)

D.  C H a r d n e s s  
o f  a s - r e c e i v e d  ^ 

c r y s t a l s  ( k g / m m  ) 
± 0 . 5 %

D. C .  H a r d n e s s  o f  ^ 
a n n e a l e d  c r y s t a l s ( k g / m m ^ )  a t  

2 0 0 0 ° C |  2 500°C  1 3000°C

/ /  t o  < 1 1 2 0 > 3345 3215 3111 2 92 2

a t  4 5 °  t o < l l 2 0 > 3296 3111 2975 2797

to  < 1 1 2 0 > 3256 2975 2827 2679

* A l l  t e m p e r a t u r e s  w e r e  e s t i m a t e d , w i t h  a  d i s a p p e a r i n g  f i l a m e n t  r a d i a t i o n  
p y r o m e t e r ,  w i t h i n  a n  a c c u r a c y  o f  + 1 . 0  %.

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

a s  s e e n  i n  T a b l e  5. 8 , i s  f o u n d  to  d e c r e a s e  w i t h  t h e  a n n e a l i n g  t e m p e r a t u r e .

— -  2 
T h e  h a r d n e s s  ( a l o n g  th e  < 1 1 2 0 >  d i r e c t i o n )  f a l l s  f r o m  3215  kg .  m m

to  2922  kg .  m m  f o r  a n  i n c r e a s e  i n  a n n e a l i n g  t e m p e r a t u r e  o f  1 0 0 0 ° C .

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

i m p l i e s  t h a t  t h e  c r y s t a l  w a s  d e f o r m i n g  o n  th e  (OOOl) <  1 1 2 0 Z > s l ip

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

h i g h  t e m p e r a t u r e s  »they w o u l d  e i t h e r  r e d u c e  t h e  a n i s o t r o p y  o r  e v e n

r e v e r s e  i t .

T h e  d o b l e  c o n e  h a r d n e s s  n u m b e r  on  a  ( 1010  ) p l a n e ,  a l o n g
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< 1 1 2 0  > , c h a n g e s  f r o m  b e i n g  15% g r e a t e r  t h a n  t h a t  in  th e  [0001]'. d i r e c t i o n ,  a t  

r o o m  t e m p e r a t u r e ,to  11 % a t  3 0 0 0 ^ C .  T h e  r e s u l t s  s u g g e s t  t h a t  th e  

a n i s o t r o p y  i n  m i c r o h a r d n e s s  i s  b e i n g  a f f e c t e d  b y  th e  { l 0 1 0 ) < 0 0 0 1 >  s l i p  

s y s t e m s  a t  h i g h  t e m p e r a t u r e s .  E v i d e n c e  t h a t  t h i s  s l i p  t a k e s  p l a c e  c a n  

b e  s e e n  i n  th e  n u m e r o u s  s l i p  l i n e s  a t  9 0 °  to  t h e  < 1 1 2 0 > ( S e e  F ig -  5. 28 ) .

. 5 . 9  D i r e c t i o n a l  m i c r o h a r d n e s s  a n i s o t r o p y  a n d  e f f e c t i v e  r e s o l v e d  

s h e a r  s t r e s s  ( E . R . S . . S . )

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

c a r b i d e  c r y s t a l s  ( t y p e  II) w a s  s t u d i e d  u s i n g  t h e  K n o o p  a n d  d o u b l e  c o n e  

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

e f f e c t i v e  r e s o l v e d  s h e a r  s t r e s s ^ u s i n g  th e  a n a l y s i s  o f  D a n i e l s  a n d  D u n n .

T h e  r e s u l t s  o f  th e  K n o o p  h a r d n e s s  t e s t s  a r e  p r e s e n t e d  i n  T a b l e  5 . 9 .

T h e  a n g l e  0 i s  t h e  a n g l e  w h i c h  th e  l o n g  d i a g o n a l  o f  t h e  K n o o p  i n d e n t e r  

m a d e  w i t h  th e  < 1 1 2 0 >  d i r e c t i o n .  I n d e n t a t i o n s  w e r e  m a d e  f r o m  0 °  to 3 6 0 °  

a t  2 0 °  i n t e r v a l s ,  b u t ,  b e c a u s e  o f  t h e  p r e s e n c e  o f  a  s y m m e t r y  p l a n e  a t  

0 = 1 8 0 ° ,  th e  h a r d n e s s  v a l u e s  s h o w n  i n  T a b l e  5. 9 a r e  f o r  t h e  r a n g e  f r o m  

0 °  to  1 80^  o n ly .

F i g .  5 .1 4  s h o w s  t h e  v a r i a t i o n  o f  K n o o p  h a r d n e s s  

w i t h  t h e  a z i m u t h a l  a n g l e  f o r  (OOOl) a n d  (O l lO )  p l a n e s .  O n  t h e  (OOOl) p l a n e  , 

i n d e n t e r ' s  r o t a t i o n  p r o d u c e d  a  m a x i m u m  v a r i a t i o n  o f  ̂ 2 % ,  w h e r e a s ,  

t h e  v a r i a t i o n  o n  th e  (OÏlO)  p l a n e  w a s  17.  8 %. T h e  h a r d e s t  a n d  s o f t e s t  

d i r e c t i o n s  a r e  f o u n d  to  b e  < 1 1 2 0 >  a n d  < 1 0 l 0 > » o n  th e  (OOOl) p l a n e ,  

r e s p e c t i v e l y .  O n  t h e  ( 0 1 Ï 0 )  p l a n e ,  t h e y  a r e  < 1 1 2 0 ’>  a n d <  0001">,  r e s p e c t i v e l y .

T h e  d o u b l e - c o n e  h a r d n e s s  a n i s o t r o p y  f o r  a  (lolo) 

p l a n e  i s  s h o w n  in  F i g , 5,15,3-  . T h i s  c u r v e  i s  c o n s i s t e n t  w i t h  th e  K n o o p
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h a r d n e s s  c u r v e  of  F i g .  5. 14  ̂  ̂ e x c e p t  t h a t  t h e  d o u b l e  -cone  h a r d n e s s  i s  

h i g h e r  t h a n  th e  K n o o p  h a r d n e s s  a t  th e  s a m e  l o a d .

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

p r o d u c e d  b y  the  K n o o p  a n d  d o u b l e - c o n e  i n d e n t e r s ,  on  the  (1 0 Ï 0 )  p l a n e  

f o r  th e  ( 1 0 1 0) <Z 1 1 20Z> s l i p  s y s t e m s ,  i s  g i v e n  in  T a b l e s  5.10 a n d  5. 11 

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

a  s p e c i f i c  s l i p  s y s t e m ,  on a  g i v e n  p l a n e ,  i s  g i v e n  i n  A p p e n d i x  II I  .

T A B L E  5.10

E f f e c t i v e  r e s o l v e d  s h e a r  s t r e s s  f o r  ( 1 0 1 0) < 1 1 2 0  > s l i p .  ( lOlO) 
p l a n e  i n d e n t e d  w i th  th e  K n o o p  i n d e n t e r .

e
( d e g . )

±1

X
( d e g . ) 
+ 1

0
( d e g . )  

+ 1

C o s  0  4- SihY 
2

* E . R . S , . S =

Cos 0  . C o s  X .

C o s  ip + S in  V 
2

0 70 65 0. 433 0. 06
10 65 65 0. 450 0. 08
20 61 65 0. 541 0. 11
30 58 65 0.  628 0. 141
40 53 65 0.  710 0.  182
50 48 65 0.  780 0. 224
60 43 65 0. 872 0.  269
70 40 65 0. 930 0. 301
80 37 65 0.  970 0. 327
90 35 65 0. 995 0. 344

* M a x i m u m  v a l u e s  f o r  e a c h  f a c e t  w e r e  a v e r a g e d  to g i v e  
a  r e s u l t a n t  E .  R ,  S. S.
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T A B L E  5.11

E f f e c t i v e  r e s o l v e d  s h e a r  s t r e s s  f o r  ( 0 0 0 1 ) < 1 120 >  s l i p .  ( 1 0 Ï 0 )  p l a n e  

i n d e n t e d  w i th  the  d o u b l e  c o n e  i n d e n t e r .

0

( d e g . )  
+ 1

X

( d e g . )  
+ 1

0

( d e g . )  
+1

C o s  ^  + S inY 
2

E . R . S  . S .

G 35 77 G. 433 G. G8G
IG 33 77 G. 52G G. G9G
2G 31 78 G. 612 G. I I G
3G 29 79 G. 7G3 G. 117
4G 27 8G G. 785 G. 121
5G 25 82 G. 858 G. 1G8
6G 23 84 G. 918 G. G88
7G 21 86 . G. 962 G. G62
8G 19 88 G. 991 G.G33
9G 17 9G G. 992 G. GGG

A c c o r d i n g  to  D a n i e l s  a n d  D u n n ' s  a n a l y s i s  of  

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

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

v i c e  v e r s a .  A p p l i c a t i o n  of  t h e  a n a l y s i s , t o  a  ( lO lO )  p l a n e ,  a s s u m i n g  t h a t  

s l i p  i s  p o s s i b l e  on  {iGÎo} < 1 1 2 0  s y s t e m s ,  p r e d i c t s  th e  h a r d e s t  

a n d  s o f t e s t  d i r e c t i o n s ,  on  t h i s  p l a n e ,  a s  < 1 1 2 0 ‘>  a n d <  COG 1 >  , r e s p e c t i v e l y .  

T h e  h a r d n e s s  a n i s o t r o p y  f o r  a ( l G l G )  p l a n e ,  ( F i g . 5 . 14)^ i s  c o n s i s t e n t  w i th  

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

c u r v e s  f o r  t h e  (IGIG) p l a n e  f o r  (GGGl) <  1 12G%> s l i p  s y s t e m s ,  ( F i g . 5. l6  ) ,  

p r e d i c t  <  1 1 2G a n d  <  GGGl d i r e c t i o n s  a s  th e  s o f t e s t  a n d  h a r d e s t  

d i r e c t i o n s ,  r e s p e c t i v e l y ,  w h i c h  i s  n o t  t r u e .  H e n c e ,  s l i p  on  ( GGGl ) <  1 1 2GZ> 

d o e s  n o t  o c c u r .
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T h e  h a r d n e s s  c u r v e s  f o r  t h e  (1010) p l a n e ,  i n F i g . 5 . 14,  

s u g g e s t  t h a t  , i f  D a n i e l s  a n d  D u n n ' s  a n a l y s i s  i s  c o r r e c t ,  th e

d i s l o c a t i o n s  h a d  m o v e d  on  {lOlO} <  1 1 2 0 s l i p  s y s t e m s .  I t  c a n  b e  

s e e n  b y  c o m p a r i n g  t h e  h a r d n e s s  c u r v e s  w i th  t h e  E , R . S . , S .  c u r v e s  

t h a t  th e  m a x i m a  of  th e  h a r d n e s s  c u r v e s  c o r r e s p o n d  w i th  the  m i n i m a  

o f  th e  E .  R .  S . S. c u r v e s .  T h e  p r e d i c t i o n  o f  the  • [ l 0 Ï 0 j < 1 1 2 0 >  s l i p  

s y s t e m s  i s  i n  a g r e e m e n t  w i th  th e  o b s e r v a t i o n  o f  s l i p  l i n e s ,  b e n e a t h  t h e  

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

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

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

o r  w h e t h e r  t h e y  m o v e d  d u e  to  f r a c t u r e  f o l l o w i n g  a n  i n d e n t a t i o n .

T h e  h a r d n e s s  c u r v e  f o r  (0001)  p l a n e ,  ( F i g .  5 .1 4  ) ,

d o e s  n o t  s h o w  w d l - d e f i n e d  m a x i m u m  o r  m i n i m u m .  S l ip  l i n e s  a r e ,  

h o w e v e r ,  s e e n  i n s i d e  t h e  h a r d n e s s  i m p r e s s i o n s  on th e  b a s a l  p l a n e ,  

a f t e r  a n n e a l i n g  th e  s p e c i m e n  a t  a  h i g h  t e m p e r a t u r e  2 0 0 0 ° C ) ,  ( F i g .  525 ).  

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

( 0 0 0 l ) < 1 1 2 0 >  . T h e  E . R .  S , s .  c u r v e  f o r  t h e  b a s a l  p l a n e  i s  s h o w n  in  

F i g . 5,16 . A c c o r d i n g  to  th e  a n a l y s i s  of  D a n i e l s  a n d  D u n n ,  i f  t h e  s e c o n d a r y  

s l i p  s y s t e m  (0001)  <  1120 >  i s  o p e r a t i n g ,  th e  h a r d e s t  d i r e c t i o n  on t h i s  

p l a n e  s h o u l d  b e < 1 1 2 0 >  . T h e  r e s u l t s  of  h a r d n e s s  m e a s u r e m e n t s  on  th e  

b a s a l  p l a n e  o f  a n  a n n e a l e d  s p e c i m e n  (S iC  ty p e  II ) ,  g i v e n  i n  T a b l e  5. 8 ,

s h o w  t h a t  <C1120Z> i s  th e  h a r d e s t  d i r e c t i o n . I n  o r d e r  to  c o n f i r m  th e  

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

t e s t s  s h o u l d ,  h o w e v e r ,  b e  m a d e  on  a  s p e c i m e n  a t  t h e s e  t e m p e r a t u r e s .

I t  m i g h t  t h e n  b e  p o s s i b l e  to  d e t e r m i n e  th e  h a r d n e s s  a n i s o t r o p y  o n  t h e  

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

s t r e s s  a n a l y s i s  o f  s l i p  s y t e m s  .
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5 . 1 0  B i r e f r i n g e n c e  s t u d i e s  on h a r d n e s s  i n d e n t a t i o n s

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

c r y s t a l s  ( t y p e  II ) w e r e  c h o s e n  f o r  t h e  b i r e f r i n g e n c e  e x p e r i m e n t s .  

I n d e n t a t i o n s  w e r e  m a d e  w i th  th e  V i c k e r s  i n d e n t e r  on  th e  ( 0 0 0 1) p l a n e ,  

w i th  l o a d s  up to  1 kg .  T h e  V i c k e r s  p r o j e c t i o n  m i c r o s c o p e  w a s  u s e d  a s  a n  

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

s p e c i m e n  w a s  r e c e i v e d  b y  th e  a n a l y z e r  l o c a t e d  u n d e r  th e  o b j e c t i v e  of  

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

on  p h o t o g r a p h i c  p l a t e s .

F i g . 5 .17  , à  s h o w s  a  b i r e f r i n g e n c e  p a t t e r n ,  a r o u n d  a

V i c k e r s  i n d e n t a t i o n  w i th  1 kg  l o a d .  T h e  (0001)  p l a n e  of  t h e  s p e c i m e n  i s  

p e r p e n d i c u l a r  to  the ĵ beam of * 3 l i g h t .  I t  m e a n s  t h a t  t h e  c - a x i s  of

th e  c r y s t a l  c o r r e s p o n d s  to  th e  o p t i c  a x i s .

T h e  i n t e n s i t y  of  t r a n s m i t t e d  l i g h t ,  i n  a  w in g  of  a  

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

t h e  i n d e n t a t i o n  w a s  m a d e .  I n  o t h e r  w o r d s , t h i s  i n t e n s i t y  d e p e n d s  on  th e  

s t r e s s e s  c a u s i n g  th e  b i r e f r i n g e n c e .  A n  e s t i m a t e  of  t h e s e  s t r e s s e s  c a n ,  

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

F o r  t h i s ,  t h e  s t r e s s - o p t i c a l  c o n s t a n t s  f o r  th e  t e s t  s p e c i m e n  m u s t  b e  

k n o w n .  A s  t h i s  i n f o r m a t i o n  i s  n o t  y e t  a v a i l a b l e  f o r  s i l i c o n  c a r b i d e  c r y s t a l s ,  

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

f r o m  a  q u a l i t a t i v e  p o i n t  o f  v i e w .  A n  a u t o m a t i c  r e c o r d i n g  m i c r o d e n s i t o m e t e r  

(M K  111C)  w a s  u s e d  i n  t h i s  w o r k  to  o b t a i n  i n t e n s i t y  p l o t s  f r o m  th e  

b i r e f r i n g e n c e  p a t t e r n s .  F i g s .5,18 a - c  s h o w  th e  b i r e f r i n g e n c e  p a t t e r n s  

a r o u n d  t h e  V i c k e r s  i n d e n t a t i o n s  w i t h  SOOg l o a d  w i t h  th e  c - a x i s  m a k i n g
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X 2 0 0

Fi g .  5.17 ai. B i r e f r i n g e n c e  a r o u n d  
V i c k e r s  i n d e n t a t i o n s .

F i g . 5.17 b. I n t e r f e r e n c e  p a t t e r n  w i thin t h e  
b i r e f r i n g e n c e  r o s e t t e .
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Fi g 5.18 a .
X

Fig 5. 18b.

Fi g . s . i gc .

B i r e f r i n g e n c e  a r o u n d  V i ck e r s  i n d e n t a t i o n  
c - a x i s  a t a .  ' “ b. & c.  r  to the i nc i de nt  l i ght .
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t h r e e  d i f f e r e n t  a n g l e s  w i t h  th e  d i r e c t i o n  o f  t h e  p o l a r i z e d  l i g h t .

F i g .  5 . 1 9  s h o w s  p l o t s  o f  t r a n s m i t t e d  i n t e n s i t i e s  a l o n g  t h e  f o u r  

w i n g s  o f  a  b i r e f r i n g e n c e  r o s e t t e .  F i g s ,  5. 20 a - f  s h o w  t h e  

d i s t r i b u t i o n  o f  t h e  t r a n s m i t t e d  i n t e n s i t y  a l o n g  th e  d i a g o n a l  a x i s  of  

o n e  o f  t h e  f o u r  w i n g s  o f  t h e  r o s e t t e  a t  s i x  d i f f e r e n t  i n c l i n a t i o n s  of  

th e  i n d e n t e d  s p e c i m e n  w i t h  th e  p o l a r i z e d  l i g h t .

A  p o l a r  p l o t  o f  e q u a l  t r a n s m i t t e d  i n t e n s i t i e s ,  a s  

s h o w n  i n  F i g .  5. 21 , i s  o b t a i n e d  b y  f i n d i n g  th e  d i s t a n c e s  b e t w e e n  

tw o  p o i n t s  , a l o n g  th e  d i a g o n a l  o f  a  w in g  , o n e  a t  w h i c h  t h e  i n t e n s i t y  

i s  m a x i m u m  a n d  th e  o t h e r  a t  w h i c h  , s a y ,  70 % o f  t h e  m a x i m u m ,  a n d  

p l o t t i n g  t h e s e  a g a i n s t  t h e  o r i e n t a t i o n  o f  t h e  c - a x i s  w i t h  t h e  p o l a r i z e d  

l i g h t  . T h e  d o t t e d  c u r v e  , i n  F i g .  5 . 2 1 ,  i s  t h e  p o l a r  p l o t  o f  

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

s t r e s s - o p t i c a l  l a w  :

r ^  = K?.  cos^O ( S e c t i o n  4.  4. 1
e q u a t i o n  4.  29 )

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

i n t e n s i t y  a n d  t h e  s t r e s s - o p t i c a l  p l o t s  . T h i s  s u g g e s t s  t h a t  t h e  e q u a l  

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

o f  p r i n c i p a l  s t r e s s e s  d u e  to  i n d e n t a t i o n  .

5 . 1 0 .1  I n t e r f e r e n c e  p a t t e r n s  i n s i d e  th e  b i r e f r i n g e n c e  r o s e t t e s

I t  i s  o f  i n t e r e s t  to  n o t e  t h a t  t h e  b i r e f r i n g e n c e  

p a t t e r n s  , o b t a i n e d  b y  u s i n g  a  c o n v e r g e n t  l i g h t  , a r e  s e e n  to  

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

F i g ,  5 .17 .  b.  W h e n  a  c o n v e r g i n g  b e a m  i s  t r a n s m i t t e d  t h r o u g h  

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

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

r e t a r d a t i o n  o f  a n  i n t e g r a l  n u m b e r  o f  w a v e l e n g t h s  g i v e  r i s e  t o  c i r c u l a r
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F i g .  5.21 .Polar plot of equal transmitted intensity, (. 7 )
based on figs,5.20. (a) to (f).
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f r i n g e s .  I t  w a s  n o t i c e d  t h a t  the  d i s t a n c e  of  a  d a r k  o r  b r i g h t  f r i n g e  f r o m  

th e  c e n t r e  of  th e  r o s e t t e  i n c r e a s e s d  l i n e a r l y  w i t h  th e  i n c r e a s e  i n  l o a d .

5.11 I n t e r f e r o m e t r i c  s t u d y  of  the  p l a s t i c  f low  a r o u n d  i n d e n t a t i o n s

T h i s  s e c t i o n  d e a l s  w i th  the  a p p l i c a t i o n  o f  T o l a n s k y ' s  m u l t i p l e -  

b e a m  i n t e r f e r o m e t r y  t e c h n i q u e s  to  the  s t u d y  o f  th e  p l a s t i c  f lo w  a r o u n d  

h a r d n e s s  i n d e n t a t i o n s ,  p a r t i c u l a r y  the  i n d e n t a t i o n s  w i th  th e  V i c k e r s  

i n d e n t e r .

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

a r e a  o f  th e  t e s t  s p e c i m e n ,  a f t e r  d e p o s i t i n g  a  t h i n  l a y e r  700  A )  o f  s i l v e r  on

th e  s p e c i m e n  i n  a  v a c u u m  e v a p o r a t i o n  p l a n t ,  a g a i n s t  a  s i l v e r e d  o p t i c a l

f l a t  ( u s a l l y  a  t h i n  g l a s s  s l i d e )  a n d  u s i n g  th e  g r e e n  l i n e  of  m e r c u r y  
o

(5461 A ) .  I n  o r d e r  to  f i n d  o u t  w h e t h e r  th e  d i s t u r b a n c e  a t  a  p o i n t ,  n e a r  a n  

i n d e n t a t i o n ,  w a s  a  ' p i l i n g - u p '  o r  a  ' s i n k i n g - i n ' ,  f r i n g e s  of  e q u a l  c h r o m a t i c  

o r d e r  ( F .  E ,  C.  O. ) w e r e  o b t a i n e d  b y  p r o j e c t i n g  e a c h  F i z e a u  f r i n g e  a r o u n d  

th e  i n d e n t a t i o n  on  th e  s l i t  o f  a  c o n s t a n t  d e v i a t i o n  s p e c t r o m e t e r  a n d  

r e p l a c i n g  th e  m o n o c h r o m a t i c  l i g h t  b y  w h i t e  l i g h t .  A  ' p i l i n g - u p '  b e n d s  

t h e  F .  E .  C ,  O,  c o n v e x  t o w a r d s  the  v i o l e t  w h e r e a s  a  ' s i n k i n g - i n '  b e n d s  

t h e m  c o n c a v e .

F i g . 5, 22 s h o w s  t w o - b e a m  a n d  F i z e a u  f r i n g e s  a r o u n d  

V i c k e r s  i n d e n t a t i o n s  w i th  1 kg  l o a d .  T h e s e  i n t e r f e r o g r a m s  i n d i c a t e  

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

T h e r e  i s  a  d i f f e r e n t i a l  ' p i l i n g - u p '  a l o n g  th e  b o u n d a r y  . F i g . 5. 22b s h o w s  

t h a t  on  o n e  s i d e  of  th e  i m p r e s s i o n  th e  ' p i l i n g - u p '  i s  s e v e n  f r i n g e s  a n d  

on  th e  o p p o s i t e  s i d e  i t  i s  t h r e e  f r i n g e s .  T h e  ' p i l i n g - u p '  on  s i d e s  

p e r p e n d i c u l a r  to  t h e s e  tw o  i s  f o u r  f r i n g e s .  I t  i s  a l s o  o b s e y e d  t h a t  th e  

d i s t o r t i o n  in  o n e  d i r e c t i o n  f r o m  th e  top  r i g h t  c o r n e r  o f  th e  V i c k e r s  

i m p r e s s i o n  e x t e n d s  to  a  d i s t a n c e  m o r e  t h a n  th e  d i a g o n a l  o f  th e  i m p r e s s i o n .
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X250
a (b)

X500

F i g .  5.22 . I n t e r f e r e n c e  f r i n g e s  pa t t ern  a r o u n d  
V i c k e r s  i n d e n t a t i o n
a)  t w o  b e a m  f r i n g e s ,  b ) F i z e a u  f r i n g e s .

X250 X120

X35Q
F i g  . 5.23 . F i z e a u  f r i n g e s

a) a r o u n d  d o u b l e  c o n e  i n d e n t a t i o n ,  b ) a r o u n d  

s p h e r i c a l  i n d e n t a t i o n .
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T h e  i n d e n t a t i o n s  w i th  d o u b l e - c o n e  a n d  s p h e r i c a l  i n d e n t e r s  a l s o  p r o d u c e  

a n  a s y m m e t r i c a l  p l a s t i c  f lo w  a s  s h o w n  in  Fig5 .23*  • T h e  d i s t o r t i o n

d u e  to t h e s e  i n d e n t e r s  d o e s  n o t  e x t e n d  v e r y  f a r  f r o m  t h e  i m p r e s s i o n s .

I n  th e  c a s e  o f  th e  d o u b l e - c o n e  i n d e n t e r ,  t h e  ' p i l i n g - u p '  e x t e n d s  to  a  

d i s t a n c e  l e s s  t h a n  th e  d i a g o n a l  of  th e  i m p r e s s i o n  i r r e s p e c t i v e  of  

i t s  o r i e n t a t i o n  on  th e  s u r f a c e  o f  the  s p e c i m e n .  T h e  f r i n g e s  a r o u n d  

th e  d o u b l e  - c o n e  i m p r e s s i o n  b e n d  i n w a r d  a s  t h e y  a p p r o a c h  i t s  e d g e s .  

T h i s  s h o w s  th e  w a y  i n  w h i c h  th e  f lo w  r i s e s  a n d  f a l l s .

F i g ,  5. 24 s h o w s  t h e  F i z e a u  f r i n g e s  a r o u n d  a  V i c k e r s  

i m p r e s s i o n  s u r r o u n d e d  b y  F .  E .  C,  O.  i n t e r f e r  o g r a m s .  S u c h  i n t e r f e r  o g r a m s  

w e r e  o b t a i n e d  o n ly  f o r  th e  c u r v e d  F i z e a u  f r i n g e s  w h i c h  l i e  on  th e  

' p i l i n g - u p '  o r  ' s i n k i n g - i n '  r e g i o n s .  T h e  i n t e r f e r  o g r a m s  a n d  X ^ Y ^

s h o w  F .  E .  C.  O.  o f  t h e  f i r s t  a n d  t h i r d  F i z e a u  f r i n g e s ,  f r o m  r i g h t  to  

l e f t ,  r e s p e c t i v e l y .  T o p  f i r s t  a n d  s e c o n d  f r i n g e s ,  a b o v e  th e  h a r d n e s s  

i m p r e s s i o n ,  g i v e  r i s e  to  i n t e r f e r  o g r a m s  Y ^ Z   ̂ a n d  Y ^ Z ^ .  T h e  t h i r d

I I
f r i n g e  b e l o w  th e  i m p r e s s i o n  p r o d u c e s  i n t e r f e r o g r a m  Y ^ Z ^ .

T h e  f r i n g e s  i n  i n t e r f e r  o g r a m s  X ^Y^ , X ^ Y ^  ,

Y ^Z^  a n d  Y ^ Z ^  a r e  c o n v e x  t o w a r d s  v i o l e t  e n d  o f  th e  s p e c t r u m .  T h e  

F i z e a u  f r i n g e s  r e s p o n s i b l e  f o r  t h e s e ,  t h e r e f o r e ,  l i e  on  t h e  ' p i l i n g - u p ' .

I I t  I I I

X^ Y^ , X ^ Y ^  a n d  YjZj^  i n d i c a t e  th e  ' s i n k i n g - i n ' ,  b e c a u s e  t h e  F .  E .  C.  O. 

a r e  c o n c a v e  t o w a r d s  v i o l e t .
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Fig .  5.24 F r i n g e s  (E.C.  0  ] a r o u n d  c  V i c k e r s  i n d e n t a t i o n ,  

u s i n g  white l ight .
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5. 12 O p t i c a l  s t u d i e s  on p l a s t i c  d i s t o r t i o n s  due  to h a r d n e s s  i n d e n t a t i o n s

S t e a d y  p r e s s u r e s  w e r e  a p p l i e d  to  t h e  b a s a l  p l a n e  

(OOOl) a n d  p r i s m a t i c  p l a n e s  (OllO) of  a  t e s t  s p e c i m e n  u s i n g  a  s p h e r i c a l  

i n d e n t e r  w i th  l o a d s  b e t w e e n  lOOg to 2 kg .

5. 12. 1 O b s e r v a t i o n s  on the  b a s a l  p l a n e  of  s i l i c o n  c a r b i d e  ty p e  II

F i g .  5. 25 s h o w s  t h e  m i c r o s t r u c t u r e  i n s i d e  a n  

i m p r e s s i o n  m a d e  w i th  1 kg l o a d  a f t e r  a n n e a l i n g  the  t e s t  s p e c i m e n  a t  

2 0 0 0 ^ C  f o r  30 m i n u t e s .  T r a c e s  o f  s l i p  l i n e s  a r e  s e e n  i n s i d e  the  

i m p r e s s i o n s .  T h e s e  t r a c e s  a r e  a l o n g  t h e  < 1 1 2 0 >  d i r e c t i o n s  w h i c h  

h a p p e n  to  b e  th e  h a r d e s t  d i r e c t i o n s .  T h e i r  a p p e a r a n c e  i s  b e l i e v e d  

to  b e  d u e  to s l i p  o c c u r i n g  on ( 0 0 0 1 ) < 1 1 2 0 >  s y s t e m s .  A t  h i g h e r  l o a d s ,  

r a d i a l  c r a c k s  a l s o  b e g i n  to  a p p e a r  a s  s h o w n  in  F i g . 5. 26 a n d  t h e i r  

n u m b e r  a n d  l e n g t h  i n c r e a s e s  w i th  lo a d .

5. 12. 2 O b s e r v a t i o n s  on the  p r i s m a t i c  p l a n e  ( lO lO )

F i g . 5, 27 s h o w s  a  h a r d n e s s  t e s t  i n d e n t a t i o n  w i th  

1 kg  l o a d  on  th e  s p h e r i c a l  i n d e n t e r .  T h e r e  a r e  no  r a d i a l  c r a c k s  a s s o c i a t e d  

w i t h  th e  i n d e n t a t i o n  , P a r a l l e l  s l i p  m a r k i n g s  a r e  s e e n  i n s i d e  th e  

i n d e n t a t i o n .  T h e s e  a r e  a l o n g  th e  <Z 1 1 2 0 d i r e c t i o n s .  T h e  e f f e c t i v e  

r e s o l v e d  s h e a r  s t r e s s  a n a l y s i s  of  i n d e n t a t i o n s  on  ( 1 0 Î 0 )  p l a n e  s h o w s  

t h a t  th e  o p e r a t i n g  s l i p  s y s t e m  i s  ( 1010) <  1120 >  . T h e  m a r k i n g s  

s e e n  i n  F i g .  5 . 2 ? a r e ,  t h e r e f o r e ,  b e l i e v e d  to  b e  d u e  to s l i p  t a k i n g  p l a c e  on  

th e  (lO 10} p l a n e s  ,w i t h  < 1 1 2 0 b >  a s  a  s l i p  d i r e c t i o n .  •

F i g . 5. 28 s h o w s  tw o  h a r d n e s s  i m p r e s s i o n s  w i th  1 kg 

l o a d  s e p a r a t e d  b y  0 0 8 5  m m  . B o t h  c o n t a i n  s l i p  m a r k i n g s  in-h.»<: 1 1 2 0 ^  

d i r e c t i o n s .  A  b r o a d  b a n d  of  s l i p  l i n e s  b e t w e e n  t h e m ,  i n  t h e e  0001  !> 

d i r e c t i o n ,  w a s  r e v e a l e d  b y  a n n e a l i n g  a t  2 0 0 0 ^ 0 .  T h e  a p p e a r a n c e  of  

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



139

X 1100

Fi g . 5.25 . S l i p  l i n e s  i n s i d e  a n  indentat i on .
( L o a d  1 kg on  the s phe r i c a l  indenter.)

* W  T.

X 1600

Fig. 5.26. Sl ip  l i n e s  inside an i nde nt a t i on  
o b t a i n e d  wi th 2 kg l o a d  on the  
s p h e r i c a l  indenter .
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Fig.5 .2 7  . M i c r o s t r u c t u r e  i n s i d e  a n  i n d e n t a t i o n  

wi t t i  a  s p h e r i c a l  i n d e n t e r .  1 kg load.
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Fig.  5 . 28  . Sl ip l ines  on t h e  (1OIO ) p l a n e

d u e  to  s p h e r i c a l  i n d e n t a t i o n s .
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a t  h i g h  t e m p e r a t u r e s .  T h i s  s e c o n d a r y  s l i p  s y s t e m  i s  b e l i e v e d  to  b e  

{0 0 0 1 } <}  12 . I f  t h i s  s y s t e m  i s  o p e r a t i n g ,  t h e n  a c c o r d i n g  to  th e  

E .  R ,  S , S. c u r v e s  f o r  i n d e n t a t i o n s  on th e  p r i s m a t i c  p l a n e s .  F i g .  5. 16 , 

t h e  h a r d e s t  d i r e c t i o n  i s  [oOci] . T h e  h a r d n e s s  a n i s o t r o p y  c u r v e s .

F i g . 5 . 1 4 ,  h o w e v e r ,  s u g g e s t  t h a t  f o r  th e  p r i s m a t i c  p l a n e s  t h e  h a r d e s t  

d i r e c t i o n s  a r e  a l o n g  <1120)> . I t  f o l l o w s  t h a t  th e  h a r d n e s s  a n i s o t r o p y  

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

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

T h e  f e a t u r e  m a r k e d  F ,  i n  F i g .  5. 28,  h a s  a  v e r t i c a l  

a x i s  of  t h r e e - f o l d  s y m m e t r y .  T h e  e t c h i n g  f i g u r e s  on  a  p r i s m a t i c  p l a n e  

d e v e l o p e d  b y  f u s e d  b o r a x  on  s i l i c o n  c a r b i d e  ty p e  II  c r y s t a l s  a r e  

v e r y  m u c h  s i m i l a r  i n  g e n e r a l  a p p e a r a n c e  to  t h i s  f e a t u r e .  I t s  p r e s e n c e  

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

f i n d i n g  o f  th e  t e s t  p l a n e  b e i n g  a  p r i s m a t i c  p l a n e  (IOÏO).

5. 12. 3 O b s e r v a t i o n s  on th e  p y r a m i d  p l a n e  ( l O l l )  of  S iC  ty p e  I

I n d e n t a t i o n  s t u d i e s  w e r e  m a d e  on  th e  p y r a m i d  

f a c e s  o f  a  r h o m b o h e d r a l  c r y s t a l  b e l o n g i n g  to  th e  s p a c e  g r o u p  R 3m .  

T h i s  w a s  th e  o n ly  r h o m b o h e d r a l  c r y s t a l  a v a i l a b l e  to  u s .  T h i s  c r y s t a l  

h a d  s i x  w e l l - d e v e l o p e d  p y r a m i d  f a c e s  {1OÏO} a n d  tw o  p o o r l y  f o r m e d  

p i n a c o i d  f a c e s  {OOOl} . T h i s  i s  a  r a r e  g r o w t h  i n  s i l i c o n  c a r b i d e  ty p e  I 

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

on  t h i s  m a t e r i a l .

F i g .  5. 29  s h o w s  s l i p  l i n e s  a r o u n d  a n  i n d e n t a t i o n

m a d e  w i th  t h e  s p h e r i c a l  i n d e n t e r ,  on  th e  p y r a m i d  p l a n e  (1011).  T h r e e

s e t s  o f  s l i p  l i n e s  a r e  c l e a r l y  v i s i b l e .  T h e r e  i s  a  p r e f e r e n c e  f o r  

0 0  o
9 0 , 4 5  a n d  45  a n g l e s .  T h e  d e n s i t y  of  s l i p  l i n e s  a n d  t h u s  t h e  n u m b e r
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F i g . 5.29 . P h o t o m i c r o g r a p h  a n d  s t e r e o g r a p h i c  

p r o j e c t i o n  of s l i p  t r a c e s  o b s e r v e d  o n  ( 1 0Î1) 

p l a n e  i n d e n t e d  w i t h  a s p h e r i c a l  i n d e n t e r .
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of  a c t i v e  p l a n e s ,  w h i c h  a r e  f o u n d  to  b e  ( 0 1 Ï 4 )  p l a n e s ,  w a s  f o u n d  to  

i n c r e a s e  w i th  i n c r e a s e  i n  l o a d  on  th e  i n d e n t e r .

T h e  s l i p  d i r e c t i o n s  w e r e  d e t e r m i n e d  f r o m  th e  

a n a l y s i s  o f  th e  s t j e o g r a p h i c  p r o j e c t i o n  f o r  th e  ( l o l  1) p l a n e .  S l ip  system s 

f o u n d  are the ( l O l l ) - < 0 1 1 4 >  s y s t e m s .

5 . 1 3  E l e c t r o n  m i c r o s c o p i c  s t u d i e s  on i n d e n t a t i o n s

E l e c t r o n  m i c r o s c o p y ,  u s i n g  c a r b o n  r e p l i c a  t e c h n i q u e ,  

w a s  a p p l i e d  to  the  s t u d i e s  of  th e  m i c r o s t r u c t u r e ,  b o th  i n s i d e  a n d  j u s t  o u t s i d e  

t h e  h a r d n e s s  t e s t  i n d e n t a t i o n s .  T h e  m i c r o  s t r u c t u r e s  i n s i d e  the  

indentations are quite dist inct  from those outside the indentations. This 

i s  d u e  to  the  f a c t  t h a t  th e  s t r e s s e s  r e s p o n s ib le  f o r  t h e m  a r e  of  d i f f e r e n t  

n a t u r e .  T h e  s t r e s s e s  b e n e a t h  a n  i n d e n t e r  a r e  p r e d o m i n a n t l y  cqmprg-ssiv/e‘ 

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

s t r e s s e s .  T h e  tw o  k i n d s  of  m i c r o s t r u c t u r e s  h a v e  b e e n  d e s c r i b e d ,  

s e p a r a t e l y ,  i n  t h e  n e x t  s e c t i o n s .

5 . 1 3 . 1  M i c r o s t r u c t u r e  i n s i d e  a  V i c k e r s  i n d e n t a t i o n

O p t i c a l  m i c r o s c o p y  of  h a r d n e s s  i n d e n t a t i o n s  w i th  

t h e  s p h e r i c a l  i n d e n t e r  r e v e a l e d  a  c h a r a c t e r i s t i c  s l i p  p a t t e r n  a s  

d e s c r i b e d  i n  S e c t i o n  5 .12  . T h e  s a m e  e x a m i n a t i o n ,  h o w e v e r ,  d i d  n o t  

s h o w  s l i p  a s s o c i a t e d  w i th  V i c k e r s  i n d e n t a t i o n s .  C a r e f u l  p r e p a r a t i o n  

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

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

b e l i e v e d  to  b e  t h e  s l i p  l i n e s .  S u c h  m a r k i n g s  a r e  v i s i b l e  on  th e  b a s a l  

p l a n e  o n ly  a f t e r  a n n e a l i n g  th e  s p e c i m e n  a t  h i g h  t e m p e r a t u r e s  ( a b o v e  

1 8 0 0 ° C ) .
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F i g .  5, 30 i s  a  V i c k e r s  h a r d n e s s  i m p r e s s i o n  o b t a i n e d  

w i th  200 g l o a d . ,  on  th e  b a s a l  p l a n e .  T h e  m i c r o s t r u c t u r e  c o n s i s t s  o f  

s u r f a c e  c r a c k s .  N o  e v i d e n c e  o f  p l a s t i c  d e f o r m a t i o n  i s  found .  F i g s .  5. 31 

a n d  5, 32 s h o w  t h e  m i c r o s t r u c t u r e  i n s i d e  a n  i n d e n t a t i o n  w i th  200 g l o a d  

a f t e r  a n n e a l i n g  t h e  t e s t  s p e c i m e n  a t  2 0 0 0 ^ C  in  th e  P l a s m a  T o r c h  f o r  

f i f t e e n  m i n u t e s .  B y  a n a l o g y  w i th  t h e  o p t i c a l  e x a m i n a t i o n  r e s u l t s  of  

th e  s p h e r i c a l  i n d e n t e r ' s  i m p r e s s i o n s ,  i t  f o l l o w s  t h a t  th e  l i n e s  s e e n  

i n  th e  e l e c t r o n  m i c r o g r a p h  ( F i g . 5.31 ) , a r e  a l o n g  o n e  o f  th e  s l i p  

d i r e c t i o n s  < 1 1 2 0  Z> . T h e  h y d r o s t a t i c  s t r e s s  p r o d u c e d  b y  the  

V i c k e r s  i n d e n t a t i o n  e n c o u r a g e s  s l i p ,  b u t  f o r  th e  s l i p  to  b e  v i s i b l e  on  

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

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

b e l i e v e d  to  m o v e  on  th e  s e c o n d a r y  s l i p  s y s t e m s  a t  h i g h  t e m p e r a t u r e s .

5- 13. 2 O b s e r v a t i o n s  o u t s i d e  t h e  V i c k e r s  i n d e n t a t i o n s

E f f o r t s  to  o b s e r v e  n o t i c e a b l e  p l a s t i c  d e f o r m a t i o n  

o u t s i d e  th e  V i c k e r s  i n d e n t a t i o n s  w e r e  n o t  v e r y  s u c c e s s f u l .  Of 

a p p r o x i m a t e l y  o n e  h u n d r e d  i n d e n t a t i o n s  on  d i f f e r e n t  S iC  ty p e  II c r y s t a l s  , 

u s i n g  l o a d s  f r o m  200 g to  1 kg ,  i n v e s t i g a t e d  b y  e l e c t r o n  m i c r o s c o p y ,  

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

V i c k e t s  i n d e n t a t i o n s  on  o n e  s i l i c o n  c a r b i d e  c r y s t a l ,  

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

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

i n d e n t a t i o n  w i th  1 kg  » a r e  s h o w n  i n  F i g . 5. 33 , T w o  s e t s  o f  s l i p  l i n e s  

a r e  o b s e r v e d  on  t h e  (OOOl) p l a n e  w h i c h  a r e  i n c l i n d  to  e a c h  o t h e r  a t  60 . 

T h e  s l i p  l i n e s  a r e . b e l i e v e d  to  b e l o n g  to  t h e  s e c o n d a r y  s l i p  s y s t e m s  

^ 0 0 0 1 |<  11 2 0 ^ . F i g . 5 .  34 i s  a  s c a n n i n g  e l e c t r o n  m i c r o g r a p h  o f  t h e  s l i p
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Fig.5.30 . EI Gct  r o n m i c r o g r a p h  of  V i c k e r s  
i n d e n  t a t  ion ( 1 n d e n t a t i o n  I o a d r  2 0 0  g. )

» ■ < / ■  i , *

m â

1.5P
Fig.5.31 . M i c r o s t r u c t u r e  p r o d u c e d  by t he  

V i c k e r s  i n d e n t e r  S p e c i m e n  a n n e a l e d  a f t e r  

i n d e n t a t i o n .
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F i g . 5.32 . M i c r o s t r u c t u r e  on  t h e  b a s a l  p l a n e ,  

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

c r y s t a l  & t h e  V i c k e r s  i n d e n t e r  ( c a r b o n  r e p l i c a ).

’I'Vr-t

F i g . 5.33 . S c a n n i n g  e l e c t r o n m i c r o g r a p h  o f  s l i p  

a r o u n d  a  V i c k e r s  i n d e n t a t i o n . !  Load = 1 kg  )



-147-

p a t t e r n s  a r o u n d  a  V i c k e r s  i n d e n t a t i o n  on  th e  s a m e  c r y s t a l  , a f t e r  

a n n e a l i n g  i t  i n  t h e  P l a s m a  T o r c h ,  f o r  15 m i n u t e s  a t  2 0 0 0 °C , T h e  

e t c h  p i t s  s e e n  in  t h i s  e l e c t r o n  m i c r o g r a p h ,  w h i c h  w e r e  n o t  p r e s e n t  

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

i n t e r g r o w t h  . F i g ,  5. 35 i s  a  s t e r e o g r a p h i c  p r o j e c t i o n  o f  th e  

c r y s t a l  on  th e  ( OOOl ) p l a n e  w i t h  th e  s l i p  p a t t e r n  i n s e t  , A c c o r d i n g  

to  t h i s  p r o j e c t i o n ,  th e  s l i p  l i n e s  a r e  a l o n g  < 1 120>.

T h e  X - r a y  e n e r g y  d i s p e r s i v e  t e c h n i q u e  o f  s c a n n i n g  

e l e c t r o n  m i c r o s c o p y  w a s  a p p l i e d  to  e x a m i n e  th e  c o m p o s i t i o n a l  

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

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

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

w e r e  c o m p a r e d  . F i g ,  5. 36,  a .  s h o w s  s i l i c o n  i m a g e  s c a n  o f  th e  

t e s t  p l a n e .  No  s u r f a c e  c o n t a m i n a t i o n  o r  i n c l u s i o n s  a r e  s e e n  i n  t h i s  

s c a n  . F i g .  5. 36.  b .  i s  a l s o  a  s i l i c o n  i m a g e  p h o t o g r a p h  , f r o m  a n  

a r e a  c o n t a i n i n g  a  V i c k e r s  i n d e n t a t i o n .  T h i s  a r e a  i s  a l s o  f r e e  

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

i s  b e l i e v e d  to  b e  d u e  to  t h e  s i l i c o n  r i c h  a r e a  d u e  t o  th e  ' p i l i n g - u p ' , .  

T h e  X - r a y  d i f f r a c t i o n  a n a l y s i s ,  b y  t a k i n g  a  L a u e  

t r a n s m i s s i o n  p h o t o g r a p h ,  ( F i g .  3. A p p e n d i x  IV ) ,  h o w e v e r ,  s h o w e d  

t h a t  t h e  c r y s t a l  h a s  a  s t r o n g  c o m p o n e n t  o f  S iC ty p e  I .  T h i s  i s  

e v i d e n t  f r o m  t h e  t h r e e - f o l d  s y m m e t r y  i n  th e  d i f f r a c t i o n  p a t t e r n .

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

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

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

e x t e n d s  b e y o n d  t h e  c o n t a c t  a r e a  i n  t h i s  t e s t  s a m p l e .  T h e  i n t e r g r o w t h  

o f  t y p e  I s t r u c t u r e  i n  t y p e  II ,  t h e r e f o r e ,  a p p e a r s  to  m o d i f y  t h e  

d e f o r m a t i o n  c h a r a c t e r i s t i c s  o f  t h e  l a t t e r .
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Fig . 5.34 . S l i p  l ines  
a n d  etch pi ts  revealed  
by t h e r m a l  e tching  in the f   ̂ - -= ;
p l a s m a  t or c h
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Fig. 5.35 . Stereographic p r o j e c t i o n  [ o n ( 0001) plane 
for  Sic (15 R]] & scann ing elect ronmicrograph 
showing sl ip l ines around a Vickers i nden ta t i on .
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Fig.536( a )  Silicon image of 0001 plane

Fig .  536(bJ Sil icon image of a r e a  a round the 

Vickers indentat ion .
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5 .13 .  3 M i c r o  s t r u c t u r e  i n s i d e  th e  d o u b l e - c o n e  i n d e n t a t i o n s  

on  th e  b a s a l  a n d  p r i s m a t i c  p l a n e s  o f  s i l i c o n  c a r b i d e  c r y s t a l s  ty p e  II

B a s a l  p l a n e . W h e r e a s ,  c r a c k i n g  i s  a  d o m i n a n t  f a c t o r  i n  V i c k e r s  

i n d e n t a t i o n s ,  i t  i s  n o t  q u i t e  s o  i n  d o u b l e - c o n e  i n d e n t a t i o n s .  D o u b l e 

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

T h e  i n c i p i e n t  c r a c k i n g  i s  v i s i b l e  a t  a b o u t  200 g l o a d  b y  s c a n n i n g  

e l e c t r o n  m i c r o s c o p y .  F i g ,  5. 37 s h o w s  o p t i c a l  a n d  s c a n n i n g  e l e c t r o n  

m i c r o g r a p h s  o f  t h e  d o u b l e - c o n e  i n d e n t a t i o n s  w i t h  500 g l o a d .

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

to  s u r f a c e  d a m a g e  b y  t h e  i n d e n t a t i o n .  F i g ,  5, 38 i s  a n  e l e c t r o n  

m i c r o g r a p h  o f  t h e  c a r b o n  r e p l i c a  o f  a  d o u b l e - c o n e  i n d e n t a t i o n  w i th  

5 00 g l o a d  , T h e r e  i s  no  e v i d e n c e  o f  p l a s t i c  d e f o r m a t i o n  .

P r i s m a t i c  p l a n e .  F e a t u r e s  r e s e m b l i n g  s l i p  l i n e s  w e r e  c o m m o n l y  

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

F i g s ,  5, 39 a n d  5, 40 s h o w  th e  s l i p  a c t i v i t y  i n s i d e  t h e  i n d e n t a t i o n s  on  

tw o  d i f f e r e n t  c r y s t a l s .  T h e r e  i s  , t h u s ,  a  s t r o n g  e v i d e n c e  o f  th e  

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

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

t h e  { l 0 Ï 0 } < 1 1 2 0 >  s l i p  s y s t e m s  .

5 . 1 3 . 4  M i c r o  s t r u c t u r e  i n s i d e  t h e  d.  c  i n d e n t a t i o n s  on  th e  (OOOl) p l a n e  

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

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

w i t h  300 g l o a d  i s  s h o w n  i n  F i g .  5. 41 ,  T h e  m i c r o  s t r u c t u r e  , i n s i d e  

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

s e e n  b e f o r e  i t .  I t  c o n t a i n s  t r a c e s  o f  s l i p  a n d  m i c r o c r a c k s .

F i g .  5. 42  s h o w s  a  g r o w t h  f e a t u r e  on  th e  i n d e n t e d  p l a n e .
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I t  h a s  s i x  s i d e s  w i th  t h r e e  l o n g e r  s i d e s  a l t e r n a t i n g  w i t h  t h r e e  

s h o r t e r  s i d e s .  S i m i l a r  f e a t u r e s  w e r e  o b s e r v e d  b y  E s p ig ^ ^ ^ ^ ^  

on  th e  b a s a l  p i n a c o i d s  o f  s i l i c o n  c a r b i d e  ty p e  I c r y s t a l s  a f t e r  

e t c h i n g  th e  c r y s t a l s  w i t h  a  m e l t  o f  K ^ C O ^  a n d  K N  (2 :l )  .

I n  a p p e a r a n c e  t h e  t e s t  s p e c i m e n  i s  l i k e  a  h e x a g o n a l  c r y s t a l  , b u t  

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

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

5. 14 O p t i c a l  a n d  e l e c t r o n  m i c r o s c o p i c  s t u d i e s  on  i n d e n t a t i o n  i n d u c e d  

m i c r o c r a c k i n g .

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

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

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

m i c r o s c o p y  t e c h n i q u e s .

5 .14 .  1 O p t i c a l  s t u d i e s  on  r i n g  c r a c k s  d u e  to  s p h e r i c a l  i n d e n t a t i o n s .

S u r f a c e  c r a c k i n g  d u e  to  s p h e r i c a l  i n d e n t a t i o n s  , i n  

d i a m o n d  C T o l a n s k y  , g e r m a n i u m Q P u g h ^ ^ ^ ^ ;  J o h n s o n ^ o r  i n

s o m e  c r y s t a l s  w i t h  z i n c b l e n d e  s t r u c t u r e Q A l l e n  ^ , a r e  i n  t h e  f o r m  

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

k n o w n  a s  t h e  r i n g  c r a c k s .

F i g .  5. 43  s h o w s  a  r i n g  c r a c k  a r o u n d  a  s p h e r i c a l  

i n d e n t a t i o n  w i t h  200 g l o a d ,  on  t h e  ( 0 0 0 1) p l a n e  o f  a  S iC  ty p e  II  c r y s t a l .

I t  w a s  r e v e a l e d  b y  e t c h i n g  t h e  c r y s t a l  w i t h  b o r a x  a t  lOOO^C . F i g ,  5. 44  

s h o w s  a  h a r d n e s s  i n d e n t a t i o n  w i t h  t h e  s p h e r i c a l  i n d e n t e r  a t  1 kg  l o a d .  

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

T h e  c r a c k  s t a r t s  a t  a  p o i n t  n e a r  t h e  c o n t a c t  c i r c l e  a n d  r u n s  a r o u n d  to 

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

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

i n  S e c t i o n  4 .3 .  2 ( F i g .  4 . 4 ) .
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X 550

Fig.5 37 . X3500

Optical  & S c a n n i n g  electron m i c r o g ra p hs  

of doubl e  c o n e  i n d e n t a t i o n s .

Load % kg

Fig. 5.38 . Elect ronmicrograph of a double cone 
indentat ion ( ca rb o n  repl ica ).
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Fig.5.39 . E l e c t r o n m i c r o g r a p h  of a  do u b le  c o n e  
i n d e n t a t i o n .

0.85)1
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\ ..A*
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. i . 
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Fig. 5 . AO . T r a c e  of s l ip l i n e s  i n s i d e  a  d o u b l e  

c o n e  i n d e n t a t i o n .
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Fig. 541 R i v e r . t ik e  sl ip p a t t e r n  on (0001) 
i n s i d e  a d o u b l e - c o n e  i n d e n t a t i o n .  -

r

k X350

Fig. 5.42 . Growtf i  f e a t u r e  on 0 0 0 1  p l a n e

of S ic  (15R).
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F i g . 5.43 Ring c r a c k  a r o u n d  a spher ica l  i n d e n t a t i o n  

m a d e  w i t h  2 0 0 g  l o a d ,  r e v e a l e d  by etching.

r  %

F r .

* ^ 4

Fig.5.44 . R i n g  c r o c k  a r o u n d  a s p h e r i c a l  i n d e n t a t i o n  

( I n d e n t e r  l o a d  = 1 kg  I
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5. 14. 2 C r a c k s  a r o u n d  V i c k e r s  i n d e n t a t i o n s

, C r a c k s  e x t e n d i n g  r a d i a l l y  o u t w a r d  f r o m  c o r n e r s  o f

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

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

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

i n c r e a s e  i n  l o a d  on  the  i n d e n t e r .  T h e s e  c r a c k s  h a v e  b e e n  t e r m e d  

a s  t h e  m e d i a n  v e n t s  i n  t h e  l i t e r a t u r e .

I n  a d d i t i o n  to A e  m e d i a n  v e n t s ,  c r a c k s  a l s o  a p p e a r  

a l o n g  t h e  s i d e s  o f  th e  h a r d n e s s  i m p r e s s i o n s .  T h e s e  a d d i t i o n a l  

c r a c k s  a r e  c o m m o n l y  k n o w n  a s  the  l a t e r a l  v e n t s ,  { T h e  f o r m a t i o n  

o f  m e d i a n  a n d  l a t e r a l  v e n t s  h a s  b e e n  e x p l a i n e d  i n  A p p e n d i x  V , )

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

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

fo u n d  to  b e  s u c c e s s f u l  i n  r e v e a l i n g  t h e  l a t e r a l  v e n t s  a s s o c i a t e d  

w i t h  i n d e n t a t i o n s  e v e n  a t  l o w  l o a d s .

A  s i l i c o n  c a r b i d e  c r y s t a l  ty p e  II w a s  i n d e n t e d  w i th  

200 g,  500 g, a n d  1kg l o a d s .  N o  l a t e r a l  v e n t s  w e r e  s e e n  w h e n  th e  

t e s t  s a m p l e  w a s  e x a m i n e d  i n  a n  o p t i c a l  m i c r o s c o p e .  T h e  c r y s t a l  

w a s  e t c h e d  w i t h  K N O ^  a t  700*^C f o r  t h r e e  m i n u t e s  a n d  r e - e x a m i n e d  

in  t h e  m i c r o s c o p e .  L a t e r a l  v e n t s  a r o u n d  th e  i n d e n t a t i o n s  b e c o m e  

v i s i b l e  a t  l o w  m a g n i f i c a t i o n s .  F i g s .  5, 4 5 a - c  s h o w  t h e  l a t e r a l  

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

m a d e  w i th  200  g, 500 g,  1 kg  l o a d s  r e s p e c t i v e l y .
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Fig. .0 . 2 0 0 g  l o a d .

Fig. .b. 5 0 0  g load.

X100

X10

Fig. ,c. 1 k g  l o a d .  ^

Fi g. 5 .4 5

L a t e r a l  v e n t s  a r o u n d  V i c k e r s  i n d e n t a t i o n s ,  

r e v e a l e d  b y  e t c h i n g .

X100
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4.5 (i

Fig. 5.47 . Lateral  v e n t s  around Vickers  

i n d e n t a t i o n .  ( Car bon  replica)

6(1

Fi g . 5 .48  . S c a n n i n g  e lectronmicrograph
o f  a l a t e r a l  v e n t  a r o u n d  a  Vickers  indentat ion
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B o t h  c a r b o n  r e p l i c a  e l e c t r o n  m i c r o s c o p y  a n d  

s c a n n i n g  e l e c t r o n  m i c r o s c o p y  r e v e a l e d  the  l a t e r a l  v e n t s  a s s o c i a t e d  

w i th  V i c k e r s  i n d e n t a t i o n s  w h i c h  w e r e  u n d e t e c t e d  b y  o p t i c a l  

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

F i g ,  5. 46 s h o w s  t h e  l a t e r a l  v e n t s  a r o u n d  a  c o r n e r  

o f  a  V i c k e r s  i n d e n t a t i o n .  T h e  n u m b e r  o f  th e  l a t e r a l  v e n t s  w a s  f o u n d  

to  i n c r e a s e  w i th  l o a d  on  th e  i n d e n t e r .  F i g . 5. 4 7  i s  a  s c a n n i n g  

e l e c t r o n  m i c r o g r a p h  s h o w i n g  th e  l a t e r a l  v e n t s  a r o u n d  a  V i c k e r s  

i n d e n t a t i o n  , w i t h  1 kg  l o a d  ,

5. 14. 3 L a t e r a l  v e n t s  a r o u n d  d o u b l e . c o n e  i n d e n t a t i o n

O n e  n o t a b l e  d i f f e r e n c e  b e t w e e n  th e  l a t e r a l  v e n t s  

a s s o c i a t e d  w i t h  d o u b l e - c o n e  i n d e n t a t i o n s  a n d  V i c k e r s  i n d e n t a t i o n s  

w a s  fo u n d  to  b e  t h a t  o f  s h a p e  a n d  d i m e n s i o n s .  T h e  l a t e r a l  v e n t s  

a r o u n d  th e  d o u b l e - c o n e  i n d e n t a t i o n s  a r e  w i d e r  a n d  l o n g e r  t h a n  

t h o s e  a r o u n d  th e  V i c k e r s  i n d e n t a t i o n s .

F i g .  5 , 4 8  s h o w s  tw o  e l e c t r o n  m i c r o g r a p h s  

o f  tw o  d o u b l e  . c o n e  i n d e n t a t i o n s  w i th  1 kg  l o a d .  T h e  v e n t s  f o r m  

f u l l y  d e v e l o p e d  l o b e s  a r o u n d  th e  h a r d n e s s  i m p r e s s i o n s .

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

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

v e n t s  o f  t h e  V i c k e r s  i n d e n t a t i o n s .  T h e  i n c i d e n c e  o f  th e  l a t e r a l  v e n t s  

o f  t h e s e  tw o  t y p e s  o f  i n d e n t a t i o n s  w a s  n o t  m u c h  d i f f e r e n t .
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Fig.5.i8 . E l e d r o n m i c r o g r a p h s  of fully de v e lo p e d  
l a t e r a l  v e n t s  a r o u n d  do u b le -c o n e  indentations.
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F i g ,  5 ,4 3  . s h o w s  a s y m m e t r y  in  t h e  l a t e r a l  c r a c k  

p a t t e r n  w h i c h  i s  b e l i e v e d  to  b e  d u e  to  i n c l i n ^  o r  s k e w  i n d e n t a t i o n .

T h i s  h a p p e n s  w h e n  t h e  l o a d  a x i s  i s  n o t  p e r p e n d i c u l a r  to  t h e  p l a n e  

’ o f  t h e  t e s t  s p e c i m e n .  T h e  l a t e r a l  v e n t s  w e r e  s e e n  to  e x t e n d  w h e n  

i n d e n t a t i o n s  w e r e  m a d e  w i th  b i g g e r  l o a d s .  T h e y  l o o k  l i k e . l o b e s  a r o u n d  

. t h e  h a r d n e s s  i n d e n t a t i o n s  a s  s h o w n  i n  t h i s  f i g u r e .

5. 15 C r a c k s  d u e  to  s l i g h t  s l i d i n g  m o v e m e n t  o f  t h e  i n d e n t e r

' A  s l i g h t  d i s t u r b a n c e  i n  t h e  s h e a r  s t r e s s e s  b e n e a t h

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

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

s l i p ,  a n d  w e a r  t r a c k  , F i g .  5, 49  s h o w s  t h e  m i c r o  s t r u c t u r e  p r o d u c e d  

b y  s l i d i n g  a  d i a m o n d  b a l l  i n d e n t e r  a l o n g  a  <  1120 >  d i r e c t i o n  on  a  

( l o l o )  p l a n e  o f  a  S iC  t y p e  II c r y s t a l .  I t  c o n s i s t s  o f  s l i p  l i n e s ^ a l o n g  t h e  

d i r e c t i o n  o f  r n o t i o n  o f  t h e  i n d e n t e r  ( l e f t  to  r i g h t  a n d  p a r a l l e l  to  <112G > )>  

a n d  c l e a v a g . e  c r a c k s .  T h e  c l e a v a g e  c r a c k s  i n t e r s e c t  t h e  t r a c k  a n d  

t h e  s l i p  l i n e s  a t  3 0 ^  d e g r e e s .  T h e  r e l a t i v e  o r i e n t a t i o n  o f  t h e  s l i p  

a n d  / o r  c l e a v a g e  p l a n e s  to  t h e  w e a r  t r a c k  c a n  p l a y  a  s i g n i f i c a n t  

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

T h e  r e s u l t s  o f  t h i s  w o r k  a r e  i n s u f f i c i e n t  to  f o r m u l a t e  a  t h e o r y  o f
in vestiga tion  (

d e f o r m a t i o n ,  A  m o r e  d e t a i l e d  m u s t  b e  c a r r i e d  o u t  i n  w h i c h  t h e  s h a p e
A I 11

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

c o n s i d e r a t i o n .

F i g , 5 .50  i s  a n  e l e c t r o n  m i c r o g r a p h  s h o w i n g  e t c h  

f i g u r e s  ( e t c h i n g  c a r r i e d  o u t  w i t h  K ^ C O ^  a t  7 5 0 ^ C )  o f  t h e  c l e a v a g e  

c r a c k s  p r o d u c e d  b y  s l i d i n g .  T h e s e  f i g u r e s  h a v e  c e r t a i n  p r e f e r r e d  

c r y s t a l l o g r a p h i c  t e n d e n c i e s .
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F i g . 5 / 9  .E le c tr o n m icr o g r a p h  of e t c h e d  S u r f a c e  

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

♦ h e  s p h e r i c a l  i n d e n t e r .

' 7 f ^ '  '■

X 3 50

F i g . 5 . 5 0  . Sl ip l i n e s  & c l e a v a g e  c r a c k s  

p r o d u c e d  by s l i d i ng  the s p h e r i c a l  i nde nt e r  

in c o n t a c t  w i t h  t he  ( 0001 ) pl ane  .
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C H A P T E R  V I

D ISC U S S IO N  A N D  C O N C L U S IO N S
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6. 1 D i r e c t i o n a l  h a r d n e s s  a n i s o t r o p y

M o s t  m e t a l l i c  a n d  n o n - m e t a l l i c  s i n g l e  c r y s t a l s  

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

e x a m p l e ,  t w i n n i n g ,  c l e a v a g e ,  p i l i n g - u p  a n d  d i s l o c a t i o n  m o t i o n , h a v e  

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

n o n e  o f  t h e s e  h a s  b e e n  a b l e  to  c o m p l e t e l y  a c c o u n t  f o r  th e  a n i s o t r o p y .

P r e v i o u s  s t u d i e s  QWiilcl^^ell ; I^o\u?^;Stein^^^ S h r i r a m u r t y ;

(78)
S h a f f e r J h a v e  s h o w n  t h a t  s i l i c o n  c a r b i d e  c r y s t a l s  p o s s e s s  d i r e c t i o n a l  

h a r d n e s s  a n i s o t r o p y .  S h a f f e r ,  on  th e  b a s i s  o f  h a r d n e s s  d e t e r m i n a t i o n  

i n  o n ly  tw o  d i r e c t i o n s  v i z ,  <  10l0> a n d  <1120>, on  th e  b a s a l  p l a n e ,  

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

p l a n e  ( lO ÏO ) ,  T h e  f a c t  t h a t  c l e a v a g e  i n  S iC  h a s  a l s o  b e e n  n o t e d  a l o n g  

(1120) f a c e s  b y  I ^ e y e s ,  th o u g h  l e s s  f r e q u e n t  t h a n  a l o n g  th e  (lolo) p l a n e s ,  

m a k e s  i t  i m p o s s i b l e  to  c o r r e l a t e  c l e a v a g e  w i th  h a r d n e s s .

A s  t h e  h a r d n e s s  a n i s o t r o p y  c a n n o t  b e  a c c o u n t e d  

f o r  b y  c l e a v a g e ,  i t  m e a n s  t h a t  o t h e r  f a c t o r s  a r e  r e s p o n s i b l e  f o r  i t .

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

s y s t e m s  f o r  h .  c. p  c r y s t a l  s t r u c t u r e s ,  s u c h  a s  A l ^ O ^  , t h a t  p l a s t i c  

f l o w  w i t h i n  t h e  c r y s t a l  c o n t r o l s  th e  a n i s o t r o p y .  T h e  v a l i d i t y  o f  t h i s  

s t a t e m e n t  c a n  b e  c h e c k e d  b y  D a n i e l s  a n d  D u n n ' s  a n a l y s i s  to  t h i s  p r o b l e m .

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

a n i s o t r o p y  i n  S iC ,  on  th e  b a s i s  o f  D a n i e l s  a n d  D u n n ' s  a n a l y s i s ,  i t  w a s  

c o n s i d e r e d  e s s e n t i a l  to  d e t e r m i n e  i t  w i th  b e t t e r  e x p e r i m e n t a l  

t e c h n i q u e s ,  b e c a u s e  h a r d n e s s  n u m b e r s  r e p o r t e d  i n  l i t e r a t u r e  s h o w  a
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l a r g e  d i v e r g e n c e ,  S h a f f e r ^ ^ ^ ^ h a s  r e p o r t e d  a i T i s o t r o p y  of  o n l y  1 . 2 %  

f o r  t h e  b a s a l  p l a n e s .  S h r i r a m u r t y ^ ^ ^ ^ ^  d e t e r m i n e d  t h i s  a n i s o t r o p y  

a s  39.  8%, T h e  p r e s e n t  e x p e r i m e n t  w a s  d e s i g n e d  to  f i n d  o u t  w h e t h e r  

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

i m p r e s s i o n s  w a s  r e s p o n s i b l e  f o r  th e  w i d e  v a r i a t i o n  i n  h a r d n e s s  .

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

w i t h  200 g l o a d ,  w a s  f o u n d  to  b e  56fji, u s i n g  a  7 0 x  o i l  i m m e r s i o n  

o b j e c t i v e .  T h e  l e n g t h  o f  th e  s a m e  i n d e n t a t i o n  f r o m  a  s c a n n i n g  

e l e c t r o n  m i c r o g r a p h  o f  t h i s  i n d e n t a t i o n  w a s  57| i , I f  t h e  l a t t e r  i s  

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

w o u l d  a l o n e  b e  r e s p o n s i b l e  f o r  a  h a r d n e s s  d i f f e r e n c e  o f ^ 6 %  .

We d e t e r m i n e d  t h e  h a r d n e s s  a n i s o t r o p i e s  u s i n g  

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

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

s c a n n i n g  e l e c t r o n  m i c r o g r a p h s  .

6. 2 C o r r e l a t i o n  b e t w e e n  o b s e r v e d  a n i s o t r o p y  i n  h a r d n e s s  a n d  t h e 

e f f e c t i v e  r e  s o l v e d  s h e a r  s t r e s s  E .  R .  S. S .

T h e r e  a r e  g e n e r a l l y  tw o  s l i p  s y s t e m s  w h i c h  c a n  o p e r a t e

i n  h .  c.  p .  c r y s t a l s ,  i ,  e .  t h e  s y s t e m s  ^10 1 0 \<  1120 >  a n d  | 0 0 0 l } < 1 1 2 0 >  ,

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

w h e t h e r  c / a  r a t i o  i s  l e s s  t h a n  o r  g r e a t e r  t h a n  t h e  c r i t i c a l  v a l u e  I , 63,  
o o

o f  t h e  c l o s e  p a c k i n g  o f  s p h e r e s  . T a b l e  6 .1  g i v e s  e x a m p l e s  o f  b o t h  

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

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

n o t e d  t h a t  f o r  t h e  c r y s t a l s  d e f o r m i n g  on  t h e  { 0 0 0 l J < 1 1 2 0  >  s l i p  s y s t e m s  

th e  h a r d e s t  d i r e c t i o n  on  th e  (lOlO) p l a n e s  i s  <! 0 0 0 I > ,  w h e r e a s  t h o s e  

d e f o r m i n g  on  t h e  {1010}<1120> s l i p  s y s t e m s  , t h e  h a r d e s t  d i r e c t i o n
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i s  a l o n g < î l 2 0 > .  T h e  m i c r o h a r d n e s a  a n i s o t r o p y  on  th e  (OOOl) p l a n e

of  s i l i c o n  c a r b i d e  ty p e  II c r y s t a l s  i s  v e r y  s m a l l  3 .8 % ) ,  a n d  i t  h a s

b e e n  fo u n d  to  r e m a i n  u n c h a n g e d  i f  t h e  s l i p  s y s t e m  c h a n g e s  . T h e

h a r d e s t  d i r e c t i o n ,  on  th e  b a s a l  p l a n e ,  i s  a l w a y s  th e  c l o s e  p a c k e d  <  1120 >

d i r e c t i o n .  O p t i c a l  e x a m i n a t i o n  o f  th e  c r y s t a l s ,  i n d e n t e d  a t  r o o m

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

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

m o t i o n  a t  a l l  o r  d i s l o c a t i o n  m o t i o n  p a r a l l e l  to  th e  i n d e n t e d  s u r f a c e  ,
( 2 0 4 )

w i th  a B u l l o u g h - G i l m a n  ty p e  i n t e r a c t i o n .  ( S e e  F i g .  6 .1  ) . i f  t h e  

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

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

o b s e r v e d  a r o u n d  a n y  o f  th e  i n d e n t a t i o n s

I t  m a y  b e  s e e n ,  b y  c o m p a r i n g  th e  E .  R .  S , S. c u r v e  s 

f o r  {lOlo}< 1 1 2 0 >  a n d  {000 l}<  1 1 2 0 > s l i p  s y s t e m s  , f o r  th e  ( lOlO) p l a n e ,

( F i g ,  5. l6  ) , t h a t  c o n v e r s e  a n i s o t r o p i e s  a r e  p r e d i c t e d  d e p e n d i n g  on 

w h i c h  s l i p  s y s t e m  w o r k s .  T h e  h i g h e s t  K noop  ( o r  d o u b l e - c o n e )  h a r d n e s s  

n u m b e r  c o r r e s p o n d s  to th e  l o w e s t  E .  R .  S .  S. f o r  s l ip  on  {l010}< 1 1 2 0 > s y s t e m s .  

6. 3 E f f e c t  o f . a n n e a l i n g  on  m i c r o h a r d n e s s

I t  i s  o b v i o u s  t h a t  th e  i r r e g u l a r i t i e s , i n  t h e  s t r u c t u r e  

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

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

i r r e g u l a r i t i e s ,  i n  th e  c r y s t a l l i n e  m a t t e r ,  a r e  c o m m o n ,  v i z .  , t h e  p o i n t  

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

s i l i c o n ,  s i l i c o n  c a r b i d e  e t c .  , th e  d i s l o c a t i o n s  h a v e  b e e n  f o u n d  to  h a v e  s o m e  

e f f e c t  on  th e  m i c r o h a r d n e s s  o f  t h e s e  c r y s t a l s .  D a l e  a n d P r i c e ^  ^  ̂

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



-  16 8 -

Crack

B o  s o l  p l a n e  Obsfdcia

F r a c l u r e  init ialed.byo q ue ue  

of d i s l o c a t i o n s

Fig.  6 . 1 .



-169-

g e r m a n i u m  ( 500 kg,  m m  a n d  g e r m a n i u m  w i th  v a r i o u s  d i s l o c a t i o n

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

3 “  2 2
10 c m  d i s l o c a t i o n s  h a d  a  h a r d n e s s  n u m b e r  600 kg.  m m  , w h i l e

o n e  h a v i n g  10 c m  d i s l o c a t i o n  d e n s i t y  s h o w e d  a  h a r d n e s s  n u m b e r

- 2  . . ( 20 6 )
700 kg .  m m  .. M i l ' v i d s k i i  e t  a l .  fo u n d  a n  i n c r e a s e  o f  d i s l o c a t i o n

3d e n s i t y  i n  s i l i c o n  c r y s t a l s  b y  o n e  o r d e r  o f  m a g n i t u d e  ( f r o m  10 to

2 x 1 0  c m  ) r e s u l t e d  i n  i n c r e a s e  o f  h a r d n e s s  f r o m  830 to  1250 kg .  m m

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

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

t e m p e r a t u r e s ,  d i s l o c a t i o n s  w i l l  m o v e  i n s i d e  i t  , . s o  a s  to  r e d i s t r i b u t e

th e  s t o r e d  e l a s t i c  e n e r g y  o r  r e l i e v e  a n y  s t r a i n  h a r d e n i n g .  I t  s e e m s

t h a t  th e  o b s e r v e d  d e c r e a s e  o f  h a r d n e s s  ( o r  o f  t h e  i n t e r n a l  h a r d e n i n g

s t r e s s e s  = dP  ) i s  , —^ = -  c o n s t ,  x  2  »
d t  d

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

to  m o v e  i n  o r d e r  to b e  e l i m i n a t e d  a n d  t  i s  th e  a n n e a l  t i m e .  S i n c e  _
d

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

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

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

(207)
s h o w n  t h a t  t h e  r e d u c t i o n  i n  h a r d n e s s  o r  i n  i n t e r n a l  h a r d e n i n g  s t r e s s e s

i s  g i v e n  b y ,

d p
_  c o n s t .  X P e x p  - U / k T

d t  k T

w h e r e  U i s  t h e  a c t i v a t i o n  e n e r g y  o f  s e l f  d i f f u s i o n  a n d  i s  e q u a l  to  th e

s u m  o f  t h e  e n e r g y  r e q u i r e d  to  c r e a t e  a  v a c a n c y  a n d  t h e  e n e r g y  n e c e s s a r y

to  m a k e  i t  j u m p .  I n t e g r a t i o n  o f  t h i s  e q u a t i o n  l e a d s  to

-  ̂ - — A  -  B t *
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w h e r e  A  a n d  B a r e  c o n s t a n t s .  L o n g  a n n e a l i n g  t i m e s  s h o u l d ,

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

C r o s s  s l i p  c a n  a l s o  r e d u c e  th e  i n t e r n a l  h a r d e n i n g  s t r e s s e s ,

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

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

T h e  p o i n t  of  v i e w  d e v e l o p e d  i n  t h e  p r e c e d i n g  p a r a g r a p h s

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

T h e  d e n s i t y  o f  d i s l o c a t i o n s  i n  s i l i c o n  c a r b i d e  ( t y p e l l  o r  6H)

c r y s t a l s  i s  g e n e r a l l y  v e r y  lo w  (1 -  100 c m  ) b u t  i t  m a y  b e  a s  

4 -2
l a r g e  a s  10 c m  d u e  to  p l a s t i c  d e f o r m a t i o n .  D i s l o c a t i o n s  i n t r o d u c e d  

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

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

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

f a i r l y  e a s i l y  a s  a  r e s u l t  o f  a n n e a l i n g .

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

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

u n c e r t a i n .  T h e  p r e s e n t  r e s u l t s ,  t h e r e f o r e ,  o n ly  q u a l i t a t i v e l y  

c h a r a c t e r i z e  t h e  e f f e c t  o f  a n n e a l i n g  on  th e  h a r d n e s s .  I t  i s  f i n a l l y  

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

a  g i v e n  c r y s t a l ,  s p e c i a l l y  th e  o n e  p r e p a r e d  b y  g r i n d i n g  a n d  

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

to  e l i m i n a t e  t h e  d i s l o c a t i o n s ,

6. 4 P l a s t i c i t y  o f  S iC  • '

T h e  a p p e a r a n c e  o f  : I s l i p  i n s id e  t h e  d o u b l e - c o n e

i n d e n t a t i o n s ,  on  t h e  p r i s m a t i c  p l a n e s ,  w i t h o u t  v i s i b l e  f r a c t u r e , ( F i g s .  5. 39 

a n d  5. 40 ) , s t r o n g l y  s u g g e s t  t h e  p o s s i b i l i t y  o f  p l a s t i c  d é f o r m a t i o n  

o f  s i l i c o n  c a r b i d e  t y p e  II  c r y s t a l s  a t  r o o m  t e m p e r a t u r e  ,
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(199) (78)
P r e v i o u s  i n v e s t i g a t o r  s, ( S t e r n  a n d  S h a f f e r ) ,  w ho  m a d e  h a r d n e s s

t e s t s  on  t h e s e  p l a n e s  h a v e  n o t  r e p o r t e d  s i g n s  of  s l i p p i n g .  I t  i s  

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

h a r d n e s s  n u m b e r  o n ly .  M o r e o v e r ,  th e  s l i p  l i n e s  a r e  n o t  v e r y  

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

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

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

u n n o t i c e d .

T h e  p l a s t i c i t y  o f  S iC  c r y s t a l s ,  w h i c h  w e  h a v e  f o u n d  on  t h e

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

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

( 208)
H a s s e l m a n  a n d  B a t h a  a t t e m p t e d  to  d e f o r m  s i n g l e  c r y s t a l  p l a t e l e t s  ,

b y  h i g h  t e m p e r a t u r e  c r e e p  i n  t h r e e - p o i n t  b e n d i n g  a t  1 7 5 0 ° C .  T h e y

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

m o n o  c a r b i d e s  i n  G r o u p I V  a n d  V w i t h  N a C l  s t r u c t u r e ,  v i z .  ,

(209)
T i C ,  Z r C  a n d  N b C  w a s  o b s e r v e d  b y  W i l l i a m s  , a t  t e m p e r a t u r e s

a b o v e  lOOO^C. T h e  p o o r  p l a s t i c i t y  of  t h e s e  c o m p o u n d s  h a s  b e e n

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

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

T h e  S i - C  b o n d  i s  m a i n l y  c o v a l e n t .  T h e  m o b i l i t y  o f  d i s l o c a t i o n s  i n

c o v a l e n t  c r y s t a l s  i s  g o v e r n e d  b y  th e  p r e s e n c e  o f  e x t r e m e l y  i n t e n s e

P e i e r l s  -  N a b a r r o  f o r c e s .  T h e s e  f o r c e s  c a n  b e  o v e r c o m e  b y  th e
( 2 1 0 )

a p p l i c a t i o n  o f  l a r g e  s h e a r  s t r e s s e s .  I t  i s  k n o w n  ( B o w d e n  e t  a l .  )

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

(63)
b e n e a t h  i n d e n t e r s .  R e c e n t l y ,  C a r r o l l  a n d  T a n a k a  h a v e  d e m o n s t r a t e d  

t h e  r o o m  t e m p e r a t u r e  p l a s t i c i t y  o f  g e r m a n i u m  b y  K n o o p  i n d e n t a t i o n s .
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6. 5 S l ip  l i n e s  a n d  s l i p  d i r e c t i o n s

I n  b o t h  th e  s t r u c t u r e s  S iC ty p e  I a n d  S iC  ty p e  II 

t h e  m o s t  c o m p a c t  p l a n e  i s  (OOOl), ( s e e  T a b l e  6. 2 ) .  T h e  s l i p  s y s t e m  

w h i c h  i s  v e r y  p r o b a b l e  i n  th e  c o m p a c t  h e x a g o n a l  s t r u c t u r e s  i s  e i t h e r  

[ 0 0 0 l } < 1 1 2 0 >  o r  {lOlo} < 1 1 2 0 >  . I n  S iC ,  <  1 1 2 0 >  i s  p a r a l l e l  to  

t h e  c l o s e s t  p a c k e d  r o w  of a t o m s .  T h e  f l o w  s h o u l d  t a k e  p l a c e  a l o n g  th e  

< 11 2 0 > v e c t o r « b e c a u s e  i t  d e s c r i b e s  th e  s m a l l e s t  d i s p l a c e m e n t  t h a t  e a c h  a t o m  

n e e d s  t o  u n d e r g o  to  r e s t o r e  th e  n o r m a l  s t r u c t u r e .  ( F i g .  6, 2 ) .

T A B L E  6. 2

P l a n e D e n s i t y  ( a t  /  X. ) 

ty p e  I ty p e  II

B a s a l  (OOOl)
1

0 . 1 2 1 7 0 . 1 2 1 7

P  r i  s m a t i  c 1
0 . 0 0 8 6(loTo) V o

0 . 0 2 1 4

P r i s m a t i c

(1120)

2 o’. 010 0 . 0 2 4 8

< 1010>

< 1120> < 1120>

1 C

Fig. 6 . 2 .
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.. IKe h a r d n e s s  t e s t  i n d e n t a t i o n s  m a d e  

a t  r o o m  t e m p e r a u r e ,  on  the  b a s a l  p l a n e s  o f  s i l i c o n  c a r b i d e  ty p e  II 

c r y s t a l s ,  do  n o t  c o n t a i n  the  s l ip  l i n e s  w h ic h  on e  m i g h t  e x p e c t  

d u e  to  th e  c o m p a c t  s t r u c t u r e  o f  t h e  b a s a l  p l a n e .  T h e s e  i n d e n t a t i o n s ^  

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

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

d i r e c t i o n s ,  i.  e t h e < ,1 1 2 0 >  d i r e c t i o n s  , i t  a p p e a r s  t h a t  th e  d i s l o c a t i o n s  

m o v e  on  th e  | 0 0 0  l |  1120> s l ip  s y s t e m s ,  a t  h i g h  t e m p e r a t u r e s .

P r o b a b l e  s l ip  d i r e c t i o n s ,  on t h e  p r i s m a t i c  p l a n e s ,  a r e

<  OOOl >  a n d  < 1 1 2 0 > .  A c c o r d i n g  to d i s l o c a t i o n  t h e o r y ,  th e  s e l f - e n e r g y

o f  a d i s l o c a t i o n  i s  p r o p o r t i o n a l  to the  s q u a r e  o f  i t s  B u r g e r s  v e c t o r ,  B ,

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

d i s l o c a t i o n  w h i c h  h a s  th e  s h o r t e s t  p o s s i b l e  B u r g e r s  v e c t o r .  S i n c e ,

th e  B u r g e r s  v e c t o r  o f  t o t a l  d i s l o c a t i o n s ,  on  t h e  ( lO lO )  p l a n e s ,  a r e  b o t h

v e c t o r s  c = 1 5 . 1 1 7 Â  a n d  a  = 3 . 0 8  A ,  f o r < 0 0 0 1 ^  a n d  <  1 1 2 0  
o o

2
s l i p  d i r e c t i o n s ,  r e s p e c t i v e l y ,  t h e n  on  the  b a s i s  o f  th e  B -  c r i t e r i o n  f o r  

s e l f - e n e r g y ,  s l ip  a l o n g  < 1 1 2 0  s h o u l d  b e  f a v o u r e d  b y  a  f a c t o r  o f  24 

o v e r  th e  o n e  f o r  f l o w  a l o n g  < 0 0 0  1 Z> . T h u s ,  i t  i s  p o s s i b l e  to  a n t i c i p a t e  

a  s l ip  s y s t e m  0 10 } < 1 1 2 0 >  in  s i l i c o n  c a r b i d e  ty p e  II  c r y s t a l s .

S i l i c o n  c a r b i d e  ty p e  I c r y s t a l s  s h o w e d  s i g n s  o f  

s l i p p i n g  u p o n  a n n e a l i n g  t h e  i n d e n t e d  c r y s t a l s .  S l ip  l i n e s  on  th e  

{1011} p l a n e s ,  a r o u n d  th e  d i a m o n d  b a l l  i n d e n t a t i o n s  w i t h  500 g l o a d ,  

w e r e  fo u n d  to b e  a l o n g  th e  [ 0 l l 4 ]  d i r e c t i o n s ,  b y  th e  s t e r e o g r a p h i c  

p r o j e c t i o n  a n a l y s i s  . I t  i s ,  a g a i n ,  a  m a t t e r  o f  s p e c u l a t i o n ,  i f  the  

d i s l o c a t i o n s ,  m o v e d  a s  a  r e s u l t  o f  th e  p l a s t i c  d e f o r m a t i o n  d u e  to 

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

i n d e n t a t i o n .  A s  a  c o n j e c t u r e ,  w e  a r e  a b l e  to  s a y  t h a t  t h e  s l i p  s y s t e m  w h i c h
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o p e r a t e s  in  t h e  r a r e  s t r u c t u r e  o f  S iC  ty p e  I ,  a t  v e r y  h i g h  t e m p e r a t u r e s , i s  

{ l O l l j  < 1 0 1 4 >  , D i s l o c a t i o n s  on  th e  p y r a m i d  p l a n e s  | lO i l} ,  w i th  

B u r g e r s  v e c t o r  p a r a l l e l  to  < 1 0 1  lZ>have b e e n  o b s e r v e d  in  CX-Al^O^ 

b y  H o c k e y , ,  in  a  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e  ,

6. 6 F r a c t u r e  d u e  to  i n d e n t a t i o n

T h e  m a n n e r  i n  w h i c h  a n  i n d e n t a t i o n  i n d u c e d  c r a c k  t r a v e l s  

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

h i g h l y  b r i t t l e  s o l i d s  i n  g e n e r a l .  T h e  g r a p h  o f  ’c r a c k  e x t e n s i o n  f o r c e ’ v s  

’c r a c k  l e n g t h ' ,  i n  s i l i c o n  c a r b i d e ,  s h o w s  th e  s a m e  f o u r  s t a g e s ,  v i z .  , 

c ^ ,  0 ^ , 0 ^  a n d  c ^ i n  th e  c r a c k  p r o p a g a t i o n  a s  f o u n d  i n  a m o r p h o u s  

s i l i c a t e s .

I n  S e c t i o n  4. 3 , w e  h a v e  s e e n  h o w  a  H e r t z i a n  c r a c k

p r o p a g a t e s  a s  t h e  l o a d  on  th e  i n d e n t e r  i n c r e a s e s .  W e a l s o  n o t e d  t h a t  a t

l o a d s  l e s s  t h a n  th e  c r i t i c a l  l o a d  P  , a  s h a l l o w  r i n g  c r a c k  o f  d e p t h  co *

i s  f o r m e d .  I f  a p p l i e d  l o a d  e x c e e d s  th e  m i n i m u m  n e c e s s a r y  to  m a k e  

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

c r a c k .  T h i s  s e c o n d a r y  c r a c k  d o e s  n o t  g i v e  r i s e  to  a n  a d d i t i o n a l  c o n e  

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

th e  n e c k  o f  t h e  c o n e .

W i th  t h e  h e l p  o f  E q u a t i o n  4. 21 , i .  e .  ,

( c / a  — z )
a n d  E q .  6. 1 , b e l o w .

E

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

o f  c o n t a c t  i f  t h e  a p p l i e d  l o a d  i s  k n o w n .  I t  a l s o  p r o v i d e s  a  m e a n s  o f  

e s t i m a t i n g  th e  f r a c t u r e  s u r f a c e  e n e r g y .  I t  i s  s h o w n  t h a t  t h e  d r i v i n g  

f o r c e  f o r  t h e  c r a c k ,  u n d e r  e q u i l i b r i u m  c o n d i t i o n s ,  i s  j u s t  b a l a n c e d  b y  

t h e  r e s i s t i n g  f o r c e ;  t h a t  i s

G = 2 .  r  : : :  (6.1)

w h e r e  F i s  t h e  f r a c t u r e  s u r f a c e  e n e r g y .  S u c h  i n f o r m a t i o n  i s  of  g r e a t
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i m p o r t a n c e  i n  t h e  e v a l u a t i o n  o f  s u r f a c e  f r a g m e n t a t i o n  

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

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

1 n S e c t i o n 3-2 . r e l a t e s  o n ly  to t h e  m e d i a n  c r a c k s  a n d  n o t  th e  

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

o n e  w o u l d  n e e d  to  k n o w  the  r e s i d u a l  s t r e s s  f i e l d  e x e r t e d  b y  th e  

r e l a x i n g  d e f o r m a t i o n  z o n e  on  u n l o a d i n g .  T h i s  -would ,  i n  ta irn ,  

r e q u i r e  a  c o m p r e h e n s i v e  d e s c r i p t i o n  o f  th e  m e c h a j i i c s  of  d e f o r m a t i o n  

z o n e .  T h i s  a s p e c t  o f  th e  i n d e n t a t i o n  p r o b l e m  i s  s t i l l  u n a n s w e r e d  

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

v e n t s  b e a r  on  t h e  d e g r e e  o f  t h e  c r a c k i n g  o n ly .  T h e  l a t e r a l  v e n t  

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

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

w e r e  n o t e d  i n  t h e  l a t e r a l  v e n t s .  T h e s e  t r e n d s  a r e  b e l i e v e d  to  

b e  d u e  to  th e  e f f e c t  t h a t  c l e a v a g e  t e n d e n c i e s  w o u l d  h a v e  on  th e  

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

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

t o  t h e  l a t e r a l  v e n t s .  T h e  p r a c t i c a l  s i g n i f i c a n c e  of  t h e  m a n i f e s t a t i o n  

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

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

i n  o t h e r  b r i t t l e  m a t e r i a l s ,  c a n  b e  c o n t r o l l e d .  F o r  e x a m p l e ,  t h e  

c h i p p i n g  p r o c e s s  w h i c h  o c c u r s  i n  t h e  a b r a s i o n  ( w h i c h  m a y  b e  

r e g a r d e d  a s  p o i n t  i n d e n t a t i o n )  of  d i a m o n d  c a n  b e  c o n t r o l l e d  b y  

c h a n g i n g  t h e  a b r a s i o n  d i r e c t i o n .
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6 . 7  M i c r o h a r d n e s s  a n i s o t r o p y

I t  h a s  b e e n  e s t a b l i s h e d  t h a t  a n i s o t r o p y  i n  h a r d n e s s  

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

m o t i o n  on  s l i p  s y t e m s  by  c o n s i d e r i n g  t h e  d i s t r i b u t i o n  of  e f f e c t i v e  

r e s o l v e d  s h e a r  s t r e s s e s .

6. 7. 1 'Wet* a n d  'Dry* h a r d n e s s

O u r  s t u d i e s  h a v e  s h o w n  t h a t  th e  m i c r o h a r d n e s s  

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

p o i n t s  a r e  m a d e .

1. M i c r o h a r d n e s s  of  s i l i c o n  c a r b i d e  c r y s t a l s  i s  f o u n d  to  be  

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

2. U p o n  h e a t i n g  th e  c r y s t a l s ,  i n  th e  h i g h  t e m p e r a t u r e  r a n g e  15 0 0 -  

2 0 0 0 ° C  f o r  f e w  m i n u t e s ,  th e  c r y s t a l s  c a n  b e  d r y - d e s o r b e d .  T h e  

h a r d n e s s  n u m b e r  d e t e r m i n e d  a f t e r  d r y - de  s o r b i n g  i s  th e  c o r r e c t  one  

a n d  r e p r o d u c i b l e .  I f  h a r d n e s s  i s  to  b e  u s e d  a s  a n  i d e n t i f i c a t i o n  

c r i t e r i o n  f o r  m i n e r a l s ,  i t  i s  n e c e s s a r y  to  o b t a i n  th e  h a r d n e s s  

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

6. 7. 2 A n n e a l i n g

D e c r e a s e  i n  h a r d n e s s  on  a n n e a l i n g  s i l i c o n  c a r b i d e

c r y s t a l s  ( t y p e  II)  a t  h i g h  t e m p e r a t u r e s  i s  i n  a g r e e m e n t  w i th  th e

(203)  . . (209)
a n n e a l i n g  r e s u l t s  o f  V a h i d i e k  e t  a h  a n d  W i l l i a m s  e t  a l ,  on  M o ^ C  a n d

T i C ,  r e s p e c t i v e l y .  A  f a l l  i n  h a r d n e s s  of  t h e s e  m a t e r i a l s  w a s  n o t e d

a f t e r  a  h e a t  t r e a t m e n t ,

S i l i c o n  c a r b i d e  c r y s t a l s  c o n t a i n i n g  d i s l o c a t i o n s ,

3 4 - 2
i n  th e  r a n g e  10 -  10 c m , a r e  s e n s i t i v e  to  h e a t  t r e a t m e n t  a s  f a r  a s  

t h e i r  h a r d n e s s  i s  c o n c e r n e d .  C r y s t a l s  c o n t a i n i n g  d i s l o c a t i o n  l e s s  

t h a n  100 c m ^  a r e  n o t  a f f e c t e d  b y  t h e  h e a t  t r e a t m e n t .
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6. 7. 2 M i c r o p l a s t i c i t y  of  s i l i c o n  c a r b i d e

S i l i c o n  c a r b i d e  i s  b r i t t l e  a t  r o o m  t e m p e r a t u r e .  

E v i d e n c e  i s  p r o d u c e d  i n  f a v o u r  of  i t s  l o c a l i s e d  d e f o r m a t i o n  a r e  

s u m m e d  up  h e r e .

( i) T h e  v e r y  f a c t  t h a t  a  d i a m o n d  h a r d n e s s  i m p r e s s i o n  c a n  b e  m a d e  on  

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

( i i )  P r o m i n e n t  s l i p  l i n e s  a r e  s e e n  i n s i d e  m a n y  i n d e n t a t i o n s ,  w i t h o u t  

c r a c k i n g .

( i i i )  T h e  K n o o p  h a r d n e s s  a n i s o t r o p y  of  c r y s t a l s  c a n  b e  r e l a t e d  to  t h e  

o p e r a t i v e  s l i p  s y s t e m s  b y  th e  a n a l y s i s  of  D a n i e l s  a n d  D u n n .  On th e  

p r i s m a t i c  p l a n e s  {lOlO} , m a x i m u m  h a r d n e s s  w a s  n o t e d  a l o n g  < 1 1 2 0 >  

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

I t  i s  c o n c l u d e d  t h a t  th e  p r i m a r y  s l i p  s y s t e m  i s  ( lOÎO) <  1120 >  .

( iv )  A n o t h e r  e v i d e n c e  of  p l a s t i c  d e f o r m a t i o n  i s  p r o v i d e d  b y  t h e  s t r e s s  

b i r e f r i n g e n c e  a r o u n d  th e  i n d e n t a t i o n s .  On r e m o v i n g  t h e  h a r d n e s s  

i m p r e s s i o n s  b y  r e p e a t e d  e t c h i n g  of  th e  c r y s t a l  a n d  on  c h a n g i n g  th e  

g e o m e t r y  o f  t h e  t e s t  s a m p l e ,  f o r  e x a m p l e ,  t h i n n i n g  i t  b y  th e

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

i s  a  c a s e  o f  p l a s t i c  s t r a i n .

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

a r e a s  o f  t h e  i n d e n t e r  on  th e  c r y s t a l  s u g g e s t s  a  v e r y  h i g h  P e i e r l s  

s t r e s s .  A s  r e g a r d s  th e  o b s e r v e d  p l a s t i c i t y  a r o u n d  s o m e  i n d e n t a t i o n s ,  

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

f r a c t u r e .  A t  r o o m  t e m p e r a t u r e  a  v e r y  h ig h  s t r e s s  i s  r e q u i r e d  to  p r o d u c e  

a n  a p p r e c i a b l e  v e l o c i t y .  B e f o r e  t h e  a p p l i e d  s t r e s s  e v e n  g e t s  h i g h  

e n o u g h  to  m o v e  th e  d i s l o c a t i o n s  , t h e  c o m p e t i n g  p r o c e s s  of  f r a c t u r e

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

t h e n  b r i n g s  a b o u t  f u r t h e r  p l a s t i c  d e f o r m a t i o n .
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6 . 7 . 3  F  r a c t u r e

(i) S u r f a c e  c r a c k i n g  w h i c h  a c c o m p a n y s  t h e  d i a m o n d  

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

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

i t s e l f  on  t h e  o p p o s i t e  s i d e .  I f  t h e  l o a d  on  th e  i n d e n t e r  i s  f u r t h e r  

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

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

o f  tw o  s t a g e s .  T h e  s u r f a c e  c r a c k  i s  f o r m e d  d u e  to  s h a l l o w  s t r e s s  

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

T h e  s u r f a c e  c r a c k  i s  t h u s  r e l a t e d  to  th e  t e n s i l e  s t r e s s e s  CS
r r

T h e  d o w n w a r d  p r o p a g a t i o n  o f  th e  c r a c k  i s  r e l a t e d  to  t h e  s e c o n d

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

f o l l o w s  th e  0  s t r e s s  t r a j e c t o r i e s .zz .
/ V (189)
(i i )  P r e v i o u s  c a l c u l a t i o n s  o f  F r a n k  a n d  L a w n

r e l a t i n g  to  s t a b l e  c r a c k  d i m e n s i o n s  in  g l a s s  a f f o r d  a  m e a n s  of  

c o m p u t i n g  t h e s e  l e n g t h s  i n  s i l i c o n  c a r b i d e .  T h e  e q u l i b r i u m  c r a c k  l e n g t h  , 

. f r o m  t h e  \ | / ( c / a )  c u r v e s ,  i s  a p p r o x i m a t e l y  e q u a l  to  0 . 0 5  w h i c h  is

n e a r l y  h a l f  o f  t h a t  in  g l a s s  a s  e s t i m a t e d  by  L a w n  .

( i i i )  T h e  v e n t - c r a c k  s y s t e m s  i n  s i l i c o n  c a r b i d e  

c r y s t a l s  a r e  s i m i l a r  to  t h o s e  o b s e r v e d  i n  g l a s s .  M e d i a n  

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

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

t h e i r  b r e a k t h r o u g h  to  t h e  s u r f a c e .
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6.  8 S u g g e s t i o n s  f o r  f u t u r e  w o r k

T h e  r o l e  t h a t  f r i c t i o n  p l a y s  i n  th e  h a r d n e s s  t e s t  

n e e d s  to  b e  s t u d i e d .  B y  m a k i n g  i n d e n t a t i o n s  on  h e a t e d  s a m p l e s ,  

p o s s i b i l i t y  of  n e w  s l i p  s y s t e m s  o p e r a t i n g  a t  h ig h  t e m p e r a t u r e s  

c o u l d  b e  i n v e s t i g a t e d .

D i s l o c a t i o n  m o t i o n ,  d i s s o c i a t i o n ,  t w i n n i n g ,  c r o s s  

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

a n i s o t r o p y .  T h e  q u a n t i t a t i v e  e f f e c t s  of  t h e s e  n e e d  s t u d y  to  o b t a i n  

a  c o m p l e t e  u n d e r s t a n d i n g  of  th e  a n i s o t r o p y .  I t  m a y  b e  w o r t h w h i l e  

to  s e e  i f  t h e r e  i s  a n y  r e l a t i o n s h i p  b e t w e e n  th e  c r i t i c a l  r e s o l v e d  

s h e a r  s t r e s s  a n d  th e  h a r d n e s s  a n i s o t r o p y  i n  v e r y  h a r d  h e x a g o n a l  

c r y s t a l s  w h i c h  h a v e  th e  s a m e  s l i p  s y s t e m s ,  i . e .  t h e  p r i s m a t i c

s l i p  s y s t e m s  | l 0 1 0 j  <  1 1 2 0 > ,  a s  s i l i c o n  c a r b i d e ,  e .  g.  T i B ^

—  2 -  2
( h a r d n e s s  3400  kg .  m m  ) a n d  M o ^ C  ( h a r d n e s s  1800 k g .  m m  ).

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

to  m o d i f y  th e  D a n i e l s  a n d  D u n n  m o d e l  to  g e t  a  m o r e  c o r r e c t  

h a r d n e s s  n u m b e r .

F o r  a  c o m p l e t e  d e s c r i p t i o n  o f  th e  c o n e  c r a c k  

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

e x p e r i m e n t a l  s t u d i e s  o f  th e  c r a c k  e x t e n s i o n  f o r c e  ' G ’ a n d  

f u n c t i o n  ( c / a )  a r e  r e q u i r e d .  T h e  i r r e v e r s i b l e  d e f o r m a t i o n  z o n e  

w i t h i n  t h e  t e s t  m a t e r i a l  , b e n e a t h  th e  i n d e n t e r ,  n e e d s  s t u d y .  T h e  

p r o c e s s  b y  w h i c h  v e n t  c r a c k s  a r e  i n i t i a t e d  i s  n o t  y e t  k n o w n .  T h e  

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

l o a d i n g  r a t e  e t c .  , i n  th e  c r a c k  n u c l é a t i o n ,  s h o u l d  b e  i n v e s t i g a t e d .

T h e  p r o c e s s  o f  h e a l i n g  o f  i n d e n t a t i o n  i n d u c e d  c r a c k s  a n d  the
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e n v i r o n m e n t a l  e f f e c t s  on  h e a l i n g  n e e d  c o n s i d e r a t i o n .

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

u s i n g  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  , w o u ld  b e  u s e f u l  f o r  the  

s t u d y  o f  s t r e n g t h  d e g r a d a t i o n  d u e  to  p a r t i c l e - s u r f a c e  c o n t a c t .
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A P P E N D I C E S



- 1 8 3 -  

A P P E N D I X  I .

C o m p u t e r  p r o g r a m  S T R E P L D  to s o l v e  t h e  s t r e s s  f i e l d  c o m p o n e n t s  

( SI ) , 0 ^ ^  ( XI ) , Ogg ( Y Z B )  a n d  s h e a r  s t r e s s  ( S H S T  ) .

( N o t e ,  S I ) , ................ .. S44  d e n o t e  th e  e l a s t i c  c o m p l i a n c e s ,  a n d  C 1 1 , , , . , C 4 4
t h e  e l a s t i c  c o n s t a n t s  o f  t h e  i n d e n t e d  m a t e r i a l . )

1. P R O G R A M  S T R E P L D  ( I N P U T ,  O U T P U T ,  T A P E  5 = I N P U T ,  T A P E 6= 
O U T P U T )

2. C O M P L E X  T l ,  T 2 ,  T 3 ,  R ( 6 l ,  R 0 2 ,  P 1, P E .  E l ,  E 2 ,  Q l ,  Q 2 ,  F 1, F 2 ,  
YU,  YV

3. D IM E N S I O N  D E L ( 50),  R ( 50),  Q ( 50)
4.  M=20
5. ■ R E A D  (5 ,  10) ( D E L ( J ) ,  J = 1 , M )
6. 10 F O R M A T  ( 2 0 F 4 .  2)
7.  N=20
8. R E A D  ( 5 , 1 )  ( R ( I ) , I = 1 , N )
9 .  1 F O R M A T  ( 2 0 F 4 , 2)
10.  S)  1= 0 . 0 2 0 7 7
11.  S 12= - 0 .  0 0 3 9 6 5
12. S)  3= - 0 .  0 0 1 6 7
13. 533= 0 . 0 1 8
14. 544= 0 . 0 5 8 2
15. SS = (S 11+  S 1 2 ) - 2 . X S 1 3 # 2 )
16.  A A  = S 3 3 / S S
17. B B =  1. / ( S 1 1 - S 1 2 )
18. C l )  = ( A A + B B ) / 2 .
19. C l  2= ( A A - B B ) / 2 .
20 .  C l  3= - S 1 3 / S S
21.  C 4 4 =  1 . / S 4 4
22.  C 33=  (S 1 1 + S 1 2 ) /S S
23.  F F =  C 1 1 C 4 4
24.  GG= ( C 1 3 i 2 . * C 4 4 + C 1 3 ) - C l l C 3 3 )
25.  HH= C 3 3 C 4 4
26.  V 3  = 2 . 'S C 4 4 / ( C 1 1 - C 1 2 )
27.  C A L L  Q U A D  ( F F , G G , H H ,  V I ,  V2)  .
28 .  W l =  S Q R T ( V l )
29 .  W2= S Q R T (V 2 )
30.  K l =  ( ( C 1 1 * V 1 - C 4 4 ) / ( C  13+C44))
31.  K2= ( k  1 1*V 2-C 44)  / ( C 13+C44))
32.  C M A X .  I N D E N T A T I O N  P R E S S U R E  ' P ' A S S U M E D  U N IT Y
33. P =  1.
34.  C T H E  R A D I U S  O F  C O N T A C T  C I R C L E  ' A '  A S S U M E D  U N IT Y
35. A = l .
36.  D O  20 J  = 1, M
37. Z l =  D E L ( J ) / W 1
38.  Z 2 =  D E L b ) / W 2  . .
39. T l =  C M P L X ( Z 1 ,  A)
40 .  T 2 =  C M P L X ( Z 2 , A )
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41.  T 3  = C M P L X ( 0 A  )
42 .  DO 2 I = 1 , N
43.  R 0  1 = C S Q R T ( T 1 * * 2 + R ( I ) ^ )
44 .  R(it>2 = C S Q R T ( T 2 ^ + R ( I ) # 2 )
45 .  P 3  = Z 1 * C L 0 G ( T 1 + R Q 1 ) .R ( ; ) 1
46 .  P 2  = Z 2 C L O G ( T 2 + R ( ? 2 ) - R 0 2
47.' E l  = A I M A G ( P l )
48.' E 2  = A I M A G ( P 2 )
49.’ Q1 = CLOG(T1+RQ51)+0.‘ 5 ^ 2 . ’>«T’1 -3 . ’* Z 1 ) / (T 1 + R g 5 l )
50.  0 2  = C L O G ( T 2 + R ( ? 2 ) + 0 . ' 5 ^ 2 . ' * T 2 -  3.’*Z2)/(T2+RQ52)
51.' F I  = A I M A G ( O l )
52.’ F 2  = A IM A G (Q 2)
53.' SI = P ^ W 1 * E 1 - W 2 * E 2 ) / ( W 1 - W 2 )
54.  U = F 1 - F 2
55.' XI = 0 .  5^=<R(I )*U /(W 1-W 2)
56.  Y U  = A IM A G (( (R (? 1 ’W<2+R(?l’« m + T l* * 2 ) / ( 3 . '> K R ^ 1 + T l ) ) ) -

1 ( (T 3*A ’«T’l ) / ( R Ç ) l + T l ) ) - ( 0 . ’ 5*Z1))
57.' YV = A I M A G ( ( ( R 0 2 ’W<2+R(?2’K r 2 + T 2 ^ ) / ( 3 . ’’KR<?2+T2)))-

1 ( (T 3*A *T 2) / (R g> 2+ T 2) ) - (0 .  5*Z2))
58.' YW = W l ^ ( l . / ( V 3 ^ 1 . ' + K l ) ) ) - l ’ / V l )
59.  YX = W 2 ^ ( l . / ( V 3 ^ 1 . + K 2 ) ) ) - l . / V 2 )
60.  YY .= W 1 / (1 . '+ K 1 )
61.' Y Z  = W 2 / ( l . ' + K 2 )
62 .  Y Z A  = ( ( Y W * E 1 -Y X * E 2 )+ ( ( (W 1 / (V 3 ^ 1 . '+ K 1 ) ) )* Y U ) - ( (W 2  

1 / (V 3 ^ 1 . '+ K 2 ) ) )* Y V ) ) )
63.’ Y Z B  = Y Z A / ( W 1 - W 2 )
64.’ S H S T  = ( Y Z B - S I ) / 2 .
65.  W R I T E  (6 ,  13) D E L (  J ) ,  R ( l ) ,  SI, XC, Y Z B ,  S HST
66.  13 F O R M A T  (5X ,  6 F 1 2 .  3)
67.  2 C O N T I N U E
68.’ 20 C O N T I N U E
69.  S T O P
70. E N D

1. S U B R O U T I N E  Q U A D ((C C ,  D D,  E E ,  X I ,  X2)
2. D ISC  = D D ^  -  4.'»SCC»EE
3. I F  (DISC) 200,  200 ,  202
4.  200  X I  = - D D / ( 2 . * C C )
5.' X2 ^ X I
6.' . R E T U R N
7. 202  S T  = S O R T (D IS C )
8. X I  = ( - D D + S T ) / ( 2 . « C C )
9.  X2 = ( -D D -S T ) / (2 . '> « C C )
10.  R E T U R N
11. E N D
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A P P E N D IX  II

C o m p u t e r  p r o g r a m  Q R I Q  N to  f ind  the  c r a c k  e x t e n s i o n  f u n c t i o n  (p ( c / a )  
a n d  th e  c r a c k  e x t e n s i o n  f o r c e .

1. P R O G R A M  (?RIÇ)N ( I N P U T ,  O U T P U T ,  T A P E  5 = IN P U T ,

T A P E  6 = O U T P U T )

2. D IM E N S IO N  AH(lOO),  C( 100), Z(lOO)
3. M T O T =  37
4.  R E A D ( 5 ,  11) (C C (M ) ,  A H (M ) ,  M = l ,  M T O T )
5. 11 F O R M A T  ( 2 F 2 0 . 9)
6. W R I T E  (6 ,  3)
7. 3 F O R M A T  (5X,  ' C R A C K  L E N G T H =  ' ,  5X, ' D E P T H  = », 8X,

1 'C R A C K  E X T E N .  F U N C .  = ')
8. M=0
9. 2 M=M+1
10 D E L  = - A H ( M )
11. N=0
12. 1 N=N+1
13. D E L = D E L + A H ( M )
14. Y= 1. / S 0 R T ( C ( M ) 4 * 2 - D E L # 2 )
1 5. C A L L  A R A  ( D E L ,  0. , SS)
16. Z (N )  =ABS(Y*SS)
17. I F  (N. L T .  101) G O  T O  1
18. . C A L L  S IM P  ( Z ,  101,  A H (M ) ,  D l )
19. B B =  Dl*4^
20.  B = C(M)*BB
21. W R I T E  (6 ,  23) C (M ) ,  D E L ,  B
22.  23  F O R M A T ( / / / ,  5X, 2 F 1 5 .  5, F 2 0 .  2)
23.  I F  (M.  L T .  M T O T )  G O  T O  2
24.  S T O P
25. E N D

1. S U B R O U T I N E  A R A  (QH , R H  , SS)
2. C O M P L E X  T l ,  T 2 ,  T 3 ,  R ( ? l ,  RQ)2, P 1, P 2, E 1, E 2
3. C l  1 = 5 0 . 4
4.  C 1 2  = 9. 8
5. C l  3 = 5. 6
6. C 33 = 56.  6
7. C 4 4  = 17. 0
8. C T H E  R A D IU S  O F  C O N T A C T  C I R C L E  'A '  A S S U M E D  U N IT Y
9. A  = 1. •
10. C T H E  M E A N  I N D E N T A T I O N  P R E S S U R E  'P* A S S U M E D  U N IT Y
11. P  = I.
12. F F  = 0 1 1 0 4 4
13. GG = ( C 1 3 ^ 2 .  0 4 4 + C l 3 ) - C  1 1 0 3 3 )
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14. H H  = C 3 3 0 4 4

15.' V3 = 2 . 0 4 4 / ( C l l - C l 2 )
16. C A L L  QUA D  ( F F ,  GG,  HH,  V I ,  V2)
17. W1 = S Q R T ( V l )
18. W2 = S Q R T (V 2)
19. Z ]  = Q H / W l
20.  Z 2  = Q H / W 2
21. T l  = C M P L X ( Z 1 ,  A)
22.  T 2  = C M P L X ( Z 2 ,  A)
23.  T 3  = C M P L X ( 0 .  , A)
24.  R (? l  = C S Q R T (  T 1 * ^ + R H ^ )
25.  R Q Z  = CSQRT(T2»!^2+RH>w^)
26.  K1 = ( ( C 1 1 * V 1 - C 4 4 ) / ( C 1 3 + C 4 4 ) )
27 .  K2 = ( ( C 1 1 * V 2 - C 4 4 ) / ( C 1 3 + C 4 4 ) )
28.  P I  = Z l O L O G ( T l + R g 5 l ) - R ( ? l
29.  P 2  =* Z 2 0 L O G ( T 2 + R ( ? 2 ) - R ( ; 5 2
30. E l  = A I M A G ( P 1 )
31.  E 2  = A I M A G ( P 2 )
32.  YU = A I M A G ( ( ( R Q l ’W2+RQ5]*Tl+Tl>W2)/(3 .’K R 0 1 + T 1 ) ) ) -  

l ( ( T 3 * A * T l ) / ( R Q U + T l ) ) - ( 0 .  5*Zl))
33.  YV = A IM A G (((R Q 2**2+ R Q )2*T 2+ T 2#2) / (3 .  *KRQ)2+T2))). 

l ( ( T 3 * A * T 2 ) / ( R ( ? 2 + T 2 ) ) - ( 0 .  5*Zl) )
34.  YW = W l ^ ( l . / ( V 3 ’K 1 . + K 1 ) ) ) - 1 . / V I )
35.  Y X  = W 2 ^ ( l . / ( V 3 > < l . + K 2 ) ) ) - l . / V 2 )
36.  YY = W 1 / ( 1 . + K 1 )
37.  Y Z  = W 2 / ( 1 . + K 2 )
38.  Y Z C  = ( ( Y W * E l - Y X * E 2 ) - ( ( ( W l / ( V 3 i l . + K l ) ) ) * Y U ) - ( ( W 2 / ( V 3  

1 ^ 1 .+ K 2 ) ) )* Y V ) ) )
39.  SS = Y Z C / ( W 1 - W 2 )
40.  R E T U R N
41.  E N D

1.' S U B R O U T I N E  S I M P ( F ,  N,  R H ,  R E S U L T )
2. D I M E N S I O N  F ( 2 0 0 )
3. L A S T  % N - 3
4.  S' = 0.
5. D O  50 1=2, L A S T ,  2
6. 50 S = S + 4 . 0 ( I ) + 2 . ^ ( I + 1 )
7. R E S U L T  = ( S + F ( l ) + 4 . * F ( N - l ) + F ( N ) ) m H / 3 .
8. R E T U R N
9. E N D

1. S U B R O U T I N E  Q U A D (C C  DD,  E E ,  X I ,  X2)
2. D ISC = D D * * 2 - 4 . 0 C * E E
3. I F  (DISC) 200 ,  2 0 0 , 2 0 2
4.  200  X]  = - D D / ( 2 . 0 C )
5. X2 = XI
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6. R E T U R N
7. 202 ST= S Q R T (D IS C )
8. X I  = ( - D D + S T ) / ( 2 . ' O C )
9. . X2 = ( - D D - S T ) / ( 2 .  O C )
10. R E T U R N
11. E N D

N o t e .  T h e  s u b r o u t i n e  A R A  f i n d s  t h e  s t r e s s  f i e l d  c o m p o n e n t  0 gg , 
t h e  s u b r o u t i n e  S I M P  s o l v e s  th e  fo l l o w i n g  i n t e g r a l , b y  S i m p s o n ' s  r u l e .

c
= f — i ç —

a n d  t h e  s u b r o u t i n e  Q UA D  d e t e r m i n e s  t h e  r o o t s  of  a  q u a d r a t i c  e q u a t i o n .

\
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A P P E N D IX  III

C a l c u l a t i o n  o f  the  E .  R.  S . S; v a l u e s

T h e  E .  R.  S. S. v a l u e s ,  f o r  a  g i v e n  s l ip  s y s t e m ,  w e r e  

d e t e r m i n e d  b y  u s e  o f  a  s t e r e o g r a p h i c  p r o j e c t i o n  fo l l o w in g  th e

( 9 4 )m e t h o d  u s e d  by  D a n i e l s  a n d  D u n n  . T h e  c e n t r a l  p l a n e  o f  the

p r o j e c t i o n  i s  m a d e  to c o i n c i d e  w i th  th e  p l a n e  of  the  s p e c i m e n

u n d e r  th e  i n v e s t i g a t i o n .  A  W u l f f  n e t  i s  u s e d  to l o c a t e  th e

s l ip  p l a n e  (S P )  a n d  th e  a x i s  of  r o t a t i o n  (AR).  (S ee  F i g .  1 ).

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

a n g l e s ,  v i z .  1 7 2 ^ 3 0  a n d  130°  00 .. In  F i g .  1. , A ,  B ,  C a n d  D

r e p r e s e n t  th e  i n t e r s e c t i o n  l i n e s  o f  th e  i n d e n t e r  f a c e t s .  T h e

l i n e s  j o i n i n g  A  a n d  B ,  B a n d  C e t c .  on  g r e a t  c i r c l e s  i n d i c a t e  the

p l a n e s  o f  th e  f a c e t s .  U p o n  e x t e n d i n g  th e  l i n e s  A B  e t c .  t h e y  

p r i m i t i v e
i n t e r s e c t  t h e   ̂_ c i r c l e  a t  p o i n t s  H,  H '  e t c .  T h e s e  p o i n t s  

d e n o t e  t h e  d i r e c t i o n  o f  a  l i n e  p a r a l l e l  to  the  i n t e r s e c t i o n  o f  t h e  

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

h a p p e n s  to  b e  m i d w a y  b e t w e e n  H a n d  H '  on  the  g r e a t  c i r c l e  w h i c h  

j o i n s  t h e s e  p o i n t s .  T h e  i n d e n t e r  i s  n o w  r o t a t e d  w i th  r e s p e c t  to 

th e  t e s t  s p e c i m e n  , i n  i n c r e m e n t s  o f  10^ , a n d  th e  l o c i  o f  

s l i p  p lane '  1 ( S P ) ,  s l ip  d i r e c t i o n  (SD) a n d  a x i s  o f  r o t a t i o n  ( A R ) a r e  

p l o t t e d  f o r  e a c h  r o t a t i o n  a n d  t h e  c o r r e s p o n d i n g  a n g l e s  0  , ip

a n d  Y a r e  r e a d  b y  m e a n s  o f  a  W ul f f  n e t .

T h e  E .  R .  S. S. v a l u e s  f o r  a l l  t h e  f o u r  f a c e t s  a r e  

c a l c u l a t e d  f r o m  th e  v a l u e s  of  th e  one  f a c e t .  I t  m a y  b e  n o t e d  t h a t

b e c a u s e  o f  a  s y m m e t r y  th e  r e s u l t s  f o r  f a c e t  A B  a n d  CD a r e
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AR

H

4-H

Fig.  1 .
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o
i d e n t i c a l  b u t  a r e  o u t  o f  p h a s e  b y  180 • F a c e t  B C  i s  o u t  o f  p h a s e  

f r o m  A B  b y  16°  d u e  to th e  i n d e n t e r  s f a c e t s  b e i n g  i n c l i n d  to  

o n e  a n o t h e r .  I t  i s  a s s u m e d  t h a t  s l ip  o c c u r s  o n ly  on  th e  s l ip  

s y s t e m  w i th  the  h i g h e s t  v a l u e  o f  E .  R.  S. S, T h e  m a x i m u m  v a l u e s  

f o r  e a c h  f a c e t s  a r e  a v e r a g e d  to  g i v e  a  r e s u l t a n t  E .  R .  S. S.
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X - r a y  a n d  e l e c t r o n  d i f f r a c t i o n  s t u d i e s  on s o m e  t e s t  s p e c i m e n s  

T h e  b a s a l  p i n a c o i d s  o f  a l m o s t  a l l  th e  t e s t  

s p e c i m e n s  w e r e  w e l l - f o r m e d  a n d  e a s i l y  r e c o g n i z a b l e .  T h e i r  

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

p a t t e r n s  f r o m  i o n - t h i n n e d  s e c t i o n s  . F i g ,  2 s h o w s  a n  e l e c t r o n  

d i f f r a c t i o n  p a t t e r n  f r o m  a  s i l i c o n  c a r b i d e  c r y s t a l  ( t y p e  I I )  . T h e  

e l e c t r o n  b e a m ,  i n c i d e n t  on th e  s a m p l e  , w a s  p e r p e n d i c u l a r  to  i t  .

T a b l e  IV. 1 g i v e s  th e  i n d i c e s  , th e  c a l c u l a t e d  i n t e r p l a n a r  s p a c i n g s  

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

o f  s i l i c o n  c a r b i d e  c r y s t a l s  ty p e  II  ,

T A B L E  IV.’1.

o
d -  s p a c i n g s  ( A  )

( h  k l  ) o b s e r v e d  c a l c u l a t e d

0 1 0 2. 70 ‘ 2 . 6 6
O i l  2 , 7 0  2. 62
1 1 0  1. 53 1. 53

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

d i f f r a c t i o n  t e c h n i q u e s  e n a b l e d  u s  to  f in d  o u t  th e  n a t u r e  o f  th e  i n t e r g r o w n  

s t r u c t u r e s  , i f  t h e y  w e r e  p r e s e n t  . F i g .  3 i s  a  L a u e  t r a n s m i s s i o n  

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

in  s h a p e  , A  s i l i c o n  c a r b i d e  t y p e  II c r y s t a l  g i v e s  a  d i f f r a c t i o n  

p a t t e r n  w i t h  s i x - f o l d  s y m m e t r y ,  a s  s h o w n  in  F i g ,  4 , b u t  th e  L a u e

t r a n s m i s s i o n  p h o t o g r a p h  s h o w s  o n ly  a  t h r e e - f o l d  s y m m e t r y  . I t  , 

t h e r e f o r e ,  a p p e a r s  t h a t  t h i s  t e s t  s p e c i m e n  h a s  a  s t r o n g  c o m p o n e n t  

o f  r h o m b o h e d r a l  s t r u c t u r e  ,
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Fig. 2.

Fig.3.
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Fig. U . Loue back reflection

p h o t o g r a p h  from SiC typeII
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I l l u s t r a t i o n s  o f  m e d i a n  a n d  l a t e r a l  v e n t s  f o r m a t i o n

T h e  m e d i a n  v e n t  c r a c k s  a r e  f o r m e d  d u r i n g  i n d e n t e r  

l o a d i n g  h a l f - c y c l e .  F i g s .  5 a ,  c s h o w  th e  s e c t i o n  v i e w  o f  the  

s p e c i m e n  b e i n g  i n d e n t e d  w i th  a  s p h e r i c a l  i n d e n t e r  , T h e  c e n t r a l  

d e f o r m a t i o n  z o n e  i s  s h o w n  b y  d a r k  r e g i o n .  T h e  c r a c k  t e n d s  to 

g r o w  w h e n  th e  l o a d  on  th e  i n d e n t e r  i s  i n c r e a s e d  , ( F i g .  5 c).

F i g ,  6 s h o w s  ^ x H ^ v i e w  o f  a  V i c k e r s  i n d e n t a t i o n .  T h e  m e d i a n  

c r a c k  i s  o b s c u r e d  b y  th e  c e n t r a l  d e f o r m a t i o n  z o n e .

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

u n l o a d i n g  h a l f - c y c l e  . F i g s ,  5 b ,  d i l l u s t r a t e  th e  s e c t i o n  v i e w  

f o r  s p h e r i c a l  i n d e n t e r  . T h e  l a t e r a l  v e n t  c r a c k s  a r e  i n d i c a t e d  

b y  h e a v y  l i n e s  ( l i g h t  l i n e s  i n d i c a t e  th e  p r e c e d i n g  m e d i a n  v e n t  c r a c k s ) ,  

F i g s ,  5 , e ,  f  i l l u s t r a t e  th e  p l a n  v i e w  f o r  V i c k e r s  a n d  K noop  

i n d e n t e r s .  T h e  l a t e r a l  c r a c k s  a p p e a r  l i k e  l o b e s  b e t w e e n  th e  

m e d i a n  v e n t  c r a c k s .  F i g ,  5 b  i l l u s t r a t e s  b o t h  t h e  m e d i a n  a n d  l a t e r a l  

c r a c k s  f o r m e d  d u r i n g  u n l o a d i n g  , F i g ,  5 , g s h o w s  a n  a s y m m e t r y  

i n  th e  l a t e r a l  c r a c k s  f o r m a t i o n  , T h i s  i s  d u e  to  s k e w  l o a d i n g  ,



w

(a) |b)

( c ) ( d )

( e )

( 9 )

I f )

F i g .  5 . S c h e m a t i c  o f  v e n t  c r o c k  f o r m a t i o n ,
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X500

X500

Fig. 6 .In s i tu  photograph of Vickers indentat ion 

faken in t r ansmi t t ed  light^ s p e c i m e n  loa ded  i o  (a) 5 0 0  q
i

a n d  u n l o a d e d  to ( b) ze ro .
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Creep of hot-pressed silicon nitride

S A L A H  UD DIN,  P AT RI CK S.  NI CHOLS ON
D epartm ent o f  M etallurgy and M aterials Science, M cM aster University, Hamilton, Ontario, 
Canada

Creep  te s t s  were  under taken  on ho t - pr e ss ed  sil icon nitride in the  tempera ture  range 1200 
to 1400'"C. T h e  activation energy for c reep  was  de te rmined  to be 140 Real m o h ’ and  the  
s t r e s s  expo ne nt  of c reep  rate was  1.7. Th e  c reep  behaviour  is ascr ibed  to gra in-boundary  
sliding a c c o m m o d a t e d  by void deformation at  triple points  and by limited local plast ic 
deformat ion.  Electron microscopic  ev idence  suppor t ing  this m ec ha n i sm  is p resen ted .

1. Introduction
In recent years there has been considerable 
interest in hot-pressed silicon nitride because of 
its high strength. It has emerged as a prime 
candidate material for high efficiency gas 
turbines, and its creep behaviour is an essential 
design parameter.

Little or no creep data have been reported in 
the open literature on silicon nitride. In 1961 the 
creep characteristics o f a low-strength material 
were studied by Glenny and Taylor [1], and 
Stokes et at. [2] made passing mention o f the 
relative creep resistance of high- and low-strength 
silicon nitride materials in 1972. More recently, 
tensile and bend data generated by Westinghouse
[3] have become available.

Creep o f materials at high temperatures and 
low stresses can generally be divided into three 
creep-rate regimes. The initial deformation is 
rapid (stage 1), and the creep rate subsequently 
decreases until the second stage (II) is reached, 
wherein the creep rate remains constant. Finally, 
in stage III, the creep rate increases again, 
producing cracks followed by failure. Most 
ceramics show the first two stages. This work was 
undertaken to investigate stage II or “steady 
stale” creep of hot-pressed* silicon nitride and 
the microstructural changes associated therewith.

2. Experimental
2.1. Material characterization  
The SigNj material was characterized by 
spectrographic analysis, bulk density measure
ments, grain size determinations and X-ray 
analysis. Samples for spectrographic analysis

were ground in a silicon carbide mortar and 
pestle and dissolved in HF.

Spectrographic analysis revealed that the 
material was 97% silicon nitride. The major 
impurities were Ca (0.04 wt %), Mg (0.7 wt %), 
Fe (0.4 wt %), and A1 (0.4 wt %). The density 
was found to be 98% of the theoretical value. 
Sections for grain size determination were 
mounted in plastic and rough polished with 400 
grit diamond. Final polishing was undertaken on 
0.25 pm diamond. After polishing, the samples 
were removed from the mount and etched in a 
mixture o f HF, HNOg, and HgOg (1:1:3) at 
80° C for 15 min. Shadowed replicas o f the etched 
surface, made by the two-stage carbon replica 
technique, were examined in the electron micro
scope and grain sizes determined by the intercept 
method. About 85% of grains were equi-axed 
with diameter in the range 0.5 to 2 pm. The 
remainder were elongated with lengths in the 
range 1 to 5 pm large. X-ray diffraction showed 
that the /3 and a phases o f silicon nitride were 
present. The energy-dispersive X-ray analysis 
technique was used to identify the intergranular 
glassy phase. It was found to be a compound o f  
Mg, Ca, and Fe silicates.

2.2. Creep  test ing
All specimens were taken from a single hot- 
pressed billet to eliminate variables such as 
different chemical compositions and thermal 
history. The material was received in the form o f  
(1 i  X  ̂ X in. bars.

Creep tests were conducted in four-point 
bending with silicon carbide knife edges and a

♦Norton H.S. 130 SijN,.
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T A B L E  I

Specimen Temperalure Stress (10’ psi) Strain after 80 h 
«(% )

Steady state strain-rate 
ê (h-')

1 1260 8 0.16 3.8 X 10-“
2 1260 10 0.20 0.6 X 10 “
3 1260 15 0.41 1.25 X 10-“
4 1260 20 0.63 2.00 X 10 “
5 1300 10 0.86 1.6 X 10-“
6 1300 15 1.02 2.8 X 10-“
7 1300 20 1.24 4.5 X 10 “
8 1350 10 1.18 6.5 X 10 “
9 1350 15 1.47 1.5 X 10-“

10 1350 20 1.80 2.5 X 10-“
11 1400 10 1.55 2.1 X 1 0 “
12 1400 15 1.82 4.5 X 10 “
13 1400 20 2.1 5.8 X 10 “

templet was used to centrally locate the samples. 
The desired load was applied by lowering 
appropriate slotted weights on to a load plate 
located on top o f the sample loading column. 
Counter weights were used to balance the load- 
free column weight. A silicon carbide clamshell 
furnace was used to heat the sample to 1400 ± 
5°C and a Pt/Pt-Rh thermocouple measured 
the specimen temperature. Samples were creep 
tested between 1200 and 1400°C at stresses 
between 8000 and 25 000 psi*. Maximum 
deformation was limited to about 3.0% and an 
LVDT utilized to monitor the creep deflection. 
The LVDT was mounted rigidly under the load 
plate.

A series o f isothermal creep tests was under
taken for times up to 250 h (standard creep 
tests). In addition, individual specimens were 
creep tested by (a) stress cycling at constant 
temperature and (b) temperature cycling wherein 
the stress was held constant and the temperature 
changed incrementally. The former was used to 
evaluate the stress exponent o f the creep rate and 
the latter to determine the activation energy for 
the creep process.

2.3. Electron m icroscopy  
Samples for the electron microscopic analysis 
were taken from the tension edge o f crept 
specimens. The first step involved the production 
of a geological thin section by grinding to 20 p.m 
on a diamond wheel. The material was then 
ion-thinned until a small perforation was 
observed in the centre o f the foil. A  graphite film

♦10’ psi 3  6.89 N  mm -’
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was evaporated onto the specimen before 
introduction into the transmission electron 
microscope.

3. Results
Creep data for the specimens tested are sum
marized in Table I. Typical standard creep 
curves at 1260 and 1300°C at a stress of 10 000 
psi are shown in Fig. 1. The regimes o f creep are 
readily distinguishable. The transients in all the 
creep tests were quite long (40 to 50 h) and, 
therefore, long-time tests (up to 250 h) were 
conducted.

The outer fibre stress and strain in bending 
specimens were calculated using the Timoshenko
[4] elastic equations. The use o f elastic equations 
for the evaluation of the plastic strain is question
able but it has been shown in a previous study
[5] that for low plastic strains up to 3%, the 
elastic equations are valid.

Fig. 2 shows the log-log plot of steady state 
creep rate versus stress. The relationship between 
the two is given by the empirical law:

€ =  (1)

where E  is the activation energy.
From the slope o f these plots, the stress ex

ponent («) o f the creep rate was determined and 
is given in Table II. The exponent was also found 
by changing the stress level during a test and 
using Equation 1. The result o f a stress change 
experiment is illustrated in Fig. 3.

The activation energy for the creep process was 
also determined in two ways, i.e. constant stress,
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T A B L E  II

Activation energy (kcal m ol-q Stress exponent

Temperature change 
FC )

Temperature cycling 
experiment

Arrhenius plot Stress change 
experiment

Arrhenius plot

1300-1350
1350-1400

140 ±  2 
144 -h 2

135 ±  2 
138 4: 2 1.70 ±  0.05 1.75 i  0.02

0 -1 3 5 0  »C

20000 120 
TIME, HOURS Figure 1 Strain-time curves.
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Figure 2 Steady state strain-rate as a function of stress.

temperature-change experiments, and Arrhenius 
plots derived from the individual creep experi
ments. The former technique again involves the 
application o f Equation 1 (this time at constant

stress) and the same restrictions concerning stage 
IT creep apply. The curves o f the temperature- 
change experiments are shown in Fig. 4 and the 
calculated activation energies listed in Table II. 
An Arrhenius plot (log é versus IjT )  for the 
individual creep runs is shown in Fig. 5 and the 
activation result included in Table II. An average 
value o f activation energy o f 140 kcal mol~^ 
resulted from the temperature-change experi
ments and 135 kcal mol"^ from the Arrhenius 
plot.

Transmission electron microscopic images of 
the structures before and after the creep tests are 
shown in Figs. 6 and 7. Voids and grain- 
boundary separation can be seen in the crept 
specimens. Such features might result from the 
ion-thinning process but their absence in the 
uncrept specimens and the fact that the specimen 
areas examined were selected away from the 
perforated areas o f the foil preclude this explana
tion. These features, therefore, develop during 
creep and can be explained by the classic 
triple-point void formation accompanying grain- 
boundary sliding (Fig. 8). Also evident in this 
figure is dislocation activity in a grain in the 
vicinity of the void. This suggests that some 
plastic accommodation has also occurred in this 
case.
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Figure 4 Temperature-change data plot.

4. Discussion
AU the experimental creep curves exhibited the 
stage I transient and secondary stage II creep 
regimes. The third region, that o f an accelerating 
creep rate, commonly observed in metals and 
some ceramic materials, was not attained within 
250 h or a strain of ~  2.5%. To ensure the 
analysis o f stage II creep, extended time tests 
were carried out.

The stress exponents ranged between 1.55 and 
1.8. Purely viscous creep would give a stress 
exponent of 1. Hence, if grain-boundary sliding 
accommodated by a viscous mechanism were 
the rate-controlling mechanism, a value o f n o f 1 
would be expected. A non-integral value o f n 
has been obtained for other ceramic materials. 
Poteat and Yust [6] determined values o f n 
between 1.04 and 1.59 for the creep o f ThOg;
1378

Passmore et al. [7] obtained n = \ . 5 for the 
creep o f ZrO^ and Vasilos et al. [8] 1.60 for 
MgO. Gifkins [9] made a survey o f the pub
lished creep data on a variety o f materials and 
remarked that the non-integral value o f n was 
due to the existence o f “parallel-concurrent” 
mechanism of creep. Alden [10] and Heuer et al.
[11] advanced the theory o f non-Newtonian 
grain-boundary sliding involving climb-glide 
motion o f dislocations near grain boundaries in 
fine-grain metallic systems and ceramic poly
crystals. Fig. 1 indicates that there was no 
transition from one process to another over the 
range of stresses and temperatures employed. If 
it had taken place it would have been shown by 
two lines o f different slopes instead o f one 
continuous line. A non-Newtonian grain-boun
dary sliding model is the most likely explanation
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Figure 7 Grain-boundary separation after deformation.
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o f  the creep results presently reported wherein 
creep occurs via the glassy grain-boundary phase 
(grain-boundary sliding) and accommodation 
mechanisms other than just void formation, such 
as localized plastic flow controlling the creep rate. 
The dislocation activity observed near some 
grain-boundary voids tends to support this 
explanation, and such “mixed” control could 
result in a non-integral stress exponent.

The activation energy in itself is not indicative 
o f the creep mechanism but it is interesting to 
compare mechanisms suggested for some other

Figure 8 Void at triple point and grain-boundary dis
locations.

ceramic materials having values of activation 
energies close to that determined in this work. 
Poteat and Yust [6] working on polycrystalline 
ThOa determined the activation energy for the 
creep process to be 120 kcal mol~k They 
observed voids and grain-boundary shearing 
following deformation. The activation energy for 
the creep o f alumina was reported to be 126 ± 10 
kcal mo|-^ by Heuer et al. [I I ] and Sugita et al.
[12] and in both cases, microstructural studies 
provided evidence o f grain-boundary sliding 
accommodated by voids at triple points and 
associated grain-boundary dislocations. The 
activation energy for creep in the present work 
agrees with that reported by Kossowsky [13]. 
He observed triangular wedges to develop in
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hot-pressed silicon nitride following creep and 
suggested grain-boundary sliding as the rate- 
controlling mechanism. However, the non-unity 
stress exponent value precludes grain-boundary 
sliding accommodated by viscous mechanism as 
exerting exclusive control o f the creep rate, and a 
mixed control mechanism is suggested.

5. Conclusions
High temperature creep tests on hot-pressed 
silicon nitride showed that the creep rate was 
proportional to stress to ~  1.7 power. Based on 
this value and microstructural observations o f  
triple-point voids, and in some cases adjacent 
dislocation activity, a creep mechanism o f  
grain-boundary sliding with some accommoda
tion by dislocation climb and/or glide Is sug
gested.

The activation energy for creep was calculated 
as 140 kcal moH^ and this value compares 
favourably with other values obtained in 
ceramic systems in which grain-boundary sliding 
during creep has been observed.
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Creep Deformation of Reaction-Sintered Silicon Nitrides
SALAH LID DIN* and PATRICK S. NICHOLSON*

Department o f Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada

The steady-state creep behavior o f reaction-bonded silicon ni
tride, prepared by slip casting and injection molding, was 
examined in 4-point bending with stresses ranging from 10,000 
to 20,000 psi at temperatures from 1200“̂ to 1450 C. Creep rates 
were proportional to the 1.4 power of the stress. The creep 
process exhibited an activation energy o f 130 ± 5  kcal/m ol. The 
microstructure o f deformed specimens, w hich was revealed by 
transmission and scanning electron microscopy, contained 
tr ip le -p o in t voids su g g estin g  that the ra te -co n tro llin g  

mechanism o f creep is grain-boundary sliding.

I. Introduction

Th r e e  major techniques are used to fabricate polycrystalline 
Si.-jN̂ : hot-pressing, slip casting, and injection molding. Hot- 

pressing has the advantage o f fully densifying Si^N^, but complex 
mechanical parts cannot be fabricated easily using this technique. 
Components prepared by slip casting and injection molding are 
generally less dense, but these techniques facilitate the fabrication 
o f complex shapes.

Silicon nitrides are prime candidates for use in high-temperature 
gas turbines. Creep is an essential parameter for the proper selection 
and application o f ceramic materials in the gas turbine; little creep 
data has been reported in the open literature on SiyN^. However, 
Glenney and Taylor,' Stokes era/.,'' Seltzer,'' and Kossowsky® have 
studied the creep characteristics of high- and low-strength hot- 
pressed silicon nitrides, and some creep data on slip-cast and 
injection-molded silicon nitride have recently become available

The present work examines the creep behavior of slip-cast and 
injection-molded Si^N^. The creep resistance o f these materials is 
markedly influenced by the impurities they contain. These im
purities produce a grain-boundary glassy phase" and, thus, exert 
major control over the high-temperature mechanical properties.

II. Experimental Procedure

(I) Materials
Two grades o f slip-cast SigN^ (types A* and B^) and one 

injection-molded* SigN^ were studied. Samples were rectangular 
bars Vh by by 1% in. A complete processing history o f the 
samples is given in Ref. 6 . X-ray diffraction analysis showed that 
the slip-cast materials had a phase composition o f 75 w t% a-SisN 4

Table I. Impurity Analysis* o f Creep Samples (in wt%)
Material Ca AI Fe Ni Co V

Slip-cast (type A) 0.1 0.5 0.7
Slip-cast (type B) 0.04 0.5 0.7
Injection-molded 0.06 0.5 0.65 0.02 0.01 0.01

•Impurity contents <0.01 wi% not included.

and 25 wt% /B-Si^N^, and the injection-molded material 65 wt% 
a-SigN^ and 35 wt%/3-Si3N 4. Emission spectrography was used to 
analyze the samples (Table I).

(2) Creep Testing
The samples were tested in transverse 4-point bending with 

stresses ranging from 10,000 to 20,000  psi (based on flexure theory) 
and at temperatures from 1300° to 1450°C in ambient air. By use of 
a gear system, the load on the sample could be varied instantane
ously. An LVDT placed under the load plate in conjunction with an 
amplifier and a potentiometric recorder was used for measuring the 
displacement of the bend samples, and strain (e) was calculated 
from the deflection. An SiC clamshell furnace with a Pt-Ptl3Rh  
thermocouple was used to heat the samples. Temperature was con
trolled to within ±5°C .

The stress exponent of the strain rate was determined by changing 
the load during an experiment and by replotting the strain-rate data 
from the isothermal creep experiments. The activation energy for 
the creep process was also determined by (1) replotting the isother
mal creep data and (2 ) changing the temperature during a test and 
monitoring the response o f the creep rate. In both the stress-change 
and temperature-change experiments, care was taken to allow suffi
cient time for transient effects accompanying the parameter change 
to dissipate and for steady-state conditions to be reestablished.

(3) Specimen Preparation fo r  Electron Microscopy
To prepare foils for TEM examination, slices =  1 mm thick were 

cut with a diamond wheel from the crept samples. The slice was

Received January 25, 1975; revised copy received June 30, 1975.
Supported in part by tlie IDefense Researcli Board of Canada under Grant No. 

7565-09.
’ Member, the American Ceramic Society.
♦Type NE9, Engine Research Div., Ford Motor Co., Deaibom, MI; contained 3% 

CaF; as a nilriding additive; density = 2.63 g/cm^.
tType NE8, Ford Motor Co. ; contained nonitriding additive; density = 2.69 g/cm^. 
tFord Motor Co.; contained 1.8% Hj + N. as a nitriding additive and nitrided for 36 

h at 1260° and 24 h at 1460°C; density =  2.35 g/cm^.
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Creep resistance o f slip-cast and injection-molded 
SisN^.

mounted on a glass slide and carefully ground with a diamond cup 
wheel to 0.05 mm thick. These samples were removed from the 
glass slide and thinned to perforation by ion thinning. Samples to be 
examined by SEM were polished and etched in a mixture of HNO3. 
H0O2, and HF (5:1:1) at 80"C for 25 min.

III. Results

Comparative creep curves for the slip-cast and injection-molded 
materials at 12,500 psi and 1350"C are shown in Fig. 1. In all cases, 
only the primary and secondary stages of creep were noted. Creep 
fracture was observed at higher temperatures (1450‘"C) and high 
stress levels (12,500 psi). The dependence of the creep rate on stress 
at 1300*̂  and 1350"C is plotted in Fig. 2. The stress exponent (n) of 
the creep rate in the empirical creep equation

é =  a"[(A e) ( 1)

(where é  is creep rate, cr stress, and E activation energy) was 
obtained from the slope of these lines. The exponent was also found 
by changing the stress during a test and measuring the correspond
ing strain rate at constant temperature. If a sample has been strained 
under a certain applied stress (o-,) and the value o f this stress is 
changed (cr )̂, the stress exponent is given by

^ _ l 0g  £ 2 - l o g  Si 
log or2 -  log 0-1 (2)

-  200 -
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T 1—  r
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Fig. 3. Typical stress-change plot.

Table II. Activation Energies and Stress Exponents

Material

£(kcal/mol) Stress exponent («)

Arrhenius 
plots (± 5)

Temperature-change
experiments

Isobaric 
tests ( + 0.01)

Stress-change
experiments

Slip-cast
Type A 125 135 1.45 1.40
Type B 130 134 1.30 1.30

Injection-
molded 121 137 1.33 1.40

TEM PERATURE .*C
13 0 01400
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02

6 .4 56.25 
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ë vs IIT.

Eig. 2. Creep rate vs stress at constant temperature.

A typical result for slip-cast type-B material is shown in Fig. 3. 
Table II shows the stress exponents and the activation energy results 
obtained from Arrhenius plots and temperature-change experi
ments. In Fig. 4, plots o f log é  vs l/T  are compared for all 3 
materials. The activation energy calculated from the slope of each 
line was approximately the same (= 1 3 5  kcal/mol). The general 
straight-line fit of Figs. 2 and 4 suggests that no change in creep 
mechanism occurred over the ranges o f temperature and stress used 
in the creep test.

Previous studies o f creep o f some polycrystalline metals have 
shown the nucléation and growth of voids at triple points by grain- 
boundary sliding.® Fracture occurs when a void reaches a critical 
size or when a certain part o f the cross-sectional area is cracked. The 
injection-molded specimens fractured during the creep tests in the 
range 1400^ to 1500‘̂ C. Figure 5 shows the inverse relation of the 
type é = tf '"  (m = 1), where t/=tim e to failure. The linear inverse 
relation could indicate that the growth rate for voids is controlled by 
grain-boundary sliding.®'*^

A characteristic feature o f the microstructure o f all Si^N^ samples 
investigated was the development o f triangular grain-boundary 
voids during creep. Although the as-received samples were not 
theoretically dense, no such triple-point porosity was noted in TEM 
studies. The remnant porosity in these materials is probably too 
large to be studied by TEM and is therefore difficult to define using
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Fig. 5. Steady-state creep rate vs time-to-fracture.

this technique. Grain-boundary void development in slip-cast mate
rial (type A) is shown in Figs. 6 and 7. Similar voids developed in 
both slip-cast and injection-molded materials in a direction normal 
to the tensile stress; these voids varied in size from 0.5 to 1 /xm, the 
larger sizes being located farthest from the neutral axis of the bend 
specimen.

The voids increased in both size and number with increasing 
temperature and stress, indicating void development and growth 
during creep. Results of TEM studies o f crept hot-pressed Si^N^ 
materials showed localized plastic flow to occur adjacent triple- 
point voids, indicating some accommodation o f the generated 
stresses by plastic deformation.*^ The present TEM studies o f all 3 
reaction-sintered sam ples revealed less evidence o f  such 
mechanisms. Electron diffraction showed that the grains which 
contain dislocations were mostly /3-Si;,N4.

IV. Discussion

The results of the present investigation and a previous one on 
hot-pressed Si;,N4*-* suggest that the creep resistance o f these mate
rials could depend on two factors, i.e. impurity content and the 
proportion o f a  phase present in the microstructure. The develop
ment o f voids during creep o f the slip-cast and injection-molded 
materials suggests that the primary mechanism o f creep is grain- 
boundary sliding. This process can be facilitated by a liquid silicate 
phase on grain boundaries. Spectrographic examination of the pres
ent materials revealed such a phase with the composition CaO- 
2AL0;,- 2Si0^.'^ Reducing the Ca levels from 0.1 wt% (type A) to 
O.Ĉ " wt% (type B) decreases the steady-state creep rate by half. This 
observation is in agreement with the increasing refractoriness o f  
the system CaO-2AF0 3 -2Si02  as CaO content is reduced.*** The 
lower stress exponent values for these materials as compared with 
those for hot-pressed Sî NV** (// =  1.8) agrees with the TEM evi-

J

Fig. 6. Transmission electron micrograph o f thin section from 
a crept sample o f slip-cast (type A) material (bar =  0.1 /xm).

Fig. 7. Scanning electron micrograph o f bent specimen of  
slip-cast (type A) material (bar =  0.1 /xm).

dence o f lack of plastic deformation around slipped grain bound
aries. Dislocation activity indicating such deformation was ob
served in the crept hot-pressed material.

The influence o f phase composition (percent a -  vs percent 
jS-SisNJ is suggested by comparison of the slip-cast type-B (0.04 
wt% Ca) and injection-molded (0.06 wt% Ca) materials. The 10% 
increase in j8 -SiaN4 content in the injection-molded material could 
be responsible for its lower creep resistance. This explanation is 
strengthened by the observation of dislocations in some ^ -S i3N 4 
grains and their comparative rarity in a -S i3N 4.

V. Conclusions

( 1 ) The calcium impurity level seems to influence markedly the 
creep rate of Si3N 4, possibly because of its lower refractoriness as 
CaO levels are increased in the glassy grain-boundary phase.

(2) The creep resistance o f slip-cast and injection-molded 
Si3N4 might be improved by increasing the proportion of or phase 
while decreasing the Ca content.

(3) Under similar test conditions, activation energies and stress 
exponents o f creep are lower for reaction-sintered Si3N 4 than for 
hot-pressed materials.

(4) A grain-boundary-sliding model can explain both the de
velopment o f voids at triple points and the observed creep kinetics.
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