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SCREW 1) 1 SLOCAT ION I N  NONLOCAl )
ACC E S SION fo r H L X A C O N A I ,  ELASTIC CRYSTALS
NTIS W’ it~ Scct ~~ ~~

1~ rrnc Butt 5~~ t 1 f l  [1
0

—. by

A. Cema l Er i n g e n
t ,, , , .~~~~~~~~~~ and

F Ba l t a
- P r i n c e t o n  Un i v e r s i t y

AP STRA C T

The ‘o ’lu t l o n  is g iven  f o r  t h e  prob l em of sc rew d i s l o c a t i o n  in
h t ’ x t ~~on a l  c ry s t a l s  w i t h  long  range  i n t e r a t o m i c  I n t e r a c t  i o n s .
The f t  c id  equat  ions  of n o n l o c a l  e l as t  Ic  sol ids arc employ ed
t o  d e t e r m i n e  t h e  a n t i — p l a n e  shear  s t resses  and the  e l a s t i c
& ‘ n t r t v  f o r  a screw d i s l o c a t  Ion In t h e  b a s a l  p l a n e .  I n t e r e s t i n g ly
e f l H l t ~~h , none of t he  c la s s i c a l  s t r e s s  and en e r gy  s i n g u l a r i t i es
• I r U  p r e s en t  In t h e  n o n l o c a l  s o l u t i o n s .  Max imum shear  s t r e s s es
a r t ’  t i c u l a t e d  for  severa l  h e x a g o n a l  c r y s ta l s  and compared
v i t h  t h e  i s o t r o p i c  m a t e r i a l s .  T h e o r e t i c a l  shear  s t r e s s  to
i n i t i a t e  a d i s l o c a t i o n  w i t h  a Burge r ’ s v ect o r  of one a t o m i c
d i s t a n c e  i s  c a l c u l a t e d  and found to  he in  t h e  a c c e p t a b l e  r a n g e
kn own f r o n t  t h e  l a t  t ice d ynamic  c a l c t i l a t  ions .

1 . l i t ) ! )  t ’ ( ’i I o N

‘l ’he c l a s si c a l  e l a s t i c i t y  s o l u t i o n s  of V o l t e r r a  d i s l o c a t i o n s  ar e  w e l l

do o t m e n t e d  ( c f .  H ] ) .  The s imp les t  among these is the  screw d i s lo c a t i on

i n  an i s o t r o p i c  e l a s t i c  so l id  w h i c h  e x h i b i t s  a l / r . s l n g u l a r i ty  f o r  the s h e a r

~t r e s s  and a l o g a r i t h m i c  s i n g u l a r i t y  for  the e l a s t i c  energy . The c l a s s i c a l

e l a s t i c i t y  s o l u t i o n s , t h e r e f o r e , f a i l  In a “core reg ion ” near  t h e  ce n t e r

line of a cylinder. In a previous paper [2] we have shown that such

singulariti e s are  not present in the solutions based on the nonlocal elasticit y•
~ 6

theory. This , rather recen t theory [3,4], models the sol i d s  much mor e

This work was supported by the office of Naval Research
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~~ i t  i~~~a c t o r i I v  i n  t h a t  t h c  e f f e c t  of l o n g  range i n t e r a t o m i c  in t e r a c t i o n s  a r e

t aken  into a c c o u n t  i n  the stress constitutiv e equations. This in return

a l l o w s  the treatm ent of geometrical di sc ont inuit les and those associated wit h

1 . plivs I o i l  i n p u t s  ( f o r c e  clist r ibul ions , wave I engtlis , o n rgv , i t o  . ) in a

m o r c  s a t i s f a c t o r y  m a n n e r .  Yet , it is a continuum theory so that all prob l ems

‘ t n  he f o r m u l a t e d  as b o u n d a r y — v a l u e  p rob lems . The f a i l u r e  of c l a s s  i c a l

‘ l a s t  ic itv theory in the dislocation core reg ion has led physicists t o  in v e n t

v a r i o u s  itom istic models to provide an estimate for the state of stress and

e n e ’ r ~~v in this region .

En cou r aged with the results of our recent work on isotrop ic nonloc al

u l a s t i c  solids [21 we felt that the ana lysis should be extended to anisotrop ic

solids , since’ in anisotrop ic materials the solution is influenced hig hly with

th e orientational effects. Hexagonal crystals represent technicall y an

imp ortant class  of materials with well—known stable dislocation patterns.

h er e we giv~ the solution of the screw dislocation problem with the B u r g e r ’ s

vo t e r  l y i n g  in t h c  basal p lane. In section 2 we present a brief s u m m a ry  of

t h e  I f o l d  eq i l a t  ions  of the  non loca l  e l a s t i c  i t y  t h e o ry .  In sec t  ion we

• 
o b t a i n  t h e  s o l u t i o n  of the  screw d i s l o c a t i o n  p r o b l e m  l e a d i n g  to  e x p r e s s i o n s

o f  t h e  St  ross  fields and the elastic energy. In sect Ion A some r c~~o o l t s  ot

~m p i t e r  ( a l c u l ; l t  Ions are presented and the  maximum shea r  s t r e sse s  t h a t  cau se

• a sing le dislocation in several hexagonal crystals (Mg , A t i t  i t o , Cd , T h )

are calculated . The shear stress distributions along a radial p i a n o  f o r

t h e se  c rvst u s  disp lay considerable differences from those f o r  t h e ’  I so t  r ep  i

solids. Grat If y ing ly no stress and energy singu lari v o c c u r  so t h a t  by u s c

of t h e  m a x i m u m  shear  s tress h ypo thes i s  It  Is p o s s i b l e  c a l  u l  a t  e t h~~~r~~t f o u l

shear  s t r e s s  (re l i es  ly e  s t ress)
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.~~. FORMULATION

Th e basi c equa t ions of l inear , homogeneous, nonlocal elastic

s ol i d s , in  the static case with vanishing body force , are [3,4 ] :

(2.1) t k. k 
=

(2 .2) t
k~ = J akf (x ,x)e (x )dv(x )

(2 . 3 )  e = ~ (u +u )inn m ,n n ,m

wh ere the onl y d if fe rence  from the classical elas tici ty theory is in the

stress constitutive equations (2.2) which state that the stress at a

refer ence poin t x is a func t ion of strains at all poin ts x ’. As usual we

use the summation convention for the repeated indices over the  range (1 ,2,~l)

and denote the partial differentiation with respect to x
k 

by a comma , e. g.

t
k im  — )t k Q ~/~

Xlfl uk t ( x )  =

The t o t a l  s t r a i n  energy of the  body is given by

(2.4) = t~ 9
e
f~

dv = 

~ J ak~~~~(x ,x )e
kf
(x)e (x )dv(x )dv(x)

From th is expression and (2.2) it is clear that the nonlocal elastic modu ll

ak~~~~
(x ’,x) possess the synunetrv regulations

( 2 . 5 )  a k l ff i (x , x) — a~ ,~~~(x ’ ,x) — a k f (x , x )  a k~~
(x , x ’ )

—- - — - . -... -
~~ .-- 

• •‘ 

‘ 

•
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H~ n~ e t h e r e  a r e  21 Independent f u n c t i o ns  fo r  the  non local  a ni s o t r o p ic sol Ids

t h a t  c o n t r i b u t e  t o  the total elastic energy . The translational Invariance

of ( 2 .  2~ d j o t  a t i s  t h at  for homogeneous m a t e r i a l s  
~
1k ;m n  must  depend on x ‘ — x .

h one e

2 2( 2 . 6 )  ‘t k cmn ~~~
’ ,x )  = ak ~mn (x ~ _x

1 
) , (x ~ —x , ) , (x ’1— x 3 )

In c o n f o r m i ty  w i t h  the phonon dispersion curves in l at t i c e  dynamics we

~an a p p r o x i m a t e  ‘
~k.m n~~~~~~ 

by

( 2 . 7 )  i k , m n (X _ X )  = c k u I  (x _ x
1

) 2
, (x~~_x 2 ) 2 , ( x ~~_x

3
) 2 ] ,

wh e re C va t fe e l i s t  Ic  c o n s t a n t s  of t he  c l a s s i c al  e l ast i c  i t v  and

o ( x ’ - x )  is en  a t t e n u a t i o n  f u n c t i o n  t h a t  depends on x ’ — x .

r n  t b  p l o y s  i s  of sel Ids t h e  f o l l o w i n g  p r o p e r t l o s  of e ( x ’ — x )  a r e

by I on s .

( u )  0 ( x ’ — x )  a t t e n ua t e s  r a p i d l y  w i t h  X
~~

_X
k

.

(h ) I n  t he ’ c l a s s  t e a l  e l a s t  Ic  It v limit c (x ’ — x )  must  become a Dl r u c

d u l t a  m e asu r e .

Based on t h e s c  ob s e r v u t  I o n s  we assume t h a t :

( I . )  e ( x ’— x )  is  a c o n t i n u o u s  f u n c t i o n  of x ’ —x , w i t h  a bounded s u p p o r t

~o where * 0 .

( i i )

(2 . 8 )  J r i ( x ’ _ x ) d v ( x ’)  - i

In an exac t l y s i m i l a r  fashion to our work 12 1 we t a n  now prove t h a t  ( 2 . 1 )

and ( 2 . 2 )  are s a t i s f i e d  if  and onl y i f



5

i 2 . 9 )  k , k = 0 In V

w h e r e

( 2 . 1 0 )  • = c ek .  k o m  inn

is t h e  c l a s s i c a l  Hookes ’ law. This r e s u l t  may he s t a t e d  as:

Theorem of Corr~~~pondence :

The displacement field of the boundary—value problem of nonlocal , anisotrop ic

elasticit y , under the assumptions (I) and (ii). is identical to that of the

c l a s s i c a l  a n i s o t r op i c  e l a s t i c i t y  theory . The s t ress  f i e l d  is , however ,

g i v e n b y

( 2 . 11) t k~~
(x)  = J ‘ ) T k ’) d v (x ’)

h -so r e so i l t s  are  v a l i d  f o r  any k i n d  of an i s o t r o p ic s o l i d .

For the hexagonal crystals the number of non—zero  i n d e p e n d e n t  e l a s t i c

i n s t a n t s  c k is f i v e  ( c f .  [ 1 ]  p.  428) so t h a t  (2 . 10 )  has t h e  form :

0
11 ~~ 

c U ° 13  0 0 0

‘22 ° l2  ~~~ )1 c 12 0 0) 0 
~~2 2

(2 .1 .’) ° 
~l 1 12 ~ 1l 

0 0 0 e 33

2 0 0 0 (
44 0 0 €

~~ I

1) 1) (1 0 c r 5  0 e31

~l 2  
0 1) 0)  (1 ~~~ ~ l 2

_ _ _ _ _ _ _ _ _ _ _ _  • — — - - - - - ~ - 
—

‘ 1~
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w h o  r e

c 11  = c 1111 , C 12 = , c 13 = c
r33 , C

22  
=

( 2 . 1 3 )
c 2~~2~ , c 5~ = ~~c~~~ c13)

The attenuation function i (x ’—x) may also have different rates of d e c ay  in

the basal p l a n e  perpendicular  to the x
2

—axis  than in the x —dire ct ion .

Cons ider ing the fac t tha t in the basal plane , hexagonal crys tals are

isotrop ic and recalling (2.7) we must have

(2.14) ~ = ~~~~~~~~~~~~~~~~~ (x~ -x 2)
2

1 ,

The specific form of this function can be fixed by the dispers ion 0I r ’,u~

a v a i l a b l e  in l a t t i c e  dynamics .  A very u s e f u l  one is the f u n c t  ion ’

( 2 . 15 )  i = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

— where  I s  d e t e r m i n e d  by the  n o r m a liz a t i o n  ( 2 . 8 ) .  The c o n s t a n t s  k 1 and

— , ~ are , r e s p e c t i v e l y ,  the attenuation factors in the basal p la ne and along

t h e  x
2

— a x l s  and a i s  t he  l a t ’i c e  pa ramete r .

1W h l l e  t h i s  f u n c t i o n  does not have finite support nevertheless It gives
t h e ’  Dirac delta measure in the limit a-~O.
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3 . SCRE ~ 1) 1SLOCATION

A p u r e  screw d i s l o c a t i o n  in the  z — d i r e c t i o n  in t he  basa l  p lane  of a

i o c x a g o n i l  c ry s t a l  i s  poss ib le , F i g .  1. R e f e r r e d  to  r e c t a n g u l a r  c o o r d i n a t e s

x~ =v , x3
=z), the nonzero components of the displacement and stress

0 fo lds ire given by (cf. [11, p. 426)

(3.1) u = r~~ ta~~ (R ~~ v / x ) ,

( 3  “) . = — ~ ~__~i_xz 2 ’u 2 2Bx +y

( 3 . 1 )  a = ABb xvz
- 2ir 2 2Bx +y

where  h = ( 0 , 0 , h )  is the  Burger ’s vector, and A and B are cons tan t s  r e l a t e d  to

the classical elastic moduli c
1~ 

by

( 1 . 4 )  A [c44 (c 11-c 1 )/2]~ , B 2c44 /(c11—c 13)

t h e  c - l u s t !  e ne rgy  p er  u n i t  l ength  of a cy l inde r , w i t h  inner  and o u t e r  r ad i i

r and R , is given by

2
• Ab R

(3.5) ~/L = ~
— .n (— )

} rom these  r e s u l t s  i t  is c lear  t ha t  the  s tress f i e l d  has a h r — s i n g u l a r i t y

and t h e e  energy  has a l oga r i t hmic  s i n g u l a r i t y  as r~~~0. T h i s , o f course , Is

the troublesome state , well—known in classical elasticity.

A ccording to the theorem of correspondence we can emp l oy these results

to obtain the solution In nonlocal elasticity. To this end we first c al cu h at o

the c las s i c a l  stress fields in cy lindric al coordinates. Thus ,

3

— 

~~~~~~~~~~~~~~ 
r- ~ ~~~~~~~
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Ab I
a - 

—~~i , i ) ) ’+ c o s ( ~ = •

(3.e) 
,Z xz 2r r

A (B—l)b I t i n ’1
r z 

- 

2~ r b+ t ~2r

~ n - r o

2 2~~ .~~~~ 2 2~~= x/(x +v ) , s in’  = v/  (x ~v )

In curvilinear coordinates the physical components of the str e ss f l u i d

(k)
t is given by (see [2])

(3.7) t
1) 

= 
r

w h e re ~~, and ~~~~~~ are the direction cosines between the curvilinear

- r d u n , o t o - s  ~ , k and ~
k
. In this case we have

= ° r ’
~~

’
r = 

~~e
•
~~~~

’
t )  

= C ( ’ s ( ~ 0 ’
~~~~ ) 

~ ~~~~~ 
= 

~~~~~~~~~~ 
=

—~ 
(3 .8)

—
~ o

2 
= sin(~~’-)) , ~l = 

~~~~~ 
= - s i n ( O ’ - ) ,

~~~~~ w ) i c  re  ( 0  , c e ) are the unit y e - c t  ors  of the  cylindrical c o o r d i n a t e s  a t  x

and 
r ‘ , e ) i re - t h ose at x ‘ , Fig .  2

S i e b s t  h u t  Ing (3.8) int o ( 3 . 7 )  we o b t a i n

t ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V

J e ( x ’ -x)  I~~~z~~~
C os(~~

’ 1
rz (~~

’)sin (O ’_ 0 1v(
~~

?)

_____________________________________ - •—.----•
‘ 

• — —- --  — .--—..—. •- ~— — -•--



ti~’i n- i l i . it ion c c i l i s t a f l t  ° i n  ( J . l i )  is I t  ,ilO. ol h - . 3 - : -  r e

ever  t i e  i n ~ m i t e  s ; u ~-e . I ’h i s  o ’ j v & - s

~ . 10 )  = k i

n cvi ind r i~~a I  c o o r d i n a t  ~s t a r t h e -  I i enct  ion  a we b~~ve-

= 0 e x p [_ ( k
1

/ a ) 2 ( ~~C .~z) 2
J~~ex p I ~~( k / n ) 2 r 2 L s 2

—(k 2/aYr sin o]~~exp[—(k 1 /a ) ( r ’ c is~~i ’ — 2rr ’cos .cvs~~’)

2 , 2 . 2 , , - .— (k~ /a) (r sin 8 —2rr s i n - s i n - - ) 1

we n o t e  t h a t  t h e  function is even in (8 ’ — - )  t he i n t e g r a l s  i n  ( 3 . 0

t~~ k o -  t h ~ farms

t n = A ( B — l ) h  JJ ~~:(x ’—x ) 
t a n ~~’ 

cosU ’ ’—~~) d 8 ’dr ’ dz ’
0 0 hI +t in ~-

(3 . 12)  r ’ ~2n
t = ~~ 

• ‘ (x ’ — v , )  ( i -os 3 h ’ — - + B — I )  t~~~ 1~
)
~ • sin (h ‘—~~ fl d -’ ‘ dr ‘- •  

~~ - 
J O ~ o - — h ’ t n - ~ ’

l ot e - g r a t  i o n  in (3. 12) over r ’ and z’ can  he carri ed a l i t  i c~~d i n c  t o

t
rz 

= ~~~ ~~f ( f 1 _ 3 )  si n” ’cosf~’ _ 
( ‘ i) S ( h ’ _ i ( ) f ( ,°.‘)‘)dl + ( R — l ) r o ~ 8 ’

3 . 13)

= Ak~ b 
~ 

) 5 ( f l ’— O ) + ( B — l )  sin ’c osB ’ 
S i f l ( ’ ( ’ _ t i ) ] f (  , . i

, i ’ )~~~~~~~ ’

0 l + ( B — l  ) o s  ~‘
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C -

= k r 1 i , k = k 1 , - / k 1 = .

2 2 . ( 0 - o— , - o~~ ‘ - • i i  
• • - I ‘ I 

-

-p’ — o f .  — l )sin - ,  — — - S

l~ (. — l )sin~ - - ’

~~~~-- ~ ~~~~~~~ s i t i - - s i n i’ ’
•~ 1~~ - r t  , 

, I }
[1+ (. — l )sin~ - - ‘ L

) •)  
—

• 1 l +(. ‘-I )sin~ 8’ I

- - i s p I u :- i i t  I i c i d  i s  ~‘ i ’ ’ e - t i  by

I ~ ) U = ii j ,  = 0 , = ~ 
I (B  2 i i i ’ )

so h - i t  t h e  o n l y  n o n — 7 e - r )  co mp on ene- t o f  t h e  s t r a i n  t o - n - a i r  i s

B~ b I ~ —lI I . 1 0 )  = — [ l + ( B — I  )co ~~~ i I

The ot ,el st  r e i n  e n e r g y  per u n i t  length in  t h e ’ z — d i r o - - t  ion  i s  no ’.~

c-a l - u i  i t  ed by

( 0 .1 7 )  ~: / i .  = 

~~~ 
I
r ce

h 1+

~~

3_ 1 )cos l] 1
t 03 (r ,04)drd

ISCI SS J i IN

The oflo -ar stress t takes its max imum v a l u e -s - u~ ‘l =io /~ f l i t  i i i —

di me ’n s lona I sh ear  st r oss

/ Ak h( - . . 1) r t / t  , t •,z 1(z o o 2 r i  ,- i

- - C 
- - -—- — — 

~
-—0-S . ,S,.~~

SS_S. - -
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iS  ~i 10 .t 0 0 !  i n  F i g .  I ;i f t i n c t  i o n  of for various hexagonal crv st a Is.

S o  ‘ I R e ’ i - i t l e u  t o !  0 l i i -  val ue o f  . is t h e  r a t i o  of c~he s t  i i - c o n s t a n t s

Ii 0-  cons i de rat i o n  t h a t  t h e -  a t t e n u a t i o n  in a g iven dire- i t ion i s  p r o b a b l y

r To r t  ian i I ta t l i e ’ c - l a s t  i c m o d u l u s  i n  t h i t  d i r e c t  i o n .  The e last ic

n- ~ t a n t s  u~~e ’d a re  t aken f r o m  ‘ and t h e - v  t o r e -  listed in ‘t a b l e  I together

w i t  h . and th e -  r : o x i m u m  Va I n c  of  r and t h e  p= p a t  w h i c h  i t  o c c u r s . The
‘jz in

i s  a l s o  shown on F ig .  3 as a function of p for the isotropic c ry s t a l s .

h is c1~’ ,u r that t h e  max imum shear  stress and i t s  l o c a t i o n  is g r e a t l y

e -c -~~ed by t h e  a n i s o t r o p y .  In p a r t i c u l a r , f o r  Cd and Zn the maximum

s O ,  n~ a r e  n e a r l y  one h a l f  of that for the Isotrop ic solids. In Figs. 4

t o , !  S we’ d !sp lav  t h e  n o n — d i m e n s i o n a l  shea r  s t resses  t~ and T t / t  as
r7. rz 0

t i on s  ot -, f o r  m a g n e s i u m .  The max ima  occurs  at ~~~~~~~~ 8~~/2 for

and p — i .  .0, t 4 = o ~~/ ’4 t a r  t
a , ’ rz

L - r  - R e i n - c - r i n g  p u r p o s e s  i t  may he useful to give the ratios of shear

- - . 5  t o  t h o s e -  t a r  t h e  i s o t r o p i c  sol ids .  Thes e- a re  shown in F ig .  6 as

in t i- ’ :os of p u t  - ‘= - °/ 2 . These rurv o-s ir ,tv  be ’ used t o  make e s t i m a t e - s  fo r

ot  bie r b i . - :~: - i c  na  I r v s t  a I s  with d i f f e r e n t  . Since  t is m u c h  small er thanrz

We l : - l y e- not prciv ided corresponding curves for t
‘ I ? .  rz

i i i  11< - t he ’ r i - s t i l t s  In  t h e  c l a s s i c a l  t h e o r y  ~be~ s h e a r  s t r e s se s poss -ss

t in  S j I . , - ( tar i t v  h u t  s q u i r e -  max ima . C o n se q u e n t  lv  we can equat e -  t he  max imum

s i t e - s r  s t r - t s  to  t h e ’  o h i o - s  l v i -  s i n-ar  stress t o  o b t a i n  t h e  c o n d i t i o n  to  p r o o h o l o c -

a di slo a t  ion of sing l e  a t  o m i t  d i s t a n c e .  Thus t a k i n g  b/a 1 we have

rali -u l u t i’d t h e ’ r a t  in  of  t h e o ret  h-al s h e a r  s t r e s s  t o  the-  shear m o d u l u s  c ,
4 ‘-4

‘ T h e - s e  .ini - I h o t ed i n  T ab l e  2 for diff erent attenuation constants k 1  , 1.25

and 1. TI . The vs tue k= 1.50 makes t h e  d i s p e r s i o n  curve  fo r  t he  p l a n e  s l i c e r

waves o b t a i n e d  t he - o r e - f lr a ll v by usIng (2. 15) n earl y coincident with those
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,o ’o tai n ed t rom experiments t o t hovnson [6j . It appears that the theoretical

— tO , -sr st ross cal c i i  1st t’d is ab o u t  tw i cc’ t h e  value based on lat t ice dynamic s

- ‘ a !ctt l ,ition s (cf. I7~~, p.  lY i f - o r  Z n .  C o n s i d e r i ng  t h e  I n c - - i i r ; o ch - s

L t i \ ’ ’ l v o - d  i n  t h e ’ - S t  l r ’ta t e ’ o f i n t e ’r -uto m ic tarce l aws , i t  is clear t h a t  tO. -

p r e s en t  r c s o l  Its are in the ri~~ht range . I n  fact , If one takes k somewhat

s m a l l e r  t h a n  I and . s l i g h t l y  d i f f e r e n t , i t  is p o s s i b l e  t o  l owe-r  t h e - s e

ratios. h owever , one- cannot p lace any great faith In these  va lues  in t h e

ab sence of e x p e r i m en t s  s u f f i c i e n t ly a c c u r a t e  f o r  the  a tomic  sca le  phenomena .

The total energy given by (3.17) may be expressed as

(~~. 2 )  = Ab 2LN

w h e r e  Z depends  on K , B and P k R / a .  For va r ious  m a t e r i a l s  is  c a l - - u lat e d

and listed in Table 3. The case of i so t rop ic m a t e r i a l s  agree very we l l

with the result given in 12 1
1 . 

~~ 
grows Indefinitely with the r a d i u s  R

b e c o m i n g  i n f i n i t e  for R=~ as e x p e c t e d .

1 1n 1 2 )  eq s .  ( 4 . 2 )  and ( 4 . 3 )  c o n t a I n  ii ty p o g r a p h i c a l  e r r o r .  R i gh t - h and
s ide  of Z should be multi pl ied  by ~ in both (4.2) and (4.1).

— ‘ ‘ - 
—
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T i ble ’ 1 . M .iximoi m ~- hio-:i r Stre ss

Fl ast li- C o n s t a n t s  
-

I t o  1 1 0  1 
1 
~~ 

1 12 l
c
nJ ~ 22 ~~~ 4’i / 

= 
n

11 2 I (c , , / e~- ) ( t  - t ) - (I .’r  / .-
~~xIO dvr,/cm .~~~ I I  - - z  o

— — - -

~~~~~~~

-

~~~

-— — -f —  -

Zn 16.5 5.0 3.1 6.2 3.96 0.376 0.3370 2.65

5 .93i2 .14~ 2.57 6.15 1.64 1.037 0.6555 I 1.08

~ d i l . 4  4 .0 3.94 5.08 2.0 0.446 
- 

0 .39 1 1  2 . 2 5

—\p - i t !te 16.7 6.6 1.31 14.0 6.63 0.838 0.5871 1.1°)

Ice’ 1. 34~ 0.53 0.65 1.45 0.313 1 .082 0.6824 1.03 

t _ S~~~~~~~ L - -

p ‘l ;ibl.- 2. t I c
‘ ‘7, / 4 _ c

o - -- -
~~ 

- - - r - -

~~e t e - r i a l  - -

1.00 1.25 1.50

Zn 0.0698 0.0872 0.1049

‘1 .1056 0.1320 0.1584

Cd 0 .0850 0 .1 062 0.l27~

A p a t i t . -  0 . 1007  0 .1258 0 .1510

l eo - 0.114 1) 0.1425 0.1710

— — 

- - 
C ‘ 

-—— 
~~~~~~~~~~~~~~~~~~~~~ 

—
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FIGURE CAPT I ONS

Fi g . I Screw Dislocation in Hexagona l Crysta ls

Fi g.  2 Coordinates in (x ,y)  — p la ne

F i g. 3 Non—dimensional shear stress versus

F i g .  4 N o n — d i m e n s i o n a l  shear stress T~ versus 0 for Mg

Fig. S Non—dimensional shear stress i versus 0 for Mgrz

F i g .  6 The r a t i o  of shear stress t 0 to shear stress for isotrop ic bodies
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