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HARDENING MECHANISMS OF IONIC CRYSTALS ON {110} AND {100} SLIP PLANES 

W. S k r o t z k i and P. Haasen 

Institut fur Metallphysik, Universitat, Gottingen, RFA. 

Résumé.- Les cristaux ioniques de la structure NaCl peuvent être déformés sur 

plusieurs plans cristallographiquement non-équivalents. La résistance à la dé

formation varie avec le type du système de glissement. Cette anisotropie plas

tique dépend de la température, du dopage bivalent et de l'ionicité du matériau. 

C'est démontré par des mesures de la limite élastique pour le glissement sur 

les plans{110} et {100}. Pour une série de cristaux du type HaCl les mécanis

mes de durcissement qui sont basés sur les interactions de Peierls et disloca-

tion-solute sont discutés. L'anisotropie plastique est une aide substantielle 

pour l'analyse de ces interactions. 

Abstract . - Ionic c rys ta l s of the NaCl s t ructure can be deformed on several non-
equivalent crystal lographic planes. The hardness varies with the type of s l ip 
system. This p l a s t i c anisotropy depends on temperature, divalent doping and 
ionic i ty of the material as is shown by measurements of the c r i t i c a l resolved 
shear s t r ess for s l i p on {110} and {100} planes. For a ser ies of NaCl-type 
crys ta ls hardening mechanisms are discussed based on Peier ls and d is loca t ion-
solute in te rac t ions . The p la s t i c anisotropy i s of substant ia l help in the ana
lys i s of these in te rac t ions . 

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

i n v e s t i g a t e d . N e v e r t h e l e s s , t h e i n t e r a c t i o n mechanisms d e t e r m i n i n g t h 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 (CRSS) of t h e s e m a t e r i a l s a r e s t i l l u n 

d e r d i s p u t e . Suzuk i and Kim / l , 2 / i n a g r e e m e n t w i t h c a l c u l a t i o n s of 

G r a n z e r e t a l . / 3 / c o n c l u d e from t h e i r measu remen t s of t h e CRSS of r e l a 

t i v e l y p u r e c r y s t a l s , t h a t a t low t e m p e r a t u r e s t h e ove rcoming of t h e 

P e i e r l s p o t e n t i a l i s r e s p o n s i b l e f o r t h e CRSS. F rank / 4 / a s w e l l a s 

Suszynska / 5 / and Grau and F r o h l i c h / 6 / assume t h a t i n doped c r y s t a l s 

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

w i t h d i v a l e n t i o n vacancy d i p o l e s o r a g g r e g a t e s of such d i p o l e s d e t e r m i 

n e s y i e l d i n g . These i n v e s t i g a t i o n s a r e , howeve r , l i m i t e d t o {110}<110> 

g l i d e . {100}<110> s l i p c o u l d b e r e a l i z e d a s w e l l i n p r e v i o u s work / 7 / . 

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

s t a t i c i n t e r a c t i o n s have t o be t a k e n i n t o a c c o u n t . 

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

t i o n on s l i p mechanisms i n i o n i c c r y s t a l s from e x t e n d e d measu remen t s of 

t h e dependence of t h e CRSS on t e m p e r a t u r e , d i v a l e n t d o p i n g , s l i p s y s t e m 

and i o n i c i t y of s e v e r a l m a t e r i a l s . E s p e c i a l l y t h e p l a s t i c a n i s o t r o p y 

h e l p s t o d e c i d e w h e t h e r models b a s e d on e l a s t i c o r e l e c t r o s t a t i c i n t e r -
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actions are able to describe the onset of the plastic deformation. 

2. Experimental.- The experiments were carried out on alkali and silver 

halide single crystals grown by the Kyropoulos method. For the growth 

of silver chloride crystals NaCl seed crystals were used /8/. Starting 

material, dopants and growth parameters are listed in table I. 

Table I.- Crystal growth parameters 

Purity was determined by atomic absorption analysis. <loo>- orientated 

specimens with (100)-side faces could be obtained by cleavage, while 

<Ill>-or <557> -orientated specimens with (110)- and (112)- or (110}- 

and {7,7,10}- side faces, respectively, had to be string sawn with water. 

In the case of the AgCl crystal all specimens had to be sawn using a 

fixing reagent in dark room red light. The orientation of the AgCl sam- 

ples could be easily found with the aid o{ the <loo>-orientated NaCl 

seed crystal. The accuracy amounted to 3 degrees. Specimen dimensions 

were about 4x4~18 mm3. Before testing all samples were annealed on a 

platinum foil for 20 h at%0.85 Tm (Tm = melting temperature). Annealing 

and growth atmosphere were identical. The standard cooling rate was 

about 1 X/min. (SC), while for some specimens quenched from 700 K it 

was about hundred times higher (Q). All samples have been polished first 

mechanically on wetted silk and then chemically in different solutions. 

Suitable etchants to reveal dislocations were found. Details of the po- 

lishing and etching procedures are given in /9/. 

The deformation was performed in dynamic compression using an In- 

stron-machine. The average strain rate was about E - l ~ - ~ s - l  . Room tem- 
perature deformation was performed in air. For lower and higher tempe- 

ratures suitable compression devices were immersed in baths of liquid 

helium, liquid nitrogen, isopentane and silicon oil. The AgCl crystals 

were deformed in darkroom red light. 



3. Results.- 3.1 S i p  on {loo} planes produced by C O ~ P  In ionic 

crystals single slip on {110) or {loo) planes has previously been achie- 

ved in shear tests / 7 / .  This deformation method has however the disaa- 

vantage that it can be used only at room temperature (RT). Therefore we 

have realized it by compression of suitably orientated crystals. In this 

section it will be shown that large scale macroscopic slip on {loo] pla- 

nes alone could be realized over a wide range of temperature. 

Assuming Schmid's law in crystals of any orientation a slip sys- 

tem with the CRSS T~ will be activated first if the condition T ~ < T ~ ~ .  

S1/Si is fullfilled (S1 = Schmid factor of the first system, Si, T~~ 

those of the other systems). Thus slip on a {110} or a {100] plane alo- 

ne is to be expected only for orientations adjacent to <loo> and <Ill>, 

respectively. 

Deforming crystals in <loo>-orientation (Smax((llO)<llO>) = 0.5, 

Smax({lOO~<llO>) = 0) slip usually starts on more than one {110}<110> 

system (Fig. 1). 

Fig. 1.- Etched surfaces of square K C 1  crystals (cSr,+ = 56 ppm) deformed along [oo~] 
and [537] in compression at RT. 
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Using <557> ( <Ill> +lo0) -orientated crystals (S ((110)<110>) = 
max 

0.12, Smax({lOO}<llO>) = 0.5) deformation begins on a single (100) pla- 

ne (Fig. 1). Particularly interesting is the difference in the slip 

bands produced by the screw dislocations (Fig. 1 : side faces (010) and 

(7,7,10)). Changing to the <Ill> -orientation (Smax({llO}<llO>) = 0, 

Sma,({lOO}<llO>) = 0.47) three {100)<110> systems are equally stressed. 

Hence, slip on more than one (100) plane has been observed (Fig. 2). 

This is demonstrated by the etch pit traces on the (i12) side face as 

well as on the (001) cleavage plane. The absence of traces on the (001) 

plane perpendicular to [lie] means that traces on (i12) perpendicular 
to [lill are produced by screw dislocations which have moved on (001). 

It is emphasized that for all the investigated crystals {111)<110> 

slip has never been observed, contrary to the statements of Bhagavan 

Raju and Strunk /lo/. 

NaCl 

Fig. 2.- Etch pit arrangement on the (712) side face and the (001) cleavage plane of 
NaCl (cSr,+ = 63 ppm) after RT deformation of <111> -orientated crystals. 



Because of multiple slip the <111> -orientated crystals show 

strong work-hardening which decreases with increasing doping (Fig.3). 

2 + 
Fig. 3.- RT stress-strain curves of "pure" and Sr doped KC1 crystals compressed in 
< I l l >  and <557> orientations. 

Therefore <557>-orientated crystals are preferred for the determination 

of the CRSS on (100). However, this is only possible as long as the ra- 

tio rc {100'/~ {'lO}is smaller than that of the Schmid factors (s{loO) 
C 

s{llo}= 4). 

The movement of edge and screw dislocations in dependence of tem- 

perature, doping, slip sytem and ionicity of the material will be des- 

cribed in a separate paper. 

3.2. Measurements of the CRSS.- 3.2.1. Determination of the CRSS.- In 

ionic crystals the onset of the plastic deformation marks itself in dif- 

ferent ways in stress strain curves (SSC). A schematical description of 

typical SSC and of the determination of the CRSS from them is given in 

figure 4. 
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Fig. 4.- Typical initial stages of stress-strain curves and determination of the 
CRSS . 

Most specimens showed SSC of type a). Curves of type b) have been 

observed for <Ill>-orientated crystals. Parabolic curves were shown by 

all orientations at high temperatures, for <557>-  and <Ill>-orientations 

also at low temperatures. Curves of type c) and d) have only been obser- 

ved for doped crystals. The maximum scatter of the CRSS of identical 

specimens was 5 %. 

3.2.2 Dependence of the CRSS on temperature and doping.- In ionic crys- 

tals a decrease of the CRSS with increasing temperature occurs in seve- 

ral regimes, schematically presented in figure 5. Crystals doped with a 

certain concentration of divaleht impurities show a decrease in four 
\ 

regimes. With increasing purity of the material the temperature depen- 

dence of the CRSS approaches that indicated by the dotted line. 

Fig. 5.- Schematic regimes of the temperature dependence of tile CESS of ionic crystals. 
Dotted and traced lines belong to "pure" and doped crystals, respectively. 



In the following these regimes will be characterized in terms of 

the dependence of the CRSS on temperature, doping, slip system and io- 

nicity of the material. 

Regime I.- Details on regime I for (100) slip have been presented else- 

where /11/. Here further results will be presented which demonstrate 

the intrinsic plastic anisotropy. Figure 6a shows the temperature depen- 

dence of the CRSS for slip on (110) and (100) planes. The values for 

7' 
C 
ilOO'marked by half-filled symbols have been obtained by extrapola- 

tion from KC1-KBr solid solutions /11/. Striking is the strong plastic 

anisotropy below a certain temperature which depends on the material. 

The usual scaling of different materials in terms of the shear modulus 

and the melting temperature does not work for ionic crystals (Fig. 6b). 

t110) boo} 

Fig. 6a.- Temperature dependence of the CRSS of "pure" crystals. Half-filled symbols 

are extrapolated from KCl-KBr solid solutions ( 0 / 1 / ,  v 121,  o A by T. Suzuki (to 
be published), r 1121) 

I 
I I I - 
01 0.2 0.3 

Fig. 6b.- Curves of (a) reduced by the shear modulus 11 and the meltine ~~~~~~~~~~~e T 



c3- 126 JOURNAL DE PHYSIQUE 

The dependence of the CRSS on divalent doping is presented in 

figures 7 and 8. 

KC1 (110) 

0 Horshaw 

0 Oyo-Koken 

A Gottingen 

A 70 pprn sr2' 

Fig. 7.- Temperature dependence of the 
CRSS of KC1 for {110} slip. Open sym- 

bols represent "pure" crystals of dif- 

ferent origin. 

100 2 00 300 LOO 

Fig. 8.- Temperature dependence of the CRSS for (100) slip. Open and filled symbols 

represent pure and divalent doped crystals ( r 113, 5 6 ,  rn 94, A 89 ppm Sr2+ ; 
483 ppm Ca2+). 



Doped crystals show the same temperature dependence in regime I as "pu- 

re" ones. Moreover, doping has a greater influence on { 1 1 0 )  than on 

{ l o o }  slip. For { l o o }  the CRSS of the doped crystals agree with those 

of the "pure" ones at low temperatures. Remarkable is also the good 

agreement between the CRSS of "pure" crystals of different origins(Fig.7) 

The solution hardening of KC1 T~ ( 7 0  ppm sr2+) relative to -rc ("pure") 

for ( 1 1 0 )  slip amounts to about 1 0 %  at 4.2 K. It is also noted that the 

activation volulne is smaller than 1 0 0  b3 in regime I /11/. 

Regime 11.- In figures 9a-e the temperature dependence of the CRSS is 

presented in such a way that regimes 11-IV can be recognized clearly. 

A comparison of these figures shows a qualitative similarity between 

all the materials investigated. The temperature dependence of the CRSS 

is smaller in regime I1 than in regime I, see figure 9b. With increa- 

sing purity of the material the decrease in T (T) becomes smaller. 
C 

'pure' 

T [K] Fig. 9a. 
I I I I 

200 LOO 600 

010) 

0 

128 pprn 

(100) 

+ 
113ppm 
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F i g .  9 b .  

I 
I I I I I I 

200 LOO 600 

(110) {loo} 

s?-doped 

75 ppm 9Lppm 

I 
I I I 1 I 1 -  

200 LOO 600 

F i g .  9 c .  



'pure' 

F i g .  9 d .  

(1101 (1001 

'pure' 

Ca -doped 

297 ppm L83 ppm 

F i g .  9 e .  

T [ K l  
1 

I I I I I - 
200 LOO 600 

F i g .  9a-e . - Temperature dependence of the  CRSS of "pure" and doped c r y s t a l s  f o r  

s l i p  on ( 1  10) and (100) planes .  
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The concent ra t ion  dependence of t h e  CRSS shown i n  f i g u r e s  10a and b is  

more o r  l e s s  pa rabo l i c  depending on t h e  ma te r i a l .  Values f o r  T~ 
{loo} 

obta ined  us ing  c r y s t a l s  of d i f f e r e n t  o r i e n t a t i o n s  agree  w e l l  (F ig .  l o b ) .  

(100) RT 
(557) (111) 

NaCl 0 

KC1 A r 

KBr 

K J  V 

Fig. 

Cs~[ppml  
, I I I 

50 100 150 200 Fig. lob. 
Fig. 1Oa-b.- Concentration dependence of the CRSS for (110) (a) and (100) slip (b) 
in regime I1 



Regime 111.- Here t h e  CRSS i s  nea r ly  temperature independent (F igs .  9 

a - e ) .  With i nc reas ing  temperature sometimes a  weak inc rease  i s  observed. 

F igures  l l a  and b show t h e  dependence of t h e  CRSS on d i v a l e n t  doping. 
2 + 

For a l l  m a t e r i a l s  and concen t r a t i ons  i n v e s t i g a t e d  (except  NaC1-Sr ) 

t h e  CRSS is  a  l i n e a r  func t ion  of  t h e  dopant concen t r a t i on  cTle2+ ( f o r  

t h e  a l k a l i  h a l i d e s  cSr2+ < 150 ppm, f o r  AgCl cCa2+ 5 500 ppm). Quenching 

experiments on srZ+ doped NaC1, KC1 and K B r  c r y s t a l s  showed t h a t  on ly  

t h e  ~ a c l - ~ r ~ + h a r d e n i n c ~ i s  s t rong ly  dependent on t h e  cool ing  r a t e  (Fig.  

1 2 ) .  The CRSS of quenched xac1-sr2+ depends a l s o  l i n e a r l y  on t h e  dopant 

concentrat ion.The quenching e f f e c t  on t h e  s lope  of T (cSr,+) f o r  K C 1  
C 

and K B r  i s  only 1 4  and 4 %,  r e spec t ive ly .  

Fig.  Ila. 

Fig.  l l b .  

Fig. Ila-b.- A s  Figure 10 f o r  regime 111. 



JOURNAL DE PHYSIQUE 

[ MPal 

3 

2 

1 NaCl KC1 KBr 

0 A U S C  

A . Q  

Fig. 12.- Concentration dependence of the CRSS for (110) slip at RT after cooling 

with different rates. 

We would l i k e  t o  p o i n t  o u t  tha tquenching  experiments a r e  more 

problematic  than  f r equen t ly  descr ibed .  This  i s  a l r eady  i n d i c a t e d  by an 

i n c r e a s e  of t h e  CRSS of  "pure" c r y s t a l s  by a  f a c t o r  of two due t o  quen- 

c h i n g . p a r a l l e 1  t o  t h a t  an i nc rease  of t h e  d i s l o c a t i o n  d e n s i t y  from 
- 2 

2x104 t o  2x106 cm i s  observed. So quenching does no t  on ly  change t h e  

impur i ty  aggrega t ion  s t a t e  b u t  a l s o  t h e  d i s l o c a t i o n - d i s l o c a t i o n  i n t e r -  

ac t i on .  Q u a l i t a t i v e l y  t h e  same r e s u l t s  have been obta ined  under compa- 

r a b l e  cond i t i ons  by Suszynska /5/ f o r  J3ac1-sr2+ whi le  f o r  K C ~ - S ~ ~ +  the-  

r e  e x i s t s  l a r g e  discrepancy between h e r  r e s u l t s  and ou r s .  

The e f f e c t  of  t h e  cool ing  r a t e  on t h e  temperature dependence of 

t h e  CRSS i s  shown f o r  ~ a ~ l - ~ r ~ +  i n  f i g u r e  13.  The CRSS of quenched 

c r y s t a l s  decreases  much more s t r o n g l y  with i nc reas ing  temperature than  

t h a t  of slowly cooled samples. Below a c e r t a i n  temperature quench-har- 

dening, above quench-softening occurs .  Above RT t h e  CRSS f o r  (110) s l i p  

i n  quenched c r y s t a l s  i s  i nc reas ing  wi th  temperature.  I n  t h e  same tempe- 



r a t u r e  range a change i n  s lope  f o r  T 
C 

C1OO} (T) is  observed,  too.  The 

same behaviour has been descr ibed  by Johnston/ l3/  f o r  {110} sli? i n  
2+ 

LiF-Mg . 

2+ 
Fig.13.- Temperature dependence of the CRSS of NaC1-Sr after different cooling 

treatments. 

Xegime 1V.- Here t h e  CRSS decreases  towards a temperature independent 

l i m i t .  This  decrease  s e t s  i n  a t  Tf % 500 K f o r  t h e  a l k a l i  h a l i d e s  and 

a t  Tf % 250 X f o r  AgC1, r e f l e c t i n g  a d i f f e r e n c e  i n  t h e  mel t ing  tempera- 

t u r e s  of t h e s e  m a t e r i a l s  (AH: Tn = (1074-954 K ) ,  AgC1: Tm = 728 K). An 

e a r l y  high temperature drop  sho r t ens  regime 111, t o  be seen  f o r  {100} 

and (1101 s l i p  i n  f i g u r e s  9a and b ,  r e s p e c t i v e l y .  

4. Analysis  and d i scus s ion  of t h e  r e s u l t s . -  4.1 P e i e r l s  mechanism 

(reqime I) .- The s t r o n g  temperature dependence of t h e  CRSS a s  w e l l  a s  --- ------ 
t h e  small a c t i v a t i o n  volume sugges t  t h e  P e i e r l s  mechanism a s  t h e  r a t e  

c o n t r o l l i n g  process i n  regime I. This  has a l r eady  been confirmed f o r  

11101 and {loo} s l i p  /1,2,11/ by a d e t a i l e d  a n a l y s i s  of t h e  low tempera- 

t u r e  r e s u l t s .  A summary inc lud ing  some r e s u l t s  given i n  s e c t i o n  3.2.2 

i s  presented  i n  t a b l e  11. 
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Tab le  11.- Expe r imen ta l  P e i e r l s  stresses, sum o f  t h e  p o l a r i z a b i l i t i e s  o f  t h e  m a t r i x  

i o n s  ( C  a ) ,  s t a t i c  d i e l e c t r i c  c o n s t a n t  (E ) and Cauchy r e l a t i o n  ( c  
12/'44) ' 

.w)  Es t i ma t ed  f rom t o r s i o n  expe r imen t s  o f  Gilman /14/ .  

From t h i s  t a b l e  t h e  fol lowing can be  a sce r t a ined :  

- T 
{ l o o '  > 

P 
C 1 l O '  , i . e .  t h e  i n t r i n s i c  r e s i s t a n c e  t o  g l i d e  on { 1 0 0 } i s  

P  
s t r o n g e r  t han  on { 1 1 0 )  planes .  

- (TP/u)  {loo' . ( 1 0 - 1 4 )  x  (LiF % 5 x  AgCl @ 5 x  

( i p / w )  { ' l o '  ( 0 . 5 - 1 . 9 )  x l o - )  i . e .  t he  reduced g l i d e  r e s i s t a n c e  

is  about  one o rde r  o f  magnitude l a r g e r  on { 1 0 0 )  than  on { 1 1 0 ) .  The 

c o r r e l a t i o n  of  t h e  P e i e r l s  s t r e s s e s  wi th  t he  shea r  modulus u i s  2ar-  

titularly pcor f o r  t h e  a l k a l i  h a l i d e s  on { 1 1 0 } .  

- T 
P  

''0°' decreases  i n  t h e  s e r i e s  from LiF t o  AgCl while  T 
P 

{ ' l o '  does 

not .  

Since Buerger / 1 5 /  t h e  i n t r i n s i c  r e s i s t a n c e  t o  s l i p  on { l o o }  pla-  

nes has been c o r r e l a t e d  wi th  t h e  p o l a r i z a b i l i t y  ( C a )  of t h e  ions  cons t i -  

t u t i n g  t h e  c r y s t a l .  With i nc reas ing  Ca a  decrease  of T {'0°' has been 
P  

expected.  The r e s u l t s  on AgCl show however, t h a t  t h e  p o l a r i z a b i l i t y  

which is  d i r e c t l y  connected wi th  t h e  s t a t i c  d i e l e c t r i c  cons t an t  is  n o t  

t h e  only  parameter determining { l o o }  s l i p .  I n  comparison wi th  t h e  a l k a l i  

ha l ides  t h e  Cauchy r e l a t i o n  i s  s t r o n g l y  v i o l a t e d  i n  AgC1. A s  poin ted  o u t  

by Biicher / 1 6 /  t h i s  v i o l a t i o n  i s  e s s e n t i a l l y  caused by a  l a r g e  threc-  

body c o n t r i b u t i o n  t o  t h e  Van der Waals i n t e r a c t i o n s .  Furthermore t h e  

quadrupolar  deformabi l i ty  of t he  s i l v e r  ion  seems t o  be r e l evan t .  Dif- 

fe rences  between AgCl and t h e  a l k a l i  h a l i d e s  have a l s o  been a t t r i b u t e d  

t o  covalen t  b inding  i n  t he  s i l v e r  h a l i d e s .  However, n e i t h e r  c a l c u l a t i o n s  

nor x-ray measurements of t h e  e l e c t r o n  dens i ty  d i s t r i b u t i o n  g ive  evidenc 

f o r  such a  c o n t r i b u t i o n  / 1 7 / .  

The P e i e r l s  s t r e s s  of a  c r y s t a l  has been c a l c u l a t e d  wi th  e l a s t i c  

and a t o m i s t i c  raodels. Only t h e  a t o m i s t i c  c a l c u l a t i o n s  g ive  reasonable  

va lues  f o r  T and above a l l  de sc r ibe  t h e  p l a s t i c  an iso t ropy  c o r r e c t l y  
P 



Calcula ted  va lues  a r e  f o r  NaC1: r {100' = 220 &Pa /18/, T 
t110' 

P P 

.l-21.5) MPa /3/, (17.3/80.0) !Pa /19/, f o r  K C 1 :  T {I10' = (12.7- 
P  

32.4) MPa /20/, 30.4 MPa /21,22/. These va lues  should be compared wi th  

t a b l e  11. An extens ion  of t he se  c a l c u l a t i o n s ,  e s p e c i a l l y  t o  t h e  s i l v e r  

h a l i d e s  wi th  Van de r  Fiaals b inding  would be of g r e a t  i n t e r e s t .  

Our i n v e s t i g a t i o n  on t h e  i n f luence  of doping on t h e  CRSS i n  re -  

gime I shows t h a t  t h e  observed inc rease  seems t o  be a d d i t i v e  t o  t h e  low 

temperature s t e e p  inc rease  of t h e  CRSS f o r  t h e  "pure" c r y s t a l s .  These 

r e s u l t s  d i f f e r  from those  obta ined  f o r  a l k a l i  h a l i d e  s o l i d  

/23/ and bcc m e t a l l i c  a l l o y s ,  bo th  of  which show a l loy - so f t en ing  i n  a  

c e r t a i n  temperature range. Fur ther  i n v e s t i g a t i o n s  of  t h e  doping e f f e c t  

on t h e  P e i e r l s  mechanism i n  i o n i c  c r y s t a l s  a r e  planed. 

4.2 D i s loca t~ogZgo&ute  i n t e r a c t i o n . -  I t  is  i n f e r r e d  from the  d i e l i c t r i c  

l o s s  measurements /24/ t h a t  f o r  smal l  concent ra t ions  and a f t e r  a  s u i t -  

a b l e  thermal t rea tment  t h e  d i v a l e n t  impur i t i e s  a r e  pa i r ed  wi th  vacan- 

c i e s  a s  r equ i r ed  f o r  charge compensation i n  t h e  form of 'impurity-vacan- 

cy-dipoles '  ( IV-dipoles) .  For our  s t anda rd  cool ing  r a t e  t h i s  cond i t i on  
2  4- 

seems t o  p e r t a i n  i n  a l l  c r y s t a l s  i n v e s t i g a t e d  except  NaC1-Sr . Here 

quenching experiments show t h a t  analogous r e s u l t s  can be obta ined  only  

by us ing  a  cool ing  r a t e  which is about  hundred t imes h igher .  The S r  
2  + 

doped NaCl c r y s t a l s  p r e t r e a t e d  under s tandard  cond i t i ons  w i l l  be  d i s -  

cussed s e p a r a t e l y  i n  s e c t i o n  4.3. 

4.2.1 Short-range i n t e r a c t i o n  of  d i s l o c a t i o n s  wi th  IV-dipoles (regime 

11). - The temperature a s  we l l  a s  t h e  concent ra t ion  dependence of t h e  

CRSS sugges t  t h e  onse t  of p l a s t i c  deformation i n  regime I1 t o  be d e t e r -  

mined by a  short-range i n t e r a c t i o n  wi th  IV-dipoles. For d i l u t e  a l l o y s  

s tandard  t h e o r i e s  of s o l i d e  s o l u t i o n  hardening y i e l d  f o r  t h i s  cont r ibu-  

t i o n  /25/: 

(cp = doping concent ra t ion  per  u n i t  a r e a  of t h e  s l i p  p lane ,  c % c ;  f  = 
P 

maximum i n t e r a c t i o n  fo rce  so lu t e -d i s loca t ion ;  EL = l i n e  t ens ion ;  t h e  

temperature dependence ( s ee  eq. ( 4 )  ) @ (T) = 0 f o r  T  = 0 K )  . A s  w i l l  

be  shown i n  d e t a i l  i n  s e c t i o n  4.2.4 from a comparison of t h e  p l a t e a u  

s t r e s s e s  f o r  {100] and (1101 s l i p ,  even t h e  CRSS of our  p u r e s t  c r y s t a l s  

i s  determined by unknown background im2ur i t i e s .  According t o  computer 

s imula t ions  /26/ of t h e  movement of a  d i s l o c a t i o n  over  a  s t a t i s t i c a l  

d i s t r i b u t i o n  of p o i n t  o b s t a c l e s  of equal  s t r e n g t h  t h e  CRSS con t r ibu t ion  

of t h e  "pure" component is  e l imina ted  us ing  a  quad ra t i c  supe rpos i t i on  
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law: A T  = T - T ) (rcu = CRSS of t h e  "pure1' c r y s t a l s ) ,  r i n -  
C C U  CU 

c ludes  an  athermal  p a r t  -cU, which i s  assumed t o  be independent of  do- 

ping. According t o  Frank /27/, doped c r y s t a l s  a r e  f i l l e d  dur ing  micro- 

s t r a i n i n g  wi th  d i s l o c a t i o n s  u n t i l  t h e i r  i n t e r a c t i o n  s t r e s s  matches 

t h e  CRSS determined by t h e  doping. F igure  1 4  shows t h a t  t h e  c 1 l 2  depen- 

dence of AT i s  r a t h e r  we l l  e s t a b l i s h e d  i n  regime 11. 

8 - 

[IlO] (100) 

6 - 77K RT 

KCI V V 

KBr m 
KJ 0 @ 

2+ 
Fig. 14.- Contribution of Sr doping crz+ [(ppm) ] t o  the CRSS a s  a funct ion of concentra- 

t ion .  

According t o  Ono /28/ t h e  a c t i v a t i o n  energy s t r e s s  r e l a t i o n  can 

be descr ibed  f o r  near ly  any type of  o b s t a c l e  p r o f i l e  by 

( L o  
= CRSS a t  T=OK) .  Using an  Arrhenius ansa t z  f o r  t h e  s t r a i n  r a t e  

= a. exp ( - U ( T ~ )  /kT) ( 3 )  

t he  temperature dependence of t h e  CRSS is  given by 

with 



The experimental  r e s u l t s ,  f i g u r e  15a and b ,  a r e  i n  agreement wi th  t h i s  

t h e o r e t i c a l  p r ed i c t i on .  I n  f i g u r e  15a t h e  "pure"component has not  been 

e l imina ted .  The ic l 2  - T curves wobld however be changed only  l i t t l e  

by t ak ing  i n t o  account  T Thin diagram demonstrates once more t h e  
cu '  

mult i -s taged decrease  of T ~ ( T ) .  Values of  t h e  CRSS obta ined  by extrapo- 

l a t i n g  t h e  temperature dependence of  regime I1 t o  T = 0 K a r e  l i s t e d  

i n  t a b l e  111. Because of  t he  sho r tnes s  of  regime I1 t he se  va lues  a r e  

Table 111.- Specific hardening in regime I1 due to short-range interaction between 
dislocations and IV-dipoles. Quenched crystals are marked by a star.  

Ref.: ') 171, 2 ,  ,131, 3 ,  1291, ') 1301 

connected wi th  an e r r o r  of about  20%. The r e s u l t s  of  t a b l e  I11 can be  

summarized a s  fol lows:  

- ( ~ T ~ ~ / c  l / ' )  { l o o '  > (Aico/c ) {"O'. i . .  t h e  s p e c i f i c  hardening 

i s  g r e a t e r  on {loo} than  on {110}. 

- (Aico/c l l 2 )  {llO'r { loo '  decrease  i n  t h e  s e r i e s  from LiF t o  AgC1. 

The decrease  i s  s t r o n g e r  f o r  1100 1 than  f o r  {110 } s l i p .  

< 
- ( ) l o o  % 0.5 - 0.62 (AgC1 * 0.13) .  ( P i c o  /c l / z U )  {110} 

% 0.06 - 9.08 (LiF = 0.17) .  i . e .  t h e  s p e c i f i c  hardening is  about  one 

o rde r  o f  magnitude g r e a t e r  on {loo} than  on (110) . The c o r r e l a t i o n  

of t h e  s p e c i f i c  hardening wi th  t h e  shear  modulus a lone  is  again  poor. 
1 

S u b s t i t u t i n g  i n  equat ion  (1) c = 9 /31/ and EL = - ub2 
P 2 

t h e  maximum i n t e r a c t i o n  fo rce  i s  given by 

Values es t imated  wi th  t h e  he lp  of equat ion  ( 6 )  from experiment are pre- 
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F ig .  15.- a )  Temperature dependence of t h e  CRSS of KC1 i n  a Tc 112  - 2 1 3  p l o t ,  

accord ing  t o  Ono. 

{110) 000) 

NoCI -sr2' o 128 I13 pprn 
KCI -sr2' A 56 A 56 a 

KBr -srZ' a 75 H 94 * 
KJ -sr2* v 120 89 1' 

AgCI -ca2' x 483 1' 

2+ 
Fig.  15.- b) a s  ( a )  f a r  the  c o n t r i b u t i o n  Arc"z of Me doping. 
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sented  i n  t a b l e  I V .  I n  t h e  fol lowing model c a l c u l a t i o n s  w i l l  be comgared 

wi th  t hese  va lues  regard ing  t h e  o rde r  of  magnitude a s  we l l  a s  t h e  cor re-  

l a t i o n  wi th  i o n i c i t y .  

A model which has a t t r a c t e d  much a t t e n t i o n  i n  i o n i c  c r y s t a l s  has 

been developed by F l e i s c h e r  /32/ and i s  based on t h e  e l a s t i c  i n t e r a c t i o n  

between a d i s l o c a t i o n  and t h e  t e t r a g o n a l  d i s t o r t i o n  +round an IV-dipole. 

For t h e  c l o s e s t  d i s t a n c e  of  t h e  d i p o l e  t o  t h e  s l i p  p lane  (b/2) and f o r  

a  d e f e c t  volume of 2&? b 3  /31/ t h e  maximum i n t e r a c t i o n  f o r c e  i s  

( A E  = t e t r a g o n a l  d i s t o r t i o n ) .  

With A& % 0.15 ( s ee  s e c t i o n  4.2.2) va lues  a r e  obta ined  which a r e  of  t h e  

r i g h t  order  of  magnitude, b u t  except  f o r  LiF t h e  an iso t ropy  comes o u t  

wrong f {loo ' / f  '110' % ?J {100' /?J {"O' < 1. This r e s u l t  is con t r a ry  

t o  t he  experimental  observa t ions .  

Gilman /33/ has proposed a short-range i n t e r a c t i o n  which i s  based 

on t h e  i nc rease  AU of  t h e  e l e c t r o s t a t i c  energy dur ing  shea r ing  of  a  

d ipole .  f  is  approximately given by 

( e  = e l e c t r o n  cha rge ) .  

An extens ion  of t h i s  model by Mi t che l l  and Heuer /31/, cons ider ing  t h e  

displacement  f i e l d  of t h e  d i s l o c a t i o n  y i e l d s  va lues ,  which a r e  only  

30% higher .  Gilman's model g ives  t h e  r i g h t  c o r r e l a t i o n  of f  wi th  t h e  

i o n i c i t y  b u t  it f a i l s  i n  desc r ib ing  t h e  order  of magnitude and does 

n o t  t ake  i n t o  account  t h e  p l a s t i c  an iso t ropy .  

Haasen /34/ a sc r ibed  t h e  e x t r i n s i c  p l a s t i c  an iso t ropy  t o  t h e  e l ec -  

t r o s t a t i c  i n t e r a c t i o n  o f  edge d i s l o c a t i o n s  wi th  IV-dipoles. This i n t e r -  

a c t i o n  is  expected t o  be s t r o n g e r  f o r  a  { loo)  <110> edge d i s l o c a t i o n  

because i t s  e x t r a  h a l f  p lane  ends with equa l ly  charged rows of i ons ,  

whi le  f o r  a  (110: -:110> edge d i s l o c a t i o n  these  rows c o n s i s t  o f  i ons  o f  

a l t e r n a t i n g  charge.  Haasen c a l c u l a t e s  t h e  maximum i n t e r a c t i o n  energy 

i n  two s t e p s .  F i r s t  t h e  e x t r a  h a l f  ? lane  i s  neu t r a l i zed  by ions  of  o2po- 

s i t e  charge and t h e  i n t e r a c t i o n  of t he se  i ons  wi th  t h e  fo re ign  i o n  is  

c a l c u l a t e d .  Secondly changes of t h i s  i n t e r a c t i o n  a r e  es t imated  when t h e  

e x t r a  h a l f  p lane  is  a c t u a l l y  removed and t h e  surrounding l a t t i c e  is  

allowed t o  r e l a x  t o  a  d i s l o c a t i o n  conf igura t ion .  f  i s  approximately 

der ived  a s  



with 

daasen's model neglects the te t ragonal  d i s t o r t i o n  of t h e  l a t t i c e  around 

the  dipole  which a r i s e s  from the  a t t r a c t i v e  e l e c t r o s t a t i c  in te rac t ion  

between divalent  ion and vacancy. Taking t h i s  i n t o  account according 

t o  the  e l a s t i c  model of Fle ischer ,  the experimental s i t u a t i o n  can be 

explained, i . e .  the p l a s t i c  anisotropy disappears with d e ~ r e a s i n ~ g  ioni-  

c i t y .  However, the theory cannot account f o r  the s t rong di f ference  

between K J  and AgC1. 

An advanced ca lcu la t ion  of the  e l e c t r o s t a t i c  in te rac t ion  energy 

has been given bq Potstada /35/. Using an a tomis t ic  model es tabl ished 

by Granzer e t  a l .  /3/ he ca lcu la tes  a  more r e a l i s t i c  core configuration 

and besides the  Coulomb in te rac t ion  he takes i n t o  account repulsion and 

Van der Waals terms as  well  as  po la r i sa t ion  e f f e c t s  around charged point  

defects .  Pots tada 's  ca lcula t ions  a r e  r e s t r i c t e d  t o  the maximum i n t e r -  

ac t ion energy of i so la ted  ca2' ions and vacancies with edge dis locat ions  

i n  NaCl. Therefore i n  the  case  of d ipoles  the  te t ragonal  d i s t o r t i o n  has 

not  been considered. The maximum in te rac t ion  force estimated agrees 

qu i t e  well with experiment, however. 

In  previous work of Skrotzki ,  Steinbrech and Haasen (SSH) /7/  an 

e f fec t ive  maximum in te rac t ion  force  has been estimated by superposit ion 

of the in te rac t ions  of the  two dipole  o r i en ta t ions  (1 and 2 )  assumed 

t o  be essen t i a l :  

f i  c o n s i s t  of the  e l e c t r o s t a t i c  in te rac t ion  calcula ted  by Potstada and 

an e l a s t i c  in te rac t ion .  The agreement with the experimental r e s u l t s  is 

b e t t e r  than a  f ac to r  two. 

For a  more accurate analys is  complete force d is tance  p r o f i l e s  

have t o  be ca lcula ted  a tomis t i ca l ly .  Furthermore i t  seems t o  be impor- 

t a n t  t o  consider d i f f e r e n t  dipole o r i en ta t ions  and t o  superpose t h e i r  

in te rac t ions  according t o  a law given by Fr iedr ichs  and Haasen / 3 6 / .  

To explain the d i f ference  between a l k a l i  and s i l v e r  hal ides  the many- 

body contr ibut ion t o  the VanderWaals in te rac t ion  should be taken i n t o  

account. 

4.2.2 Snoek-type in te rac t ion  (regime III).- The l i n e a r  concentrat ion 

dependence as well a s  the  temperature i n s e n s i t i v i t y  of the CRSS a r e  
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i n d i c a t i v e  f o r  a  d i s l o c a t i o n  induced Snoek e f f e c t  /37,38/. Table V 

shows t h a t  t he  con t r ibu t ion  t o  t he  CRSS due t o  Snoek-type i n t e r a c t i o n  

i s  smal le r  f o r  {loo} s l i p  than  f o r  {110}. However, A T / C P  i s  near ly  con- 

s t a n t  f o r  both planes.  This  means t h a t  t h e  Snoek e f f e c t  is  mainly due 

Table V.- Specif ic  hardening i n  regime 111 due t o  Snoek-type in te rac t ions .  Quenched 

c r y s t a l s  a re  marked by a s t a r .  

Ref.: 171, 1131, 3 ,  1391. 

t o  an e l a s t i c  i n t e r a c t i o n .  The short-range e l e c t r o s t a t i c  i n t e r a c t i o n  

is of no importance i n  decreas ing  t h e  f r e e  en tha lpy  of t h e  d ipo le s  su r -  

rounding a d i s l o c a t i o n  ("Snoek atmosphere") .  

The e l a s t i c  con t r ibu t ion  of  t h e  Snoek e f f e c t  t o  t h e  CRSS has been 

es t imated  by Frank /38/, a s  

The time ro/v,  r equ i r ed  by a  d i s l o c a t i o n  of t h e  v e l o c i t y  v t o  go through 

the  r ad ius  ro of t h e  Snoek atmosphere should be small  compared wi th  t h e  

time of  r e o r i e n t a t i o n  of  t h e  d ipo le  l /v  (c,, = concent ra t ion  of IV-di- 

p o l e s ) .  With a % 7 f o r  t h e  s t r o n g e r  i n t e r a c t i n g  edge component reasonabld 

va lues  f o r  A E  between 0 .1  and 0 . 2  a r e  obta ined .  Theore t i ca l  c a l c u l a t i o n s  

of Ae a r e  no t  known, however. 

4 . 2 . 3 .  Dissoc i a t i on  and drag  of IV-dipoles (regime I V ) . -  According t o  

t he  a n a l y s i s  of s e c t i o n s  4.2.1 and 4.2.2 two mechanisms a r e  pos s ib l e  

f o r  t he  high temperature drop of  t h e  CRSS: 

- d i s s o c i a t i o n  of t h e  IV-dipoles, 

- dragging of t h e  Snoek atomsphere. 

The d i s s o c i a t i o n  of  d ipo le s  wi th  i nc reas ing  temperature i s  quan- 

t i t a t i v e l y  descr ibed  by t h e  mass-action law 



(c-cD) - 1 
- - exp (- Agb/kT) 

C~ 
12 

(Agb = change of  t he  f r e e  en t a lpy  dur ing  d i s s o c i a t i o n ) .  According t o  

equat ion  (11) t h e  Snoek e f f e c t  decreases by 20%, i f  cD = 0.8 c .  This  

concent ra t ion  is  reached i n  a l k a l i  h a l i d e s  wi th  c  'U 5 x  and Agb 

0.5 eV /40/ a t  Tf/Tm % 0.5 i . e .  c l o s e  t o  t h e  observed va lues .  The d isso-  

c i a t i o n  of d ipo le s  cannot  however exp la in  t h e  smal le r  Tf of AgC1, be- 

cause t he  b inding  energy of d i v a l e n t  i ons  t o  vacancies  i n  t h i s  m a t e r i a l  

is about  0.5 eV / 4 1 / ,  too .  

A t  high  temperatures  o r  smal l  s t r a i n  r a t e s  t h e  Snoek atmospheres 

a r e  a b l e  t o  fol low t h e  moving d i s l o c a t i o n s .  According t o  Frank /38/ i n  

t h i s  ca se  equat ion  (11-) must be rep laced  by 

with 

For h  = 1, f  (h)  i s  about  0.8. The cond i t i on  h  = 1 and 

- 'r - vro exp (-&@TI (15) 

r = 4 A €  b Tr/T 
0 

(16) 

v  = A /Nb (17) 

(Agr = f r e e  en tha lpy  of r e o r i e n t a t i o n ,  N = mobile d i s l o c a t i o n  d e n s i t y ,  

13 -1 
v % 5 x 10 s , ,B % 50) y i e l d s  
r o  

wi th  A, a 0.15, a P 10-~s- l  and Agr % 0.7 eV /40/ i n  a l k a l i  h a l i d e s  t h e  
5  

mobile d i s l o c a t i o n  dens i ty  i s  about  10 /cm2 a t  Tf/Tm % 0.5. Because t h i s  

va lue  appears  reasonable  it i s  assumed t h a t  i n  a l k a l i  h a l i d e s  dragging 

of  IV-dipoles con t r ibu t e s  t o  t h e  h igh  temperature drop i n  CRSS. 

4.2.4 3 b s t a c l e s  i n  "pure"crys ta1s . -  The a n a l y s i s  of  t h e  hardening due 

t o  doping depends on t h e  way of  e l imina t ion  of  t he  "pure"component from 

t h e  measured CRSS. Therefore it is  important  t o  i d e n t i f y  t he  obs t ac l e s  

determining the  CRSS of  t h e  pure c r y s t a l s .  I n  t h e  fo l lowing  t h i s  w i l l  

be at tempted wi th  t h e  a i d  of  t h e  measured p l a s t i c  an iso t ropy .  
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Table V1.- Plateau stresses of  the "pure" crystals. 

Table V I  presen t s  t h e  p l a t e a u  s t r e s s e s  of t he  "pure" c r y s t a l s .  

S t r i k i n g  a r e  t h e  fol lowing r e s u l t s  : 

1) Tc E1OO'  1 T C1lO ' l  i . e .  i n  t h e  p l a t e a u  range s l i p  on (100) i s  more 
C 

d i f f i c u l t  than  on  {110}.. 

2)  Tc C 1 O O '  becomes smal le r  wi th  decreas ing  i o n i c i t y ,  whi le  T 
(1103 

C 

is  nea r ly  cons tan t .  

i . e .  T / u  is  about  2  - 5 t imes l a r g e r  f o r  cube plane s l i p .  
C 

From 3 )  it is  concluded t h a t  t h e  CRSS of t h e  "pure" c r y s t a l s  can- 

n o t  be determined j u s t  by d i s loca t ion -d i s loca t ion  i n t e r a c t i o n s .  Consi- 

de r ing  t h e  i n t e r s e c t i o n  of  d i s l o c a t i o n s  /42/ o r  t h e  pass ing  of p a r a l l e l  

d i s l o c a t i o n s  t h e  CRSS should be p ropor t i ona l  t o  t h e  shea r  modulus: 

T~ Q pb ( p  = d i s l o c a t i o n  d e n s i t y ) .  The same holds f o r  d ipo le s  of  

unknown impur i t i e s  o r  "e igenn-d ipoles  of  i n t e r s t i t i a l  i ons  /43/, be- 

cause i n  t h i s  ca se  t h e  p l a t e a u  s t r e s s  should be determined by a  Snoek- 

e f f e c t .  

Po in t s  1) and 2 )  sugges t  t h e  CRSS of t h e  p u r e s t  i n v e s t i g a t e d  c rys-  

t a l s  t o  be determined by impuri ty aggregates .  Such aggrega tes  of IV-  
2- 2- 2- 

d ipo le s  o r  an ion  complexes -e.g. OH-, C03 , SO4 , O2 - a r e  a l r eady  

p re sen t  i n  t h e  s t a r t i n g  m a t e r i a l  o r  nay come from the  c r u c i b l e  o r  t h e  

atmosphere dur ing  c r y s t a l  growth. Impuri ty aggrega tes  g ive  r i s e  t o  

short-range e l e c t r o s t a t i c  i n t e r a c t i o n  which should be more important  

f o r  (100) than  f o r  (110) s l i p .  Assuming t h a t  a l l  c r y s t a l s  con ta in  about  

t h e  same concent ra t ion  of  t h e s e  aggrega tes  t h e  c o r r e l a t i o n  of t h e  pla-  

t e au  s t r e s s e s  wi th  i o n i c i t y  can  be understood. Furthermore aggrega tes  

a r e  more d i f f i c u l t  t o  surmount by thermal a c t i v a t i o n  than  IV-dipoles 

y i e l d i n g  only a  weakly temperature dependent con t r ibu t ion  t o  t h e  CRSS. 

4.3 I n t e r a c t i o n  of  d i s l o c a t i o n s  wi th  1V-dip~&e_-~qqrg9atesS-  The tendency 



f o r  p r e c i p i t a t i o n  of sr2+ ions  is s t ronge r  i n  NaCl than i n  t h e  o t h e r  

i nves t iga t ed  c r y s t a l s  a s  suggested from the  dependence of t he  CRSS on 

the  cool ing  r a t e .  From the  decrease of t h e  d ipo le  concent ra t ion  during 

annealing of doped and quenched a l k a l i  h a l i d e s  Dryden e t  ad. /24/ con- 

c lude  t h a t  dimers, t r imer s  and h igher  aggregates of  IV-dipoles a r e  fo r -  

med. I n  c r y s t a l s  conta in ing  such complexes t h e  CRSS is  determined by 

t h e  fo rces  requi red  t o  c u t  o r  pass t hese  aggregates.  For a  q u a n t i t a t i v e  

t reatment  of t h i s  p r e c i p i t a t i o n  hardening t h e  knowledge of  t h e  p a r t i c l e  

concent ra t ion  a s  we l l  a s  t h e i r  s i z e  d i s t r i b u t i o n  i s  needed. These in fo r -  

mations a r e  not  a v a i l a b l e  a t  present .  

From the  inves t iga t ions  of Dryden e t  a l .  Frank /44/ concludes 

t h a t  a f t e r  a  c e r t a i n  thermal pre t rea tment  of  t h e  c r y s t a l s  t h e  IV-dipoles 

e x i s t  i n  complexes of  uniform s i z e  cons i s t i ng  of n  d ipo le s .  Assuming 

equi l ibr ium between c  and t h e  concent ra t ion  of non-agglomerated d ipo le s  
2+ 

cD he  obta ines  f o r  high Me concent ra t ions  and n  3 

NaCl -s?+ 

2+ 
Fig. 16.- Contribution of Sr doping 

t o  the CRSS of slowly cooled NaCl a s  
a funct ion of the square root  of the  

concentration. 
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I n  f i g u r e  16 A f o r  NaCl - sr2+ i s  p l o t t e d  versus  t he  square r o o t  of 

t he  t o t a l  Sr2+ content .  Assuming t h a t  i n  NaCl t h e  complexes a r e  t h e  do- 

mineering obs t ac l e s  f o r  d i s l o c a t i o n  motion t h e  "pure" component has 

been s u b s t r a c t e d  l i n e a r l y  according t o  Foreman and Makin /26/. Figure 

1 6  shows t h a t  equat ion  ( 1 9 )  holds f o r  concent ra t ions  cSr2+ ?, 30 ppm. 

Furthermore  AT^ i s  only weakly temperature dependent1  This means, t h a t  

aggregates  e x i s t  o f  a t  l e a s t  t h r e e  d i p o l e s  and t h a t  t h e s e  complexes 

a r e  d i f f i c u l t  t o  surmount by thermal  a c t i v a t i o n .  

The in f luence  of  d i p o l e  aggregates  on {loo} s l i p  cannot  be sepa- 

r a t e d  c l e a r l y  i n  NaCl because t h e r e  e x i s t s  no d i s t i n c t  range between 

regimes I and I V .  Quenched c r y s t a l s  show a s t r o n g  inc rease  of  t h e  

CRSS above RT. This  i nc rease  i s  probably due t o  t h e  formation of d igo le  

aggregates .  

For t h e  s o l u b i l i t y  of impuri ty atorns i n  metals  t h e  s i z e  m i s f i t  

i s  an important  parameter.  I n  i o n i c  c r y s t a l s  t h i s  m i s f i t  i s  given by 

r 2+ -r 
6 = 

Me c a t i o n  

r 
c a t i o n  

(r = i o n i c  r a d i u s ) ,  where 

+ 2+ 
6 = 2% between Na and Ca , 

+ 2+ 
S = 1 4 %  between N a  and S r  , 

+ 2+ 
and 6 = 16% between K and S r  /45/ .  

These va lues  show t h a t  t h e  tendency f o r  aggrega t ion  i s  c o r r e c t l y  de- 

s c r ibed  wi th in  t h e  same m a t e r i a l  (NaC1) b u t  no t  i n  comparison wi th  K C 1 .  

Obviously e l e c t r o s t a t i c  i n t e r a c t i o n s  p lay  an important  r o l e  he re ,  too.  
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