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NUMERICAL CALCULATION O F  ELASTIC PROPERTIES FCR 

STRAIGHT DISLOCATIONS I N  ANISOTROPIC CRYSTALS 

M. H. Yo0 B.T.M. Loh 

A computer program was wr i t t en  for t he  an iso t ropic  e l a s t i c  
so lu t ion  of a s t r a i g h t  d i s loca t ion  based on the  formulas devel- 
oped by A.  N. Stroh [Phi l .  Mag. 3, 625 (1958) 1 .  
i s  appl icable  t o  a s t r a i g h t  d i s loca t ion  of a r b i t r a r y  character  
and o r i en ta t ion  i n  a l l  c r y s t a l  c lasses  except monoclinic and 
t r i c l i n i c  systems. Direct appl icat ions for t he  analyses of  
d i s loca t ion  in te rac t ions ,  t h e  s t a b i l i t y  of  a curved dis loca-  
t ion,  and t h e  displacement f i e l d  w i t h  respect  t o  a d is loca t ion  
ax is  are discussed. 

Th i s  program 

INJTODUC T I  ON 

The anisotropic  e l a s t i c i t y  theory o f  s t r a i g h t  dislocatj-ons devel- 
oped by Eshelby, Read, and ShockLey' has been elaborated and applied by 
severa l  inves t iga tors ,  a s  given i n  an extensive review by H i r t h  and 

Tlothe.2 
8 s t r a i g h t  dis locat ion,  it i s  not always poss ib le  t o  obtain anal-yti-c 

expressions €or t h e  so lu t ions .  

eqiiation, which, except f o r  few sbp1.e cases, cannot be solved ana ly t i -  
ca l ly .  The spec ia l  d i s loca t ion  or ien ta t ions  for w h i m  ana ly t i c  solu- 
t i ons  can be obtained have been reviewed r ecen t ly  by Teutonico.3 

I n  applying t h e  theory t o  ca lcu la te  t he  e l a s t i c  proFert ies  o f  

This d i f f i c u l t y  r e s u l t s  from a s e x t i c  

'J. D. Eshelby, W. T. Read, and W. Shockley, "Anisotropic E l a s t i c t t y  
w i t h  Applications to Dislocation Theory," Acta Met. _. 1, 251 (19'53). 

'J. P. H i r t h  and J. Lothe, Theory of Dislocations, McCraw H i l l  Book 
Co., New York, 1968, p. 411. 

'La J. Teutonico, "hm1ytj.c Solutions f o r  t he  S t ress  Fields  of 
Dislocations i n  Anisotropic Media, " P h i l .  Mag 

- 

- 18, ,481 (136Q) - 
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Tne original. theory WBS modified i n t o  an a l t e rna te ,  bu t  equival.ent, 
form by S t r o h L  so that, i t  could give ana ly t i c  so lu t ions  i n  simplest  pos- 

s i b l e  form. Analytic expressions of t he  e l a s t i c  so lu t ions  for a d i s lo -  

ca t ton  lying i n  a (111) d i rec t ton  i n  a cubic c r y s t a l  have been obtained 
by t h i s  modifi.ed formulation.5-'7 

which ana ly t i c  solut ions a r e  not t rac tab le ,  t he  authors found e a r l i e r 8  
that, an e f f i c i e n t  numerical ca lcu la t ion  was poss ib le  by using St roh ' s  
formulation. Tn t h e  present  study, the  syrmetry condition tha t  the  d i s -  
loca t ion  l i n e  l i e s  normal t o  a r e f l e c t i o n  plane - the  onl-y r e s t r i c t i o n  
i n  the  e a r l i e r  work8 - i s  el.iminated so  t h a t  numerical e l a s t i c  solut ions 
for t h e  most general case a r e  now ava i lab le .  

%-en f o r  a more general  case, fo r  

The purpose o f  t h i s  repor t  i s  t o  present  an e f f i c i e n t  method of 

riurnertcally ca lcu la t ing  the  e l a s t i c  sol-utions f o r  a s t r a i g h t  d i s loca t ion  
of a r b i t r a r y  or ien- ta t ion i n  an an iso t ropic  medium. 
used. f o r  calcul.ation a re  l i s t e d  i n  the following section, and the sub- 
s i d i a r y  equations a re  presented i n  Appendices A and B. A computer pro- 
gram i s  gi.ven i n  Appendix C. A s  an i l l u s t r a t i o n ,  t he  e l a s t i c  f i e l d s  o f  

The elast ic ,  equations 

1 both screw and edge d is loca t ions  of  ~(Lll) Burgers vector  
a r e  computed and presented in equal-value contour p l o t s .  
eral. appl icat ions of t h e  presenl; r e s u l t s  a r e  discussed by 
typ ica l  exampl-es. 

i n  a - i ron  

Finally,  sev- 
giving some 

ELASTIC EQUATIONS 

The der iva t ion  of e l a s t i c  equations j.s based on the  formulas devel- 

oped. by S t r ~ h . ~  S t r o h ' s  equations referenced i n  t h i s  repor t  a r e  pref ixed 

'A. N .  Stroh, "Disl.ocations and Cracks i n  Anisotropic Elasticri.ty, ' I  

Phril. Mag. - 3 ,  625 (1958). 
- 

5A. K. Head, "The Ll11.1 Dislocation i n  a Cubic Crystal ,"  Phys. Status  
Soli-di __ 4 ,  461 (1964). 

- 
6Y. T. Chou and T. E. Mitchell, "Stress and Di la ta t ion  Fields  of  

75.  P. Hirth and P. C.  Gehlen, "Dislocation Displacement Fields  i n  

8M. H. Yo0 and B.T.M. Loh, "Character is t jcs  of S t ress  and Di la ta t ion  

the  (111) Dislocation i n  Cubic Crystals ,"  J. Appl. Phys. I 38, 1535 (1967). 

Anisotropic Media, ' I  J. Appl. -- Phys. 40, __ 2177 (1969). 

I 

- 

FIel-ds of  S t ra ight  Dislocations i n  Anisotropic Crystals,  ' I  J. Appl.. Phys. 
41, 2805-2814. (1970) . 
- 
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w i t h  an S .  The re la t ionships  between t h e  tensor  notat ion and the con- 

t r ac t ed  matrix notat ion (e .g. ,  ij ++M) a r e  based on t h e  convention 
given by Nye.' Both notations a re  used interchangeably. Three d i f -  

f e r en t  types of subscr ipts  a r e  used; those of l u w e r  case Lat in  o r  Greek 
l e t t e r s  may take on values 1, 2, o r  3; and those of capi ta l  La t in  type 
may a l so  take on values 4 ,  5 ,  or  6.  The summation convent5on i s  employed 

f o r  repeated Lat in  indices ,  whereas summation over Greek indices  w i l l  
always be Shawn e x p l i c i t l y .  

Dislocation Coordinate System 

The d is loca t ion  l i n e  is  p a r a l l e l  t o  the x3 axis  of a right-handed 

Cartesian coordinate system, and t h e  u n i t  sense vector  5 poin ts  i n  the  

pos i t i ve  x3 d i rec t ion .  
Burgers vec tor  b = [bl bz b31 is  adopted such t h a t  E coincides with 
[O 0 b g l  f o r  a pos i t i ve  o r  right-handed screw dis locat ion,  and t h e  posi-  
tive x1 d i rec t ion  coincides w i t h  [bl 0 01 f o r  a pos i t i ve  edge d is loca t ion  

hawing "an ex t ra  ha l f  plane" or  compressed zone i n  the  pos i t i ve  x2 
d i r e c t  ion. 

The start-to-finish/right-handed convention'' f o r  

N N 

Under the  condition t h a t  the  e l a s t i c  sol-utions a r e  independent of 

x3, t h e  generalized Hooke's l aw can be given by Eqs .  ( S 6 5 )  and (S66) as 

E = s  u M M N N '  

and 

s -  MN 

where S a r e  the modified e l a s t i c  compliances, and s a re  t h e  e l a s t i c  

compliance constants referred t o  the  x dis loca t ion  coordinate axes. In  
turn,  s a re  r e l a t ed  t o  t h e  e l a s t i c  compliance constants s o  re fer red  

t o  t h e  standard c r y s t a l  axes xo by t h e  transformation r u l e  of fourth-rank 

tensors, 

MN M!!T 

i 
MN MEJ 

i 

'J. F. Nye, Physical Propert ies  o f  Crystals,  &ford University Press, 
London, 1900, p .  131. 

"The closed Burgers c i r c u i t  i s  defined i n  a pe r fec t  c r y s t a l .  
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S I= a a a a s o  (3  i j k l  im j n  ko l p  mop  ' 
where a a r e  t h e  d i r ec t ion  cosines o f  a coordinate transformation i j  

x = a  x:. 
i J 

Sextic Equation 

The sex t i c  equation, the secular  equatton of the  e l a s t i c i t y  theory, 
is given i n  teims of  Sm by Ey. ( S 7 4 )  as  

The Eq.  (5) has no r e a l  roo ts ;  i t s  roots  occur i n  complex conjugate 
p a i r s .  The three  roots w i t h  pos i t i ve  imaginary p a r t s  will be denoted 

by pa = ra 1- i% (a  = 1,2,3) ,  w i t h  c o r ~ 1 . e ~  conjugates 6 
ga a re  r e a l .  

where r and a' Ix 

St r e s s Compo nen-t s 

A l l  t h e  stress components can be given i n  the  form 

where b i s  the  magnitude o f  'Burgers vector  b = [bl b2 bgl and K i s  the  
and K a re  r e l a t ed  t o  the  energy f ac to r .  'T'he coef f ic ien ts  A 

roots  of t he  sex t i c  equation and hence t o  the  e1astj.c constants.  The 

rel-ationships between these coef f ic ien ts  as well  as  others  to follm 

and the  coeffickerits defined by Stroh4 a r e  gTven i n  Appendix A, and 

some re la t ionships  among A and B 

N 

i ja' 'i ja' 

a r e  given i n  Appendix B. ija ija 
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The d is loca t ion  Line energy per  u n i t  length, E, i s  g ivenl l  by 

,where r and R a r e  the  inner  and outer  cut-off r a d i i .  
0 

Displacements and S t r a i n  Components 

The th ree  components of t h e  displacement vector,  u, may be given as  
N 

and t h e i r  gradients,  i n  more fami l ia r  form, as  

The coef f ic ien ts  Rid Tia, PiJ(-f and Qija a r e  given i n  Appendix A, and 

some re la t ionships  among these coe f f i c i en t s  a r e  given i n  Appendix B. 

T'ne s t r a i n  components can be r ead i ly  obtained from Eq. (1.0) by t h e  

d e f t n i t i o n  

o r  from E q s .  (1) and (7).  

D i l a t a t ion  and Hydrostatic Pressure 

The d i l a t a t i o n  f i e ld ,  A = V - u  = c can be given as  
N ii' 

A. J. E. Foreman, "Dislocation Energies i n  Anisotropic Crystals, " I 1 

Acta Met" - 3, 322 (1955). - 
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where the  coef f ic ien ts  fa and gD a r e  r e l a t ed  t o  the  coef f ic ien ts  defined 

previously as  given i.n Appendix A. 
- In a po la r  coordinate system ( ~ ~ 0 )  the d i l a t a t i o n  f i e l d  i s  

A = - - -  b G  
2n r ? 

where 

Similar ly  the  hydros ta t ic  pressure,  p = --uii/.3, can be given as  

(13) 

where 

The expressions for t he  coef f ic ien ts  h and k a re  given i n  Appendix A. a a 

A FORTRAN computer program has been m i t t e n  based on the e l a s t i c  
equ.ations presented i n  the  previous sect ion,  and it i s  given i n  
Appendix C.  The e s s e n t i a l  s teps  of the  program a r e  depicted by a f l o w  
diagram i n  Fig. 1. This dia.gram may be divided in to  two parts,  t he  
input and the  output, ,whi.ch correspond t o  the  p a r t s  before and a f t e r  the  
dashed l i n e .  Each step of t h e  computation, as  marked by an arraw, i s  
car r ied  aut, e i t h e r  . w i t h  t he  equation quoted o r  with a subroutine program 
such as  Transformation (TRNSFM) or Inversion (INV). 

inarked by the  dashed lrine t h a t  general ly  requires  a numerical solu.tion 
of t he  roots  of  a sixth-order pol-ynomial. 

It i s  t h e  s t ep  

Although the  39 coef f ic ien ts  together w i t h  the  energy fac tor  ,will 

su f f i ce  t o  give t h e  e’l-astic soJ.utI.on (U 

Appendix R, a l l  t he  coef f ic ien ts  defined i n  Appendix A a r e  computed. 
The t o t a l  computation time with the 1BM system/360 model 91 is  

and u . )  as  mentioned i n  i j  1 
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ORNL-DWG 71-4241 

Fig. 1. 
Calculation. 

Flow Diagram of the  Essent ia l  Steps o f  Numerical. 
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approximateLy 15  sec and depends on the dis locat ion or ien ta t ion  w i t h  

respect t o  the  c rys ta l  axes. 

RESUT,TS 

"he computer pr int-out  of the  r e su l t s  f o r  screw and (1TO) edge d i s -  

locations i n  a-iron i s  given i n  Append.ix D. The output gives the two 
vectors t ha t  define the  s l i p  plane and the  disl.ocation coordinate sys- 

tem, the  Wlrgers vector, the  e l a s t i c  constants at room temperature,I2 

the energy factor ,  the sex t i c  roots, and the coeff ic ients  A and B 

where a = I, 2,3 and rn = 1,2. . . 23 .  The correspondence between these 
coeff ic ients  and those defined in  the t e x t  may be obtained unambiguously 

w i t h  the a i d  of  Table 1. 

ma ma' 

Table 1. Correspondence Between the Results A and B ma and the  Coefficients Defined i n  .the Ye%? 

&Ut 
11 i E n P i j  U i j  

J 

m 1-6 7-16 17,18 19 21,22,23 

'ma Aijcx 'i ja fa ha Ria 
ia B,cl 'i ja Qi ja g a  ka T 

The r e su l t s  of a- E A, and p a re  plotted. i.n Figs .  2 through 5 
ij' i j '  

as  equal--value contour maps f o r  the values of 0, +2, *4L,, +6, +8, *lo, 

t12,  and k14 i n  u n i t s  of K/4OOn f o r  U. 

f o r  E and A. 

and p and i n  un i t s  of  1/400n 
lj 

?. j 
For a (111) screw dislocat ion ~ 2 3 ,  013 and €23, € 1 3  a r e  the  pre- 

dominant s t r e s s  components, whereas 0-7.1,  uz2, 0-33, ~ 1 2  and €11, € 2 2 ,  

E 12 are  r e l a t ive ly  weak components, as shown i n  Figs. 2 and 3 .  These 
weak components a re  the ones tha t  give r i s e  t o  the  tangent ia l  o r  angular 

"J. Leese and A.  E. Lord, Jr.,  "Elast ic  Sti-ffhess Coefficients of 
Single-Crystal Iron from Room Temperature t o  5OO0C," J. Appl.. Fhys. - 39, 
3984 !1968). 

I 
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OPNL-OWG 70- 1372 .... +~ ................ 

I 

-2 
.................................. 

0 ..... .I .- ............. 1 u=ti(j* *. - ............. 

Fig. 2. Stress and Hydrostatic Pressure Fields of a Positive 
(Right-Handed) (1x1) Screw Dislocation in Iron. 
K /400x.  fJnit of distance: b. 

Unit of stress : 
S 
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‘u 0
 

c
 
c
 



Fig. 4 .  Stress  and Hydrostatic Pressure Fields o f  a Positlve 
[liO}(lll) Edge Dislocation i n  Iron. Unit of stress: R / 4 O O f l .  Unit 
of distance: b. e 
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O R N L - O W  70-13723 

Fig. 5.  S t r a i n  and Di la ta t ion  F ie lds  of a Pos i t ive  {l i0}(111)  Edge 
Dislocation i n  I ron.  Unit of s t r a in :  I /400~r .  Unit of distance: b. 
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components of i n t e rac t ion  force between a p a i r  of  screw d is loca t ions .  
These components a r e  nonexistent under an i so t rop ic  condition. Th i s  

t angent ia l  component of i n t e rac t ion  Torce w i l l  be discussed fu r the r  i n  

the  following sect ion.  The nonzero d i l a t a t ion ,  A, and the  corresponding 
hydrostat ic  pressure,  p, around a (111) screw d is loca t ion  ind ica te  t h e  
exis tence o f  the  f i r s t - o r d e r  s i z e  in t e rac t ion  between a spher ica l  

point  defect  and the  screw d is loca t ion .  T h i s  i n t e rac t ion  i s  absent 
under an i so t rop ic  approximation. 

For a [fb] edge dis locat ion,  the  weaker stress and s t r a i n  compo- 

nents, which a r e  absent under an i so t rop ic  approximation, a r e  uZ3, ~ ' 1 3  

and ~ 2 3 ,  c13, a s  shown i n  Figs.  4 and 5. 

dis locat ion,  where the  d i s loca t ion  l i n e  lies normal t o  a r e f l ec t ion  
plane, a l l  t h e  nonzero e l a s t i c  f i e l d s  shown i n  Fig. 6 a r e  asymmetric 
w i t h  respect  t o  the  d is loca t ion  ax is .  The e f f e c t s  of asymmetric 

s t r e s s  f i e l d s  on d is loca t ion  in t e rac t ion  were discussed previ ousl-y. 15 

The displacement components a r e  p l o t t e d  i n  polar  diagrams i n  
Figs.  7, 8 ,  and 9. The amount of displacement based on the  i so t ropic  

e l a s t i c i t y  theory, tii is subtracted from t h e  corresponding aniso- 

t rop ic  displacement components such t h a t  a l l  t he  polar  p l o t s  i n  Figs.  '7, 

2, and 9 a re  t o  diminish under an i so t rop ic  approximation. 
displacement component obtained from t h e  e l a s t i c  so lu t ion  i s  re fer red  
t o  an a r b i t r a r y  o r ig in  of  the coordinate system, one needs t o  f i n d  t h e  

exact loca t ion  of t he  o r i g i n  w i t h  respect  t o  the c r y s t a l  ax is  of t he  
d is loca t ion .  

discussion of appl icat ions.  

In the  case of  a (112) edge 

i' 

Since each 

The s ign i f icance  of t h i s  problem w i l l  be given j-n the 

'%. Bullough and R. C. N m a n ,  "The Kinetics of Migration of  Point 
Defects t o  Dislocations," pp- 1.01-148 i n  Reports on Progress i n  Physics, 
vol 33 (1970). 

l e M .  €I. Yo0 and B.T.M. Zoh, "Structural- and E las t i c  Propert ies  of 
Zonal Twin Dislocations i n  Anisotropic C r y s t a l s ,  I '  p .  4'79 i n  Fundamental 
Aspects of Dislocation Theory, National Bureau of Standards Spec. h b l .  
-9 317 ed. by J. A .  Simmons, R. dewit, and R.  Eullough, Washington, D . C . ,  
I970. 

I'M, I$. Yo0 and B.T.M. Loh, "Character is t ics  of S t ress  and Di la ta t ion  
Fields OS Stra ight  Dislocations i n  Anisotropic Crystals,  " J .  Apple Phys. 
41 2805-281.4 (1970) . - 
I__ 

J. P. H i r t h  and S. Lothe, Theory of Dislocations, McGraw Hi.1.1. Book 16 

Co., New :fork, 1068, pp. 5'3, ' 75 .  



ORNL-DING 69-3005R 

UNIT OF STRESS: K,/400 T 

UNIT OF STRAIN: 1 / 4 O O r  
UNIT OF DISTANCE: b, 
ELASTIC COhSTANIS: C,I 7 22 .6 ,  

C j z  = 14.0, C 4 4  = 11.6 I N  UNIT OF 
101'dynes/cm2 (LEESF AND LORD, dR., 1968) 

Fig. 6. Stress and Di la ta t ion  Fields of  a Positive (1.1.2}(111) Edge 
Disl-ocation i n  Iron. 
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OHNL -DWG 70-13463 

z: $9 [111] 
2.4823 a 

Fig. 7 .  
Dislocation 
i c )  u 3 - u l  - 

[ t i 0 1  x2 

Displacement Field of  a Posi t ive (Right-Handed) (111) Screw 
i n  Iron.  Three displacement components - (a) ul, jb) 1-12, 
a re  given i n  angstroms by polar  p l o t s .  
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ORNL-DWG 70-13464 

( C )  

Fig. 8 .  Displacement Field o f  a Posi t ive [liQ](lll) Edge Dislocation 
i n  Iron. Three displacement components - (a)  ul-ui ,  (h) 112-u2, 1 (c)  u3 - 
a.re given i n  angstroms by polar  p l o t s .  
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CRNL-DWG 70-t3462 

"I i [I121 

" . I C  
\ 

( U )  ( b )  

Fig. 9 .  Displacement F ie ld  of a Pos i t ive  {ll_~}($ll) Edge Djsloca- 
t i o n  i n  Iron. 
given i n  angstroms by polar  p l o t s .  b = (1/2) [ill], b = 2.4823 A. 

Two displacement coqo+nents - ( a )  ul-u:, (b) u2-uz 1 - a r e  

When the  coe f f i c i en t s  Ria have values such t h a t  231. # 0, t h e  d i s -  a iCd 
placement component u w i l l  be r a d i a l l y  dependent. Such i s  the  case 

f o r  both displacement components of a (112) edge d is loca t ion  (see Fig. 9). 

Significances and implications of t h i s  r a d i a l  dependency w i l l  be discussed 
elsewhere. 

i 

DISCUSSION OF APPLICATIONS 

Dislocation In te rac t ions  

The in t e rac t ion  force between two s t r a i g h t  d i s loca t ion  segments 

w i t h  a r b i t r a r y  or ien ta t ions  may be obtained r ead i ly  by subs t i t u t ing  the  
appropriate  s t r e s s  components expressed by Eq.  (7) i n t o  the  Peach-Koehler 
formula l7 

I7R0 dewit, "Some Relations for Stra ight  Dislocations, " Phys. Status  
So l id i  20, 567 (1.967). -_ __ 



where c jkL  denotes t h e  u n i t  permutation tensor  and 
sense vector  5 f o r  dislocatj-on (1). 
e l a s t i c  energy- TJ of an edge d is loca t ion  dipole  consis t ing of a p a i r  of 

dis locat ions (1) and (2) a r e  given schematically i n  Fig. 10. The wel l -  

known i so t rop ic  case i s  depicted by a s o l i d  curve ( a )  th8.G shaws two 

denotes t h e  u n i t  k 
T'ne g l ide  force F1 and the  t o t a l  

h l  
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Fig. 10. Glide Force on Dislocation (2) by Dislocation (1) and 
( a )  E l a s t i c a l l y  Total  E la s t i c  Energy o f  an Edge Dislocation Dipole. 

i-sotropic case; (b), (c) ,  (d) th ree  cases of  e l a s t i c  anisotropy. 
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s t a b l e  equilibrium pos i t ions  for xl/xz = Ll ( i . e .  I f o r  9 = -145") and one 

unstable  pos i t i on  f o r  x1 = 0 ( i . e . ,  f o r  0 = 90" >.  According t o  Kroupa, l8 
IJ 

energy per  u n i t  length of t he  dipole .  

There a r e  th ree  poss ib le  an iso t ropic  cases, (b), (c) ,  and (a), when 
only the  d is loca t ion  axis ,  x3, coincides with a symmetry ax i s .  The asym- 
metric case !b) i n  Fig. 10 shows two minima a t  d i f f e r e n t  angles, ne i ther  

equal t o  4 S a ,  and a l o c a l  maximum between t h e  two minima a t  an angle 
0 # 90". 

Along with t h e  poss ib le  case (e>, which has a %d 
minimum and an i n f l e c t i o n  poin t ,  a most i n t e re s t ing  case (d), which has 
only one minimum, may occur. 
I n  su.ch an anomalous case, no f l i pp ing  energy r e s u l t s  from the only s t a -  
b l e  equilibrium pos i t ion .  Consequently, no contr ibut ions t o  t h e  i n t e r n a l  
f r i c t i o n  by d is loca t ion  dipoles,  as discussed by Gilman, 2cI a r e  poss ib le  

i n  t h i s  case.  

i s  the  t o t a l  energy, Ubd i s  t he  binding energy, and ALTd i s  t h e  f l i pp ing  d 

There e x i s t s  of' course the  absolute  minimum t o  which U and d 
must be re fer red .  

mis was ca l l ed  e a r l i e r  an anomalous case. l9 

One may discuss  t h e  nature of  g l i d e  force  between a p a i r  of l i k e  

edge d is loca t ions  by simply reversing the  s igns of both F1 and U i n  
Fig. 10. In  the  i so t rop ic  case (a> as well as  an anisotropic  ease having 
or thotropic  symmetry, t h e  s t a b l e  equilibrium pos i t i on  is a t  a r i g h t  angle 
(0 = 90.) such tha t ,  i n  t he  absence o f  an ex terna l  stress field,  both 
f i n i t e  and i n f i n i t e  edge d is loca t ion  walls w i l l  form normal t o  the  s l i p  

plane.  

other  than a r i g h t  angle to the  s l i p  plane s ince  the  s t a b l e  equilibrium 

pos i t i on  is  a t  an angle H 

I n  t h e  anisotropic  case (b) a f i n i t e  wall w i l l  form a t  some angle 

30". Wen f o r  t h i s  case, however, Stroh2'  

18 F. boupa,  "Dislocation Dipoles and Dislocation Loops, '' J. Phys. 
Radium 27, 23-154 (1.'366 ) . 

- _ _  

FieLds of' St ra igh t  Dislocations i n  Anisotropic Crystals ,"  S.  Appl. Phys. 
41, 2805-2G14 12(Y70). 
I 

"J. J. GiZman. "InfSl~ence of  Dislocation DiDoles on Phvsical 
Propert ies ,  " Dislocations i n  Solids,  t h e  Faraday kaciety, Lohdon, 19649 
p. 123" 

' IA. IT. Stroh, "Dislocations and Cracks i n  Anisotropic Elasti .ci ty,  ' I  

P h i l .  ! k g  3 025 (19%). 
__I-.---.-* -J - 



v e r i f i e d  t h a t  a symmekric tilt boundary a t  r i g h t  angles t o  a s l i p  plane 

i n  c_ any c rys t a l  produces no long-range s t r e s s  i f  it is  composed of edge 

d is loca t ions  with t h e i r  Purgers vectors  i n  t h i s  s l i p  plane.  Thus a para- 
doxical conclusion may be drawn as  given by Nabarro 2 2  t h a t  a tilt bound- 

a ry  i n  an i n f i n i t e  anisotropic  medium i s  i n  s t ab le  equilibrium when 

perpendicular t o  the  s l i p  plane, even i f  the const i tuent  edge dis loca-  

t ions  possess an asymmetric u12 stress f i e ld .  

No paradox e x i s t s  i n  the  anisotropic  ca.se (d). I n  t h i s  case there  
a re  no s t a b l e  equilibrium pos i t ions  fo r  o ther  l i k e  dis locat ions around 

an edge d is loca t ion .  Therefore, a d i s loca t ion  wall  of any extent cannot 
be formed by accret ion of o ther  l i k e  d is loca t ions .  
some far-reaching influences on the  physical  processes of  polygonization 

and on the formati.on of an incoherent W5.n boundary by a group of  twin 
d is loca t ions .  An anomalous u12 stress f i e l d  i s  found I.n z inc  f o r  t he  

{1122](11233 s l i p  system below room temperature and a l s o  fo r  t he  

{102}(10YT) twin system a t  a l l  temperatures. 

f o r  the  (llO}(OOi) twin system and i n  graphi te  f o r  t h e  (l.l.Tl}{ir26) twin 
system at; room temperature. 

T h i s  concl-usioii o f fe rs  

It also occurs i n  antimony 

The r a d i a l  and tangent ia l  components o f  i n t e rac t ion  force between 
a p a i r  of p a r a l l e l  dis locat ions,  Fr = f /2nr  and F = f e /2n r ,  respec- 
t ive ly ,  may be calculated d i r e c t l y  from the  following formulas given by 
Stroh: 2 1  

r e 

cos 8 - s i n  9 
f = - b i 2 ) R e x  L M d ,, 

a i lx  aj j cos 8 + p a s i n  e 

Minor modificati.ons t o  t he  program given i n  Appendix C enable one 
to w r i t e  a computer program f o r  the above two equations. ‘Figures 11 and 
12 show the  results of fe  and f between a p a i r  of (2 1- -a’} screw dis loca-  

t i ons  i n  z inc and titanium, respect ively.  The i so t ropic  values for f 
r 

r 

2F. 8 .  N. Nabarro, Theory of Crystal  Dislocations,  Oxford University 
Press, London, 19b?, p.  98. 
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a r e  o b t a h e d  from Hill's average of e l a s t i c  nioduli (i. e. ,  t he  ar i thmetic  
means of Voigt ' s  and Reuss' averages).  The maxl.muni of f reaches a value 

as much as  14% of fr .  For z inc and othey metals f and P both decrease 
as temperature ri.ses. It i s  in t e re s t ing  t o  n o k ,  however, t h a t  i n  t i t a -  
nium -C decreases but  f increases with increasing temperature. 

0 

r e 

r 0 
The processes of c ross -s l ip  and dou-hle c ross -s l ip  of screw disloca- 

t i ons  i n  an i so t rop ic  medium as  induced by a locked p a r a l l e l  screw dis- 

1ocati.on were analyzed. by L i .  2 3  

screw dis locat ions i n  bcc c rys t a l s  and (2 f 3 screw dis locat ions i n  hcp 
c rys t a l s  w i l l  be s t rongly influenced by the magnitude o f  P 

such processes for tile cases of (111) 

0 '  
Various cases of d i s loca t ion  in t e rac t ion  a re  surmnarized i n  Table 2, 

which compares notable fea tures  between the  ?.sotropic and anisotropic  

cases. 

Self-Energy and Line Tension 

The e l a s t i c  s t r a i n  energy per u n i t  length of  a s t r a i g h t  d i s loca t ion  

i s  calculated by Eq. (I%) i n  Appendix B w i t h  the  r e s u l t s  expressed by 
Eq.  ( 8 ) .  Defining, for a given s l i p  plane, a t o  be the angle between 
the  u n i t  sense vecbor 5 and the  Eurgers vector  b, one can ca lcu la te  

ElCX) numerically f o r  any a. Since t h e  condition t h a t  E ( a )  := E ( a  -J- 5) 

mst be met because . h e  e l a s t i c  s t r a i n  energy of a d i s loca t ion  cannot 

depend on t h e  sense o f  i t s  Burgers vector, a computation over a 180" 

range of a w i l l  suf f ice  t o  give a complete descr ip t ion  of the  angular 
dependence. 

N N 

A knowledge of E ( a )  enables one t o  ca lcu la te  the  s e l f - s t r e s s  
o f  an angplar d i s loca t ion  by use of t he  formulas given by Lothe. 2'' Fur - 
themore,  t h e  e l a s t i c  f i e l d s  of a d i s loca t ion  l..oop of  any configuration 
may be solved, * i n  pr inc ip le ,  from such a knowledge of E ( a ) .  

_11- 

23J.C.M. L i ,  "Cross S l ip  and Cross Climb of Dislocations Induced by 
a Locked Dislocation, I' J. Appl. _I__-  Phys. 32, 593 (1.961). 

- 
2 L  J - . Lotbe, "Dislocation Ben& i n  Plnisotropic Media, It P h i l .  Mag. 

15, 353 (1967). 
.~ ~ 

5K. Maldn, "Numerical Analysis o f  Properbies of Dislocations i n  
Anisotropic Media within the  Range of Linear E la s t i c i ty ,  " Phys. Status 
Sol id i  38, 259 (1-970). 



Table 2. Some EXamples o f  Dislocation In te rac t ion  

Arrangement of Dislocations I so t ropic  Anis o t  rop i c 

A screw parallel t o  an edge 

A screw perpendicular t o  an edge 
not i n  t h e  same plane 

No in t e rac t  ion 

No resu l tan t  force on each other;  

In te rac t ion  ex i s t s  
No resu l tan t  force on each 

the  screw exer t s  a couple on t h e  other ;  the screw exerts  a 
edge couple on the edge and vice 

versa 

Two p a r a l l e l  edges of same sign No climb force 
i n  a s l i p  plane 

Climb force e x i s t s  

Two p a r a l l e l  screws of same sign No tangent ia l  force 

Two p a r a l l e l  edges of  same s ign  

Tangential force exists 
Equilibrium posi t ions l i e  along Equilibrium pos i t ions  l i e  along 

i n  d i f f e ren t  s l i p  planes s l i p  plane normal a d i rec t ion  making an angle 
w i t h  the  s l i p  plane normal; i n  Tu 

some cases, no equilibrium 
pos i t ion  e x i s t s  a t  a l l  

- 

Edge dipole Equilibrium posi t ions l i e  sym- Equilibrium pos i t ions  l i e  a s p -  
metr ical ly  45' from t he  s l i p  met r ica l ly  about the  s l i p  plane 
plane normal normal; i n  some cases, only one 

equilibrium pos i t ion  ex i s t s  
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An expl.i.cit expression of the l i n e  tension, T(U) ,  of t he  curved. 
por t ion  of a d i s loca t ion  l i n e  i s  given by deWit and Koehler : 2 6  

T(cx) = E: t - da2 = b2 - 471 ,l?- e) - (K + g) . 
The in t e rac t ion  between the  hawed and s t r a i g h t  port ions of a d i s loca t ion  
was neglected i n  the der iva t ion  of Eq. (20). 

The l i n e  tension i s  important i n  the analysis  of t he  s t a b i l i t y  of  a 

d i s loca t ion .  '' If T ( a )  < 0, -the d i s loca t ion  i s  unstable  and it assumes 
a polygonal shape along such d i rec t ions  a s  t o  s a t i s f y  t h e  stable condi- 
t ion,  T!a) > 0. I n  Fig. 13 inverse Wulff p l o t s  of  R ( a )  normal-ized t o  
K(cX = 0) of screw o r i en ta t ion  a r e  given ror (2 + ki? dis loca t ions  i n  the  

26G.  deWit and J. S.  Koehler, " In te rac t ion  of  Dislocations with an 

27A. K. Head, "Unstable Dislocations i n  Anisotropic Crystals,  I '  

Applied St,ress 3.n Anisotropic Crystals, I '  Fhys. Rev. 116, .- 1113 (1959). 

Phys. Status  Sol id i  - 19, 185 (1.967). 

__ 

-_ 
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Fig .  13. Inverse Wul.ff P l o t  of Energy Factor Normalized t o  t h a t  o f  
Screw Orientat ion f o r  (5' -I- 2) Dislocations i n  (11721 Z'lanes of Some Hex- 
agonal Metals. 
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second-order pyramidal flL723 plane of severa l  hexagonal metals. 
region of negative T(a! corresponds t o  a concave region bounded by two 

i n f l e c t i o n  poin ts .  While the d is loca t ion  i n  t i tanium i s  s t a b l e  for  a l l  
o r i en ta t ion  a t  room temperature, it i s  found unstable  f o r  75 < 12 < 105" 

a t  1156°K. 
much c loser  t o  a c i r c l e ,  ind ica t ing  t h a t  t he  l i n e  energy of an edge o r i -  

en ta t ion  is  not too  much g rea t e r  than t h a t  of a screw o r i en ta t ion .  This 
i s  ind ica t ive  of t h e  pecu l i a r ly  small value of Poisson's r a t i o  i n  beryl-  

l i um.  The same d i s loca t ion  i n  thal l ium i s  found t o  be unstable  near t h e  
edge o r i en ta t ion  a t  a range of 70 < (x < 110". 

A 

The inverse Wulff p l o t  f o r  t h e  d-islocation i n  beryllium appears 

Displacement Fields  

Two notable areas  of appl ica t ion  requir ing the  exact so lu t ion  of  

the displacement f i e l d  a r e  d is loca t ion  Gontrast analysis  i n  transmission 
e lec t ron  microscopy and the  atomist ic  ca lcu la t ion  of d i s loca t ion  core 

s t ruc tu res .  In the  former case one need not know t h e  o r i g i n  of t he  
coordinate system or  the  in t eg ra t ion  constants, s ince  the  d i f f e r e n t i a l  
equations of t he  dynamical theory of  e lec t ron  d i f f r ac t ion2  E? involve 
only t h e  gradient of displacement vec tor  i n  the  e lec t ron  beam di rec t ion  
along the  column under considerat ion.  
coordinate system, therefore ,  Eq. (10) can be used t o  compute t h e  
images from dis loca t ions  i n  an iso t ropic  mater ia ls ,  as  demonstrated by 

fieaci e t  

When re fer red  t o  an appropriate  

I n  t h e  l a t t e r  appl icat ion,  however, one needs t o  f ind  t h e  integra-  
t i o n  constants,  s ince  t h e  exact magnitude of  t h e  displacement is t o  be 

"P. E. Hirsch e t  a l . ,  Electron Microscopy of Thin Crystals,  Plenum 
Press, New York, 1965, p .  247. 

29L4- K. Head, M. H .  Loretto, and P. Humble, "The Influence of Large 
E l a s t i c  Anisotropy on the  Determination of Burgers Vectors of Disloca- 
t i ons  i n  B-Brass by Electron Microscopy,'' Phys. S ta tus  So l id i  20, 205 
(1967 ) . I 

_I 
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used as a boundary c o n d i t i ~ n . ~ ~ - ~ ~  

coordinate system used t o  describe the long-range e l a s t i c  displacement 
f i e l d  of a disI.ocation must coincide .with .that, o f  t he  di-screte s t ruc tu re  
of t he  d is loca t ion .  

In  other  words, the  o r ig in  of  the  

%or (111) screw d is loca t ions  i n  a-iron, for example, imposing a 

threefold symmetry about t h e  d i s loca t ion  axj.s, x3-axis, shows t h a t  t h e  

on1.y in t eg ra t ion  constant necessary is  c2 = 0.0327 I!. 
the  displacement vector  d i rec ted  normal t o  the  d is loca t ion  axis may be 

o'otai.ned from u3. and u2 + c:! i n  Fig. 7. Thi.s i s  s h m  i n  Fig. 14. T'ne 
s o l i d  closed curve describes t h e  displaced pos i t ions  o f  a medium .with 

respect t o  the  unstrained medium, the  dashed reference c i r c l e ,  and t h e  

The component of  

30v. Vitek, R.  C .  P s r r in ,  and D. K. Bowen, "iI"ne Core Structure  of 1 
-(111) Screw Dislocations i n  U . C . C .  Crystal-s," P h i l .  Mag. 21, I_ 1049 (1970). 2 - 

31Z. S. Basinski, M. S. Duesbery, and Roger Taylor, "Screw Disloca- 

32P.  @. Gehl-en, "The Structure  of  t h e  $111) Screw Dislocation i n  
t i ons  i n  a Model Sodium La'ctice," P h i l .  Mag. I 21, 1201 (1970). 

a-Iron, ' I  J. AppL. Phys. 41., 5165 (1970). 

- a 

_- 

ORNL-DWG 71-1897R 

ti0 

Fig. 14. Displacement Field Normal t o  t h e  Dislocation Line of 
C2 = 0.0327 A .  a-Iron a t  Room Temperature. 
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arrows indica te  the di rec t ions  of dispLacement vectors .  It i s  in t e re s t ing  

t o  note t h a t  t he  displacements a r e  r a d i a l l y  e i t h e r  inward o r  outward along 

the  two s e t s  of  th ree  (110) direct ions,  whereas they a re  purely tangent ia l  
t o  t h e  reference c i r c l e  along the  two sets o f  th ree  (112) d i rec t ions .  

A general  method of determining t h e  in tegra t ion  constants i n  aceor- 
dance w i t h  t he  c r y s t a l  symmetry w i t h  respect  t o  the d is loca t ion  axes will 

be described elsewhere. 
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APPENDIX 4- 

Defini t ion of Coeff ic ients  Used t o  Calculate E la s t i c  Fields  
of  a S t r a igh t  Dislocation 

The coef f ic ien ts  introduced i n  the  t e x t  a r e  r e l a t e d  t o  the  following 

[Lial, [Mal = [Lia]-l, s e t  of matrices and vector  introduced by Stroh:33 

[A,,], [B. .I, and Ld.1. Once CL. 1 i s  defined by Eq. (S77), '' [A,,] can 
be obtained from [L. 1 by use of Eq. iS14) o r  (S15). One determines la 
rB. .I d i r e c t l y  from Eq. (S40), where CB. .1 i s  r e l a t ed  t o  id.] and Wlrgers 

vector  rb. 1 by Eq.  (S.50) .  

Eqs  , (S56)  and (S50) as follows 

13 J 1Q 

1J  1-J 3 
Then the  energy f ac to r  i s  obtained from 

3. 

o r  

K = BTI6.B , (A2 

'me coeff i -  

LJ 1 3 
where Bi are the d i r ec t ion  cosines o f  t h e  Burgers vec tor .  

c i en t s  for  t h e  stress components a r e  determined from Eq. (X51): 

R e  and Zm denote t h e  r e a l  and imaginary par t s ,  respectively,  of t he  com- 
plex f inet ioi ls  t h a t  fol low.  

33A. N. Stroh, "Dislocations and Cracks i n  Anisotropic E la s t i c i ty ,  ' I  

"As was mentioned i n  the body of t h i s  report ,  t he  p r e f i x  S denotes 
Phil. Mag. 3, 625 (1958). 

St;roh's33 equation numbers. 

- 
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By s e t t i n g  € 3  = 0 i n  Eq. (S64t) the coef f ic ien ts  f o r  the  cr33 component 
a re  found as  

B33a -(s3M/s33 )BE.lcx - (A8  j 

The coef f ic ien ts  f o r  t he  displacements are obtained from Eq. ( S 4 - 5 )  

T i a  = -lincAioFla;idj?/b , 
and those f o r  t he  s t r a i n  components a re  

'i1-a = Ria 

Qila = RerAi$#aj - 

' i 2 ~  a J  J 

d l /b  

= Re[Ai$Pl .d . l /b  

Qi2a = Re[Aio;Pg M . d . l / b  . a aJ  J 

For t h e  d i l a t a t ion ,  then, t h e  coef f ic ien ts  a r e  

f = P  a iia 

o r  

and for  the  hydrostat ic  pressure they a r e  

(A15 

(A16 ) 

h -A cx i ia 

k = --B a iia 
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A l l  t h e  coe f f i c i en t s  defined here, Aija, Bijtp Ricz, Tis, Pija, 

Qitj,Fx, fPdt g,2, hiu, and kn, a re  dimensionLess r e a l  numbers. 

f a c t o r  K has  dimensions of dynes pe r  square centimeter, and the  Burgers 
The energy 

vec tor  b i s  i n  centimeters.  
N 

Thir ty  coe f f i c i en t s  (15 for  each of Aija and B ) f o r  stress ten-  
sor  and 18 coe f f i c i en t s  (nine f o r  each of Ria and Tis) f o r  displacement 
vector  will s u f f i c e  t o  give a complete descr ip t ion  of  t he  e l a s t i c  prop- 

ija 

e r t i e s  of a d is loca t ion .  





APPENDIX 13 
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APPEKDIX B 

Some U s e f i l  Relationships Between the  Coeff ic ients  
Defined i n  Appendix A 

Since [M .I is  t h e  matrix rec iproca l  t o  [I,. 1, Eq. (S38)  must hold: rx1 1'x 

& - - "j 9 (B1) 

where 6 

re la t ionship  y ie lds  a number of re la t ionships  among c e r t a i n  A and 
B coef f ic ien ts  fo r  a pure edge o r  screw d i s l o c a t i o n w i t h  Burgers 

vector  components bi. 

i s  t h e  Kronecker d e l t a  (1 i f  i = j ;  0 i f  i f j ) .  The above iJi 

ija 

ija 
Namely f o r  a given value of i 

C Aiza = 1 
a 

With t h e  re la t ionships  given above, t h e  d is loca t ion  l i n e  energy, 

can be s implif ied t o  the  form given i n  Eq. ( 8 )  with the  corresponding 
energy f ac to r  and t h e  magnitude of t h e  13urgers vector.  

a 
s a t i s f i e s  ~ q .  (~39) 

According to Stroh, 7 3  t h e  matrix [E 1 i s  skew-Hermitian and 

The folluwing re la t ionship  r e s u l t s  from Eq. (35) : 

Z: Tia = Bi , 
a 

where Bi is the  d i r ec t ion  cosine of the  Wrrgers vector,  such t h a t  t he  

residue of a displacement component upon going around the  d is loca t ion  
Iirie, along a closed pa th  e, i s  
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t h e  corresponding Nrgers  vector  component. 

Thus, using the  re la t ionships  given by Eys. (1321, (R3), and (B6), one 
can reduce the  number of independent coef f ic ien ts  by nine - th ree  from 
each equation "-- t o  the t o t a l  of 39, 24 f o r  stress and 15 for  displacement. 



APPEJYDIX C 
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APPENDIX C 

Program to Calculnte Elastic Fields of a Straight Dislocation 

* * F T N  ,L 7 E r G  1 MI 

C A PROGAM TO C A L C U L A T E  THE E L A S T I C  F I E L D S  O F  A S T R A I G H T  D I S L O C A T I O N  
C OF ANY A R B I T R A R Y  O R I E N T A T I C N  I N  AN A N I S O T R O P I C  HCMCGENEOUS C O N T I N U U M  

I M P L I C I T  R E A L * 6  ( A - H r O - 2 )  
C O M P L E X * 1 6  X C P q X C L t  X C C L r X C M p X C A I X C B t  XXX 
COMMON 
C OMMCN/T/R ( 3 9 t Q ( 3 1 
D I M E N S I O N  

I A ( Z 1  I t  I6 ( 2 1  I r I C  (21 I 1 I D ( 2 1  ~ T M M (  3 t 3 1  

A R R A Y  ( 4  1 r C ( 4 9 6  1 t S (  6 t b l  ,CT(  496 D 9 S T ( 6  96 1 r CS ( 6  9 6  I ,  AA (3 9 3 I 
1 N  J( 3 i ,NK ( 3  1 t NB ( 3  ) r X 1 ( 3 )  1 X 2 ( 3 1 , X 3  ( 3 )  t X 4 (  3 1  9 A (  3 13 I 9 8 0 ( 3  9 1  B V ( 3 1  
2XCP ( 3 )  r X C L (  3 I XCCL ( 3 1  3 )  I XCM( 3 t 3 )  ,XXX (39  3 1  r XCA ( 3  9 3  I ,  X C e ( 3 9 3 )  9 S D (  3 )  

C T H E  AR(IAY O F  MM FCR 1 N T E R R . E L A T I N G  T E N S O R  AND M A T R I X  N O T A T I O N S  

R E A D  1 9  WM ( 1, 1 J r MM ( 2 9 2  t 9 MIH( 3 t 3 b MM( 2 13 I r MM 1 9 3  1 ,CM( 1 1 2  1 
1 F O R M A T ( 6 i 1  I 

DO 11 I = l r 3  d 00 11 J = 1 * 3  
11 M M ( J , I ) = V M ( I , J )  

C T H E  A R R A Y S  OF I A r I B 1 I C ~  ANC I D  ARE THE 2 1  C O M B I h A T I C N S  OF I J K L  USED 
C I N  T H E  S U M M I N G  P R O C E S S  OF THE T R A N S F O M A T I O N  S U B P O U T I N E  

R E A D  2r ( ( I A ( I I r I B ( I I , I C (  11,  I O ( 1  1 1 ,  I = 1 , 2 1  1 
2 F O R M A T ( 8 0 1 1 1  

C T H E  A L P H A N U M E R I C  V A R I A B L E ,  ARRAY,  I S  FOR I D E N T I F I C A T I O N  OF M A T E R I A L S  

1 0 2  R E A D  3, ARRAY 
3 F O R M A T ( 4 A 6 )  

C C ( l n J ) =  E L A S T I C  S T I F F N E S S E S  R E F E R R E D  T O  C R Y S T A L  A X E S  
C S ( I + J I =  E L A S T I C  C O M P L I A N C E S  R E F E R R E D  T O  C R Y S T A L  AXES 
C C T ( I 1 J I = T R A N S F O R M E D  C (  f v J 1  T C  D I S L O C A T I O N  C O O R D I h A T E  S Y S T E M  
C S T ( I * J I = T R A N S F O R M E D  S f I r J 1  TO D I S L O C A T I O N  C O O R D I N A T E  S Y S T E M  
C C S ( 1  rJI=MUDIFIED C O M P L I A N C E S  

DO 12 I = l r 6  ii DO 1 2  J = l r 6  
C ( I v J I = S ( I  , J I = C T ( I  r J l = S T ( I t J J r t S (  f t J  ) = O m 0  1 2  

C I N P U T  N O = S T O P ( h H E N  N O N Z E R C )  S I G N A L  OF T I i E  PROGRAM 
C N l = I O E N T I F I C A T I O N  OF C R Y S T A L  C L A S S E S  
C l = C U O I C r  2 = H E X A G O N A L ,  3 = T E T R A G O N A L 1  
C 4 = O R T H O R H O M B I C t  5 = T R L G O N A L  
C GAMMA=C/A R A T I O ?  B E T A s B / A  R A T I O ,  ALPHA=RHCMPCHEDRAL A N G L E  
C P L A T = L A T T I  C E  P A R A M E T E R  

R E A D  4 r  N Q , N ~ , G A ~ M A I B E T ~ , A L P H A ~ ~ L A T , C ( ~ ~ ~  1 r C (  5 1 2  i r C ( 3  131 ~ C ( 4 . 4 )  t 
l C ( 5 ~ 5 ~ , C ( b r 6 1 r C ( 1 ~ 2 ) r C ( 1 , 3 ) r C ( 2 , 3 b r C ( 1 , 4 I  

4 F O R M A T (  1 1 1  X t I1 v 7 X ,  7F lO.O/BFlO.O ) 
C ( 2 r 4 I = - C ( l t 4 1  % C ( 5 ~ 6 ) = C ( 1 , 4 )  
an 1 3  1 = i , 6  B DO 1 3  ~ = i , 6  

13 C ( J ~ I ~ = C ( I V J I  

C S U B R O U T I N E  I N V  I N V E R T S  S T I F F N E S S E S  I N T O  C O M P L I A N C E S  OR T H E  R E V E R S E  
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C A L L  I N V  ( C t S  I 

C S U B R O U T I N E  CRYS E S T A B L I S H E S  T H E  M A T R I X ,  AA,  W H I C H  R E L A T E S  T H E  
C COMPONENTS OF A V E C T O R  I N  C R Y S T A L  A X E S  TO THOSE I N  T H E  R E F E R E N C E  
C C A R T E S I A N  COORDINATE-  S Y S T E M  

C A L L  C R Y S ( N l , G A M M A , B E T A t A L P H A , A A , P L A T l  

C I N P U T  N Z = S T O P ( h H E N  N O N Z E R C )  S I G N A L  O F  S L I P  S Y S T E M S  FOR P G I V E N  M A T ' L  
C N K = C R Y S T A L L O G R A P W I C  D I R E C T I O N  O F  T H E  D I S L O C A T I O N  L I N E  
C NJ=A VECTOR L Y I N G  I N  T H E  S L I P  P L A N E  SUCH T H P T  A CROSS PRODUCT 

C N B = D I R E C T I C N  O F  BURGERS VECTGR I N  M I L L E R  I N C I C E S  
C NM-MODULUS S U C H  T H A T  BURGERS VECTOR I S  E Q U A L  TO ( N B I I N M  

C OF N J  A N D  N K  G I V E S  A VECTOR, X 2 ,  NORMAL TO T H E  S L I P  P L A N E  

100 R E A D  5 1  N 2 1 N J 1 N K t N B t N M  
5 F O R M A T  1 I 1, X I  31 2 t X  93 I2 t Z X  3 41 2 I 

C S U B R O U T I N E  DCCM C O N V E R T S  T H E  COMFCINENTS O F  A L A T T I C E  VECTOR TO THOSE 
C I N  T H E  C A R T E S I A N  C O O R D I N A T E  S Y S T E M ( E o G o  NJ TO X 4 9 S G H = S T R E G N T H  O F  X 4 1  

C A L L  D C O M ( N J v A A t X 4 t S G H I  S C A L L  D C C M ( N K v P A i X 3 , S G H )  

C S U B R O U T I N E  XPDT Y I E L D S  T H E  CROSS PRGDUCT OF TWO V E C T O R S (  EaG. X 4  GROSS 
C X 3 = X 2 I  

C A L L  X P D T  (X4 9x3 7 X 2  t S G H I  Z C A L L  XPDT X 2  t X31 X 1 ,  SGk b 
D O  14 I = l r 3  S A ( l ~ I I ~ X l ( 1 l  B A ( 2 s I I = X 2 ( 1 1  

1 4  A ( 3 , I l = X 3 ( I I  

C S U B R O U T I N E  DGD TRANSFORMS P VECTOR FROM T H E  R E F E R E h C E  C A R T E S I A N  
c COORDINATE s Y s - r E + i  T O  THE DISLOCATION COORDINATE S Y S T E M  

C A L L  D C C N ( N B , A A ~ B D I D S G H )  Z C A L L  CCD( B C r P , B V l  

C T H E  RIJRGERS VECTLIRt  B V t  I S  R E F E R R E D  TO T H E  D I S L O C A T I O N  C O O R D I N A T E  A N D  
C I T S  M A G N I T U D E  IS BIY 

B M = D S G H / ~ M * P L A  r 
C S U B R O I J T I N E  T R N S F M  T R A N S F O M S  C ( I v J I  T O  C T C I t J I  I N  D I S L O C A T I O N  COORD. 

C A L L  T R N S F M ( C t P 3 C T I  
C A L L  I N V ( C T t S T 1  
DO 1 5  I = l t O  S D O  1 5  J = l t b  
I F I J - I  ) 1 5 , 1 0 t 1 6  
C S (  I t  J ) = S T (  I t  J I - S T  ( I t 31 * S T (  3 t J I  / S T (  3 9 3  1 1 6  

1 5  C S (  J q I  I = C S ( I  t J )  

C S U B R O U T I N E  S E X T I C  S O L V E S  T H E  S E X T I C  E Q U A T I C N  TO G I V E  THE C O M P L E X  
C R O O r S t  X C P t  AND A VECTOR,  XCL. 

C4 l .L  S E X T I C ( C S  t XCP t X C L t  I K I  

C T H E  H A T R i C E S t  X C C L  AND X C M ?  ERE CEFINED I N  TERMS OF XCP AND XCI. 
C T H E  S T E P  3 1  IS FOR T H E  S P E C I A L  C A S E  WHEN T H E  D I S l O C A T I O N  L I N E  IS 
C NORWhL T O  A R E F L E C T I O N  P L A N E  OF T H E  C R Y S T A L  
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C 
C 

C 

C 

c 
C 
c 

C 

C 
C 

C 
C 

DO 21 I = l r 3  
X C C L ~ l , I I = - X C P ( I I  B X C C L ~ 2 , 1 ~ = ( 1 . 0 , 0 . 0 ~  

21 X C C L  ( 3 ,  I I = X C L (  11 
IF( I K l 3 1 1 3 2  

31 X C C L  1,3 t = (0.0 ,O. 0 I $ X C C L  ( 2  13 I = (0.0 10.0 I 
32  DO 22  J=1,3 $ DO 22 I = l r 3  $ X X X ( I , J I = X C C L ( I q J L  

IF{ I e E Q e  Jl33734 
34  X C M ( I ~ J I = ( O ~ Q V O I O I  $ GO T C  2 2  
33 XCM ( I T J =(  l e01  0.0) 
22  C O N T I N U E  

S U B R O U T I N E  CMATEQ A V A I L A B L E  AT ORNL S U B R O U T I N E  L I B R A R Y  (F04011 I G I V E S  
I N V E R S I G N  O f  A COMPLEX M A T R I X ( E . G a  X X X ( 3 9 3 1  I N V E R T E D  TO X C M ( 3 9 3 1  j 

C A L L  CMATEQ ( X X X  ,XCM 9 3  93 9 3  1 

S U B R O U T I N E  S A K A  C A L C U L A T E S  A C O M P L E X  M A T R I X ,  XCAI FRCM XCCP, X C P i  CT 

C A L L  S A K A ( X C C L , X C P v X C A , C T )  

S U B R O U T I N E  S B I J  C A L C U L A T E S  A S Y M M E T R I C  R E A L  M A T R I X v C B t  FROM XCAI X C M  

C A L L  S B I J ( X C A T X C M I X C B V C B I  

C A L C V L A T I O N  OF A VECTORI SD, FROM T H E  I N V E R S E  OF C 5 T  C B I t  WHICH I S  
O B T A I N E D  BY A S U B R O U T I N E  DMATEQ A V A I L A B L E  AT O R h L  S U B R O U T I N E  L I B R A R Y  
( F 0 4 . 0 1 3  I I  

DU 41 J=1,3 $ DO 41 I=1?3 B V E R ( I , J I = C B ( I t J I  
IF( I*EQ. J )  5 1  9 52 

5 1  CBI(ITJ)=L*O ?i GO T O  41 
5 2  C B I ( I i J i = O . O  
41 C O N T I N U E  

C A L L  D M A T E Q ( V E ? t C B I  9 3 9 3 9 3 1  
DO 42 J-1.3 I S D ( J I = O . O  b DO 42 I = l r 3  

42  S D ( J 1 = S D ( J I * C B I ( J t I I * B V ( ~ ~  

C A L C U L A T I O N  O F  T H E  ENERGY FACTOR,  E F ,  F R O M  C B  ANC S O  

EFzO.0 $ DO 43 Jzl.73 B DG 4 3  I z l r 3  
43 f F = E F + C B ( I t J t ~ S D ~ I ) s S D ( J ~  

T H E  C O E F F I C I E N T S  OF T H E  E L A S T I C  S O L U T I O N S ,  A l ( M , N L  AND B l ( M , N # r  ARE 
C A L C U L A T E D  I N  S U B R O U T I N E  C O E F F t  WHERE N T A K E S  ON 1,213 AND M T A K E S  
DN 1 T O  23 SUCH T H A T  

M = l r Z r 3 , 4 ? 5 , 6  F O R  S T R E S S  C C M P O N E N T S ( I J = l l t 2 2 , ? 3 r 2 3 t 1 3 t 1 2 )  
M = 7 , 8 , 9 t 1 0  FOR D U ( 1  ) / D X ( J l ( I J = 1 2 r 2 1 , 3 1 t 3 2 )  
M = l t  t 12 1 13,149 1 5  t 16 FUR S T R A I N  COMPONENTS(  I J = l l r 2 2 , 3 3  r 2 3 7 1 3  1 2  I 
M = 1 7  AND M=18 FOR D I L A T A T I O N  F I E L D  
M =  19 FOR H Y D R O S T A T I C  P R E S S U R E  F I E L D  
M = 2 1  t 22 7 2 3  FOR D I S P L A C E M E N T  C U M P O N E N T S ( I = l r Z , 2 l  

C A L L  C O E F F  ( X C C L  t XCM r XCA 9 XCP 9 S O T  EF t S T  t CS t A 1  B 1  t 

O U T P U T  P R I N T  OUT T H E  F O L L C W I N G  R E S U L T S -  MATER I P L ,  T E M P E R A T U R E ,  
E L A S T I C  C O N S T A N T S  C ( I , J I v  S L I P  S Y S T E M  N J  AND N K ,  BURGERS 
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C VECTOR BV A N 0  BM, ENERGY FACTOR E F T  S E X T I C  ROOTS,  AND 
C C O E F F I C I E N T S  A l ( M , N J  AND B l ( M , N I  

P R I N T  91, ARRAY,NJ,NK,BV,EM 
F O R M A T (  lH1,4A8/ / /10X,312,5X,312 7 1 0 x 7  3 F 1 0 . 5  t 5 X 1 F 1 0 . 5 / /  I 
P R I N T  9 2 ,  ( J ,  J z l ~ b I  
F O R M A T (  1HO 7 2 4 X 1 6 (  I l v 9 X  I ) 
P R I N T  937 ( ( I , ( C ( T ~ J ) ~ J = l , b ~ ~ ~ I = 1 1 6 )  
F O R M A T ( l H O v / 6 (  14x1 I l t 5 X  1 6 F 1 0 . 5 /  1 1 
P R I N T  949 E F  

91 

32 

93 

94  F O R M A T (  190 7 F 1 8 r 8  
P R I N T  9 5 ,  ( N I  N x l r 3 I  

95 FORMAT 1 HO t /27X I1 7 2 ( 3 9 X  t I 1  1 I 
P R I N T  96 ( R (  I ) t Q (  I I t I = l 1 3  I 
F O R M A T (  1WO , / 6 X  13 ( 2 F 1 8 . 8  14X I I 
P R I N T  97- I ( M ~ ( . ~ ~ ( M , N ~ ~ B ~ ( M I N I , N = ~ , ~ I ) , ~ = ~ , ~ ~ I  

96 

97 FORMAT ( 1 H@ / 6  ( 4 X  I 2  9 3 ( 2 F l e e  8 7 4 X  B / I / 4 4 X t I 2 t 3 ( 2 F 18.8 4 X  I / I / 6 ( 4 X  v 
1 1 2 1 3 ( 2 F 1 8 *  8 9 4 x 1  / I  / ,4(4X ,1293 ( 2 F 1 8 . 8  9 4 x 1  / I /  7 3  ( 4 x 1  I 2 9 3 (  2 F 1 8 . 8 1 4 X )  / i I 

I F (  N 2 I  1@1,10@~ 101 
101 I F I N O I l . 0 3 ~ 1 0 2 , 1 0 3  
103 STOP 

E N D  
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S U B R O U T I N E  I N V  ( C Y S I  
I M P L I C I T  R E A L * 8  ( A - H t O - 2 )  
D I M E N S I O N  C(696L 9 S ( 6 r 6 l  , A ( 2 1 )  
M=O 0 DO 1 J=1,6  d DO 1 I = J t 6  6 N = N + 1  

1 A ( N ) = C ( J , I I  

C S U B R O U T I N E  GCHOCY A V A I L A B L E  FROM ORNL S L B R O U T I N E  L l E R A R Y ( F 0 4 0 2 4 1  
C G I V E S  M A T R I X  I N V E R S I O N  

C A L L  DCMOLY ( A  9 6  NF ) 
N = O  $ DO 2 J=116 $ 00 2 I=J ,6  $ N r N t l  

2 S ( I ~ J I = S ( J r I t = A ( N I  
R E T U R N  
E NO 

12 
3.3 

14 

1 

R E T U R N  
END 

SUBROUTINE D C O H ( N t A t X , S S )  
I M P L I C I T  R E A L * 8  ( A - H v O - 2 )  
D I M E N S I O N  N ( 3 1  ~ A ( 3 t 3 Y r X ( 3 1  
S z O . 0  $ 00 13 J=1t3 Z X ( J ) = O . O  5 DO 12 1 ~ 1 9 3  
X ( J I = X ( J ) t A ( J , I l * N I I )  

DO 14 J z 1 . 3  
S = S + X ( J ) + X ( J )  6 S S = D S Q R T ( S )  

X t J 1 =X  ( A  ! / S S  
R E T U R N  
E NO 
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S U B R O U T I N E  D C D (  X t A  t 61 
I M P L I C I T  R E A L * B  ( A - H t O - Z I  
D I 1"1 E N S I 0 N X ( 7 J v A ( 3 9 3 J t 8 ( 3 
DO 1 J = P t 3  S B ( J I = O . O  b DO 1 1 ~ 1 9 3  

1 B I J I = B ( J I + X ( I I * A ( J t I I  
R E T U R N  
END 

S U B R O U T I N E  T K N S F M (  C w A s C T l  
I M P L I C I T  R E A L * B  ( A - H s O - Z I  
C Q N N C N  
D I M E N S I O N  C ( 6 t 6 l r A ( 3 t 3 l t C T ( b t b ) 1 5 0  
D O  10 M = 1 1 2 1  3 I I = I A ( M I  S J J = I B ( M L  S K K = I C ( M I  S L L = I D ( M I  
S ( M B = G e F  b DO 9 1 ~ 1 9 3  16 CC 9 J = l r 3  b N I = M M ( I t J I  
DO 9 K = l  13 S D C  9 L = l  93 S N K = P M ( K t L  I 
R = C  ( N I  9 N K I  + A (  I I, I I * A (  JJ 9 J I * A  ( K K t  K ) * A  ( L L  ,L I 

L I L = M M ( I I t J J I  6 L J L = M W ( K K t C L I  5 C T ( L 1 L t L J L  J = C T ( L J L t L I L J = S ( M )  

I A ! 2 1  I t  I B ( 2 1  I t  I C ( 2 1 l t  I D ( 2 1 I  ~ M M ( 3 t 3 l  

9 S ( M I = S ( N b + R  

10 C O N T I N U E  
R E T U R N  
E N D  

S U B R O U T I N E  S A K A ( X C C L t X C P  t XCA , C I  
I M P L I C I T  R E A L * 8  ( A - W q O - 2 1  
C O M P L E X * 1 6  
COMMON 
D I M E N S I O N  

X C C L I  XCP I X C A ~ X C T ,  X C T I  t X C A T t  X C t X L L ,  X A e i X C O L  
I A (  2 1  I t I 6  ( 2 1  I t IC ( 2 1  I t 1 0 1  2 1  I t  MM ( 3 ~ 3  I 

X C C L  ( 3 ~ 3  I IXCP 1 3  I , X C A ( 3  1 3 1  t X C r ( 3 1 3  I t X C T I ( 3 9 3  I t X C A T ( 3  i 
1 X C  ( 4  I 9 X L  L (  3 13 I t X A B  ( 3 9 3  I I X C D L  ( 3  I t C ( 6  t 6 I 

DO 9 J=1,3 b DO Z K = 1 1 3  5 X C C L ( K ) = X C C L ( K I J D  
D O  1 I = 1 , 3  $ I I = M M ( I t Z I  S J J = M M ( K t l I  S K K z M M ( K ( s 2 I  
X C (  1 l = D C M P L X ( C  ( I  I I J J l  , n e 0  I b X C (  2 I=DCIUIPCX( C (  I I t K K l , O .  0 )  

1 X C T ( I I K I = X C ( ~ ~ ~ X C P ( J I + X C O  
DO 2 K = l r 3  5 DO 2 I = 1 , 3  S I F ( I . E Q e K I 1 1 , 1 2  

1 2  X C T I ( I t K I = ( O a O t O i O I  S GC TO 2 
11 X C T I  (I rKJ=(l.O10*0/ 

2 X A 6  ( I t KI =XC T ( I tK I 
C A L L  C M A T E Q ( X A B t X C T I t 3 t 3 t 3 1  5 DO 3 1 ~ 1 7 3  S X C ( 3 I = ( G . O t O . O I  
DO 4 K = 1 , 3  S X C ( 4 1 = X C T I ( 1 1 K ) ~ X C O L ( K /  b X C ( 3 l = X C ( ? J + X C ( 4 J  

4 C O N T I N U E  
3 X C A T ( I I = X C ( 3 1  

DO 5 1 ~ 1 9 3  
5 X C A ( I v J I = X C A T ( I I  
9 C O N T I N U E  

R E T U R N  
END 

S UBROUT I NE 
I M P L I C I T  R E A L 4 8  ( A - k i 9 O - Z )  
C O M P L E X * l 6  X C A t X C M t X C B v X C r X C N  
E Q U I V A L E N C E  ( G ( 1 t l I t X C N I l t l I l  
D I M E N S I O N  
X C (  2 = ( C l e o  to. 5 I 
DO 1 Jzl.93 S DO 1 1 ~ 1 9 3  $ X C ( 3 I = ( O . O t O i C I  $ C C  2 L=113  
XC ( 3 I =XC ( 3  I +  XCA ( I t  L I *XCM(  1.7 J I - D C O N J G  ( X C  A (  I t L I I * D C O N  J G  ( X C M  ( LI J I I 
X C N  ( I t J I =XC ( 2 ) * X C (  3 I 

S 6 I  J ( XCA s XCM 9 X C 6  t C 6  I 

X C  A (  3 $ 3  I t XCM ( 3  93 I t X C B (  3 t 3  I t CB ( 3  t 3 I t XC ( 3  I ,XC N (  31 3 I t G ( 6 t 3 I 

2 
$ I W = 2 * I - 1  6 X C B (  I 9 J I = X C h  ( I t J l  

1 C B ( I i J I = G ~ I W ~ J I  
R E T U R N  
E N D  
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S U B R O U T I N E  S E X T I C I C r X C P , X C L t  I K I  
TMPLICXT REAL+&! (A-H,O-ZI  
C O M P L E X * 1 6  X C P 9 X C L r X C t X C N  
C O M M O N / T / R  ( 3  I 9  Q( 3 1  
E Q U I V A L E N C E  ( X C P D ( 1  I q X C N I :  1 I I  
D I M E N S I O  N C ( 6 7 6 I , G ( 7 I r G 1 ( 7 I 9 R R ( 6 b t R I ( 6 I q XC P ( 3 1 q XC L ( 3 I 9 XC ( 1 1 I 

1 X C P D ( 6 1 XC N ( 3 1 

C C A L C . U L A T I O N  OF T H E  7 C O E F F I C I E N T S ,  G ( I b t  OF A S E X T I C  E Q U A T I O N  

A l = C ( 1 , 5 1  $ A 2 = C ( l r 4 I + C ( 5 r 6 I  $ A 3 = C ( 2 , 5 I + C ( 4 q t l  $ A 4 = C ( Z t 4 1  
H l = C ( l t l )  $ B 2 = 2 . * C ( 1 9 6 1  $ 8 3 = 2 o * C ( l t Z I + C ( 6 t 6 )  $ 5 4 = 2 e * C ( 2 9 6 )  
U5=C12rZ1 $ C l z C ( 5 r 5 I  $ C 2 = 2 . * C ( 4 r 5 )  B C 3 = C ( 4 r 4 1  
G (1 I = C 3 * 8 5 - A 4 * A 4  $ G ( 2  I = - ( C Z + 5 5 + C 3 * 5 4 - 2 r * A 3 * A 4  I 
G ( 3 I = C 1 * 8 5 +  C2*54t B3*C3-A3*A3-2 .  * A 2 * A 4  
G ( 4  I = - ( C 1 * 6 4 + C Z * B 3 +  52*C3-2. * (  A l * A 4 + A Z * A ?  1 I 
G ( 5 b = C l * B 3 +  8 2 * C Z + B l * C 3 - b 2 * A 2 - 2 .  * A l * A 3  
G(61=-(51*C2*82*Cl-2.*Al*A2I $ G ( 7 I = B l * C ~ - A l * P 1  

C S U B R O U T I N E  P O L R T  A V A I L A B L E  F R G M  U R N L  S U B R O U T I N E  L I B R A R Y (  C 0 2 0 0 7 l  

C A S l X T H  URQER P C L Y N C M I A L  E G U A T I C N  
C S O L V E S  FOR T H E  R O O T S i R E A L  P A R T S ,  R R r  A N D  I M A G I N A R Y  PARTS.  R I I  OF 

C A L L  P O L R T  ( G  r GI r 6 r R R t  R I  r I ER I 

C C A L C U L A T I O N  OF T H E  VECTOR X C L  F R C M  THE ROOTS AND C ( 1 . J )  

X C (  Z ) = D C M P L X ( A l q  0.0 I $ XC ( 3  I = D C M P L X (  A290.0  I Z XC 1 4 ) = D C M P L X ( A 3 , 0 . 0 1  
X C I  5 1 = D C M P L X (  A490.0  1 d X C ( 6 1  = D C M P L X (  C l r  O r 0  I 5 XC (71  r D C M P L X ( C 2  P 0.0) 
X C t 8 ) = O C M P L X ( C 3 , 0 * 0 I  

C S E L E C T  T H E  T H R E E  ROOTS W I T I -  P O S I T I V E  I M A G I N A R Y  P P R T S  

I I = O  $ I K = O  d 0 0  10 L=2,6,2 B II=II+l 
I F  ( R I (  L 1 I20 9 2 1  9 2 1  

20 I = L - 1  $ GO TO 22 
2 1  r = L  

C TEST E A C H  R O O T  wITH THE Q U A D R A T I C  E Q U A T I C N  FOR T k E  S P E C I A L  C A S E  

22 X C ( l O ) = D C M P L X ( R R ( I I r K I o )  $ X C ( 1 1 1 = X C ( l O ) * X C ( l C I  
X C ( 9  I = X t  ( 6  1 *XC ( 11 I -XC (7 I * X C (  10 I +  XC( 8 1 d A X r C O A B S  ( X C  (9 I I 
1: F 1  AXOLTI l . D - 6 l l l r  12 

11 X C N ( 3 I = X C ( l O I  $ 11x11-1 B I K = I K + 1  S GO TO 10 
1 2  X C N  4 I I 1 = XC ( 10 I 
1 Q  C O N T I N U E  

D O  30 1 ~ 1 1 3  $ IW-;Z*I-l $ I V = Z * I  $ R ( I t = X C P D ( I k 1  d X C P ( I I = X C N ( I I  
30  Q t I  I = X C P D ( I V I  

I F ( I K I 1 3 r 1 4 , 1 3  
1 3  X C L ( ~ I = ( ~ . O I O . O I  $ K=2 $ GO TO 1 5  
1 4  K = 3  
1 5  DO 40 I z 1 . K  d X C ( l ! = X C N ( I I * X C N ( I I  
40 X C L  I I 1 = XC ( 1 I*  XC N ( I ! * X C  ( 2 J -  XC ( 1 1 * XC ( 3 I + XCN ( I I *X C ( 4 I -X C (  5 I 1 / 

R E T U R N  
E N D  

1 1  XC t 1 * X C ( 6 I  - X C N  ( I ) * X C (  7 I + X C  ( 8 I I 



S U B R O U T I h E  C O E F F ( X C C L ~ X C M ~ X C A ~ X C P T S D ~ E F ~ S T ~ C S ~ A ~ B ~  
I M P L I C I T  K E A L * 8  ( A - H I  0 - Z  I 
C OM P L E X *  16 
C O M M O N / T / R (  3 I t Q (  3 )  
E Q U I V A L E N C E  ( P P ( l I , X C ( 1 1 1  
D I N E N S I O N  

X C C L 1 XCM X C A 9 X MD P X MY 7 X X  t X C 9 X CP 

X C C L (  313 I t X C M  ( 3  13 I , X C A ( ~ T  3 1 t X C P (  3 1 t SD( 3 I 1 X C  (231 t P P  (46 I 
1s T ( 6 9 0 I T CS ( 6 7 6 I T A (  2 3 7 3 1 t B ( 23 1 3 I t XHD ( 3 I 

DO 11 1 x 1 ~ 3  $ X M Y = ( O O O T O O O I  
DO 1 2  J ~ l r 3  B X X = D C M P L X ( S D ( J 1 t O o O l  

1 2  X M Y = X M Y + X C M ( I T J ~ * X X  
11 X M D ( I I = X M Y  

F = l o  / E F  
oa 3 1 = i T 3  

C C A L C U L A I - I O N  OF THE C O E F F I C I E N T S  FOR S T R k S S  C O C P O N E h T S  1 ,216  

X C (  l ) = X C C L ( l ? I  l*XMO(I 1 5 X C ( 2  I = X C ( l  l * X C P ( I  1 
X C ( 3 I = X C C L ( 2 r  I l*XMD(I I b X C ( 4 ) = D C O N J G ( X C P (  I I I 
X C (  5 ) = X C  ( 2  1 * X C ( 4  1 $ XC ( 6  1 = X C  ( 31 * X C (  4 I 5 XC ( 7  I = X C (  l I + X C I  4 
A ( 1 1 1 1 = - P P ( 3 l * F  b A ( 2 1 I  I z P P ( 5 I r F  5 A ( b r I l = P P ( l ) * F  
B ( l t I ) = - P P ( 9 I * F  B B ( 2 1 I  I = P P ( l l I * F  Z B ( 6 t I I = P P ( 1 3 l * F  

C FOR S T R E S S  COMPONENTS 415 

X C ( 8 I = X C C L ( 3 1 1 1 * X M D ( I 1  rb X C ( 3 ) - X C ( B I * X C P ( I  I 
X C (  10 l = X C (  8 l * X C  ( 4 )  B XC (11 I = X C ( 3  l * X C  ( 4  1 
A ( 4 , I ) = P P ( 1 5 1 * F  $ R ( 4 1 I  l = P P ( 1 9 1 * F  
A ( 5 I I I =-PP ( 1 7  I *F $ B ( 5 7 I 1 =-P  F ( 2 1 I * F  

C F O R  S T R E S S  C U M P C N E N T S  3 AND C I L A T A T I O N  F I E L D  1 7  CACCLJLATED FROM T H E  
C N O R M A L  S T R E S S  C O M P O N E N T S  

A ( 3 1 1 1 = 8 ( 3 1 1  ) = A ( 1 7 1 1 ) = 8 ( 1 7 t I I = O . O  

I F (  I Q m E Q o 3 1 9 ~ 1 0  
DO 9 IQ=1,6 

10 G W = S T ( 3 1 I Q I / S T 1 3 1 3 1  B G U - E F + ( C S ( l r I Q l a C S ( Z s I P ) I  
A ( 3 t I I = A ( 3 r  I I - G W * A ( I Q , I  I d B ( 3 . I  I = B I ~ ~ I I - G M * B ( I G P I I  
A ( 1 4 1 I I = A ( l ? r I  J + G U * A I I Q , I  I Z B ( l 7 ~ I l = D ~ 1 7 , I I + G U * @ 4 I Q ~  I 1  

9 C O N T I N U E  

C F O R  D I S P L A C E M E N T  C O M P O N E N T S  2 1 t 2 2 , 2 3  

XC ( 12 I = X C A  ( 11 I I * X M D (  I I 
X C ( l 4 ) = X C A ( 3 t I l * X n D ( I I  Z X C ( 1 5 l = X C ( l 2 l * X C ( 4 l  

$ X C (  13  l = X C A (  2, I l * X M D (  I 1 

X C ( 1 6 ) = X C ( l Z l * X C P ( I  I $ X C ( l T I = X C ( 1 5 I * X C P ( I  t 
X C ( ~ ~ I = X C ( ~ ~ I * X C ( + I  $ X C ( ~ ~ I = X C ~ ~ ~ ) * X C P ( I I  s X C ( ~ Q ~ = X C ( ~ ~ I * X C P ( I I  
A ( 2 l t I 1 = P P ( 2 3 1  I B ( 2 1 r I  ) = - P P ( 2 4 l  
A ( Z 2 1 I l = P P ( 2 5 l  $ B ( 2 2 v I I = - P P ( 2 6 I  
A ( 2 3 t 1 1 = P P ( 2 7 )  $ B ( 2 3 t I  I = - P P ( 2 8 l  

C F O R  D I S P L A C E M E N T  G R A D I E N T S  7 t 8 r 9 1 1 0  AND S T R A I N  C C M F C N E N T S  1 1 ~ 1 2 r 1 3 t  
C 1 4 t 1 5 ~ 1 h  

X C ( 2 1 I = X C ( l 4 1 * X C ~ 4 1  $ X C ( 2 2 ~ = X C ~ 1 4 1 + X C P ( I I  5 X C ~ 2 3 I = X C ( 2 1 1 + X C P ~ I 1  
A ( 7 , I I = P P ( 3 1 1  S B ( 7 1 I I = P P ( 3 3 1  
A ( 8 1 1 1 = A 1 2 2 , K )  d B ( 8 t I 1 z F P ( 3 5 1  
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APPENDIX D 





5 3 

APPENDIX D 

Results f o r  a Screw and an Edge Dislocation i n  &Iron 

The r e s u l t s  for a screw and an edge d is loca t ion  i n  a - i ron  are given 

as computer print-outs. The diagram preceding t h e  pr in t -outs  i d e n t i f i e s  
t h e  numerical values.  
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c
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ALPHA I R G N  298 K 

1 1-2 0.0 0.0 1.00000 2.48229 1 1 1  

1 2 3 4 5 6 

22.60000 14.00000 
14.00000 22. bOOCO 
i4.ooooo i4.ooooa 

0.0 0.0 
0.0 0.0 
0.0 0.0 

00000 0.0 0.0 0.0 
00000 0.0 0.0 0.0 
60000 0.0 0.0 0.0 
0 11.60000 0.0 0.0 
0 0.0 11.60000 0.0 
0 0.0 0.0 11.60000 

5.872'10616 

1 2 3 

0.40158522 0.6117477 7 -0.40 19e 22 2 0.61174777 -c. 00000000 2.01404295 

1 0.04773145 
2 -0.66612957 
3 -Or13620666 
4 0.33333333 

-0.13399507 
6 0.3 84590@@ 

-0.2 0607 392 
-0.15095F40 
-0.07863895 
0" 13399507 

-0.17860515 
0.35693051 

-0.04773145 
0.66612951 
0.13620666 
0,33333?33 
0.13395507 
0.3 845 S C C 8  

-0.20607392 
-0.15085840 
-0.07863895 
-0.13399507 
-0.1 7860 91 5 
-0 a 3 5 6930 5 1 

-0.03779743 
-0.19085768 
-0.20391592 
-O.OOOCOGOO 

-0.07238352 
0.021az236 
a. o 

-0.00000000 
-0.10195796 
-01 11432756 

0.00000000 
-0.00000000 
I). 00000000 
0.33333333 

-0~00000000 
-C.76718017 

3.ltOC7859 
-04 76518017 

0.51780238 
-0~60000000 
-1.35212300 

0.00000000 

7 0.129C9984 
8 0.0 40 72646 
Y 0.00000000 

0.2 0? 9 15 92 10 

0.03779743 
0.19085768 

-0.20381 592  
0.00000C00 

C.129055E4 
0.04072646 

-0.000c0000 
0.20 39 1 5 9 2  

0.00000000 
0.000000D0 

-0.67134765 
-0. COtCOOoO 

11 OaO7C54030 
12 -0.15911481 
l ?  OIO 
14 0.10191796 
15  0.00000000 
16 o.oa491115 

-0.07238352 
0.0218223 6 
0.0 
0. ocooooon 

-0.10195794 
0.11432754 

-0.07054C3C 
0.15811481 
0.0 
0.101957Sb 

-0.000C0000 
0.08491115 

o.ocoooooo 
-0.00000000 

0. C 
0.33567382 

-0.00000000 
-0.37238938 

0.661772583 
-0.13C40311 

0.0 
-0.00000000 
-0.33567382 

0.00000000 

17 -0.08757451 
i a  -0.08757451 
19 0.75460478 
2 0  0.0 

-0.05056117 
-0.05056117 

0.43567127 
0.0 

0.16467:15 
- 0 . 2 8 5 2 2 5 8 0  

0,33333333 

0.08757451 
0.08757451 

-0.75460476 
0.0 

-0.07054C30 
0.04072t46 
-0.00000COC 

-n.o5056117 
-0.05056117 

0.43567127 
0. a 

0.33292272 
0.33292272 

-2.86870080 
0.0 

-0.12935039 
-0.00000000 

0.33333333 

21  0.0 705402 C 
2% 0.04072646 
2 3  0.0000000@ 

0.16467519 
0.28522580 
0.33333333 

0. ooc 00000 
-0.08143292 
-0.00000000 
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0 l P ; I A  I R O N  298 K 

-1-1-1 

1 1 ,  58106358 

1 1-2 

1 

22.60000 
14.00000 
14.00000 
0.0 
0.0 
0.0 

1 

O r  2 1 3175 6T 

I. 01 2 4237 626 
2 -0.51560097 
3 -0.31207535 
4 -0.1 4 7 4  7 1SY 
5 -0.18598425 
6 -0 .03881870 

7 0.0 38 61767 
8 -0.23906800 
9 -0.47713778 

10 -0.26157247 

11 0.17372759 
1 2  -0.30768AOl 

1 4  -0.1 3078624 
13  o,n 
1 5  -0.23856889 
1 6  -0.10022517 

1 7  -0.13356047 
18 -0.1 ?3960”2 
1 9  0.58530007 
2 0  0.0 

2 1  0.17372759 
22 -0.23PO6800 
23 -0.47713778 

1.OC000 0.0 -0. ncooo 2.48129 

2 3 4 5 6 

4.00000 14.C0000 0.0 C. 0 0.0 
2.60000 14 .00000 0.0 0.0 0.0 +. 00000 22.60000 0.C 0.0 0.0 
2.0 0.0 11.60000 0.0 0.0 
I. 0 0.0 0.0 11.60000 0.0 
2.0 0.0 0.0 0.0 11.60000 

0 .62625499 

O1O1599E53 
-0.25926460 
-0.05932666 
-0.24903850 

0. 06(+57575 
01 2257792 7 

0.07607450 
0.20547416 
0.05757157 

-0e 2 0 8 9 3 t 4 2  

G.035655EC 
-0 .10468677 

0.0 
-0 .10446821 
0. 0 2 8 7 6 5 7 8  
0.14077433 

-0.Ot902657 
-0.06902697 

01 30159272 
0.0 

0 , 0 0 2 3 t 1 5 5  
-0.40970705 
-0. 25480359 

-Os 2 1  377568 

- 0 . 2 4 2 3 7 t 2 6  
0.51560C57 
0.31 207 5 ?  5 

-0.147471 55 
0.18 598425 

-0.03881E7C 

0.03861767 
-01 23906 800 

0.47713778 
-C.26157247 

-C.17372755 
0.30768801 
0.0 

- 0 - 1 3 0 7 8 6 2 4  
0 .23856889 

-0.10022 517 

0.1335tC42 
0.1 ? 3 S c  C*. 2 

-O.>?53OCC7 
0.c 

-0 .17?72755 
-3.23 3 O L  e00 

0.47713778 

2 

0.62625497 

0 .016Y9853 
-0 s 2 5 5 26 460 
-0 .05932666 

0 .24903850 
0 .06457975 

-0 .22577921 

-0 .07607450 
-0.20547416 

0 .05757157 
0.20893642 

0 .03565930 
-0 .10468677 

0.0 
0.10445821 
0 .02878578 

-0.14077433 

-0.06902697 
--0.06902697 

0 .30159272 
0.0 

0.00236155 
G. 40970705 

-0.25480359 

0.00000000 

0.00000000 
-0.C0000000 
0.00000000 

2.25335766 
0.18980443 
0. 00000000 
1 .15377665 

o.oonoocoo 
D. n 

-0.00C00000 

O ; j 7 6 8 8 8 3 2  
c .0coooooo 
1.22158104 

0. oncooooo 
c.nooooooo 

-0.00000000 
0.0 

0. ooc ooeoo 
0.18980443 
0 . 0 0 ~ 0 0 0 0 0  

3 

2 .26405100 

-5.52385061 
1.07763741 

-1.14822102 

-0.95991521 
0.001100000 

-0. ooooooon 

O ~ O G C O O O O O  
0~00000000 

-1.15377665 
0. ooocoo0o 

-2- 25335766 
0. Y72V23b3 
0.0 
0 ,00000000 

-0.57688832 
0. oI)eooooo 

-1.28043402 
-1.28043402 

5.59447422 
0.0 

0.99527650 
-0.0000000c 

0.50560718 

IHCOO2l STOP 00000 
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