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PART 1. 

GENERAL FEATURES OF DISLOCATIONS, 



F i g . 1. S l i p . 

P l a t e 1. Cadmium s i n g l e c r y s t a l , extended by 40%. 
(A f t e r Andrade, 1950). 

(x 40) 



1. 

1.1 INTRODUCTION TO PLASTIC DEFORMATION. 

The strength of a metal i s only about a t h i r t e e n t h of the 

value to be a n t i c i p a t e d from the theory for a perfect c r y s t a l . 

A s i m i l a r conclusion i s reached on considering y i e l d under s t r e s s . 

I n general, the region of perfect e l a s t i c i t y i s small. The 

metal does not u s u a l l y f r a c t u r e i n a b r i t t l e manner, but there 

i s a l a r g e p l a s t i c y i e l d , when the metal-toughens, or 'work 

hardens'. For higher temperatures and maintained s t r e s s e s , 

the metal slowly flows or 'creeps'. 

These i r r e g u l a r i t i e s may at f i r s t seem due to the fact 

that the metal c o n s i s t s of many small c r y s t a l s . However, t e s t s 

have been c a r r i e d out on large s i n g l e c r y s t a l s and these diverge 

even more widely from the a n t i c i p a t i o n s of simple theory. 

1.2 SLIP. 

Single c r y s t a l wires, when extended show a c h a r a c t e r i s t i c 

s t r u c t u r e of bands. These are c a l l e d s l i p bands. A s l i p 

band i s the l i n e of i n t e r s e c t i o n of a s l i p surface with the 

outer s u r f a c e of the c r y s t a l , F i g . (1) and Plate ( 1 ) . I t i s 

found that s l i p occurs most e a s i l y along c e r t a i n c r y s t a l planes 

and d i r e c t i o n s , where the atoms are most c l o s e l y packed. For 

example, face centred cubic c r y s t a l s s l i p along [ l i o j d i r e c t i o n s 

on ( i l l ) planes. 

When s l i p takes place, a l l the atoms i n the planes do not 

s l i p simultaneously. The s l i p gradually progresses over the 



1 2a 
/ \ i V { /' A \. / A 

II — T J 

\ 
I 

—1— 
V \ 

/ yV' 

1 
(a) (b) 

F i g . 2. (a) I d e a l C r y s t a l . 
(b) Real c r y s t a l containing a d i s l o c a t i o n . 

( A f t e r van Bueren, 1957). 
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F i g . 3. P e r s p e c t i v e diagram of an edge d i s l o c a t i o n that has 
progressed halfway through a c r y s t a l . The dotted l i n e 
d i s the d i s l o c a t i o n a x i s ; the drawn l i n e s represent 
atomic planes. The Burgers vector b i s perpendicular 
to the a x i s . To complete the shear, the d i s l o c a t i o n 
must move along the s l i p plane g i n the d i r e c t i o n of b. 
( A f t e r van Bueren, 1957). 



F i g . 4. P e r s p e c t i v e diagram of a screw d i s l o c a t i o n . The l e t t e r s 
have the same meaning as i n F i g . 3. To complete s l i p , 
the d i s l o c a t i o n has to move over the s l i p plane g 
p e r p e n d i c u l a r l y to i t s Burgers vector b. 
(Ater van Bueren, 1957). 

F i g . 5« Closed d i s l o c a t i o n loop; b i s the Burgers vector, which 
i s constant along the loop. Only the p a r t s £ and S are 
of pure edge and screw c h a r a c t e r r e s p e c t i v e l y . 
( A f t e r van Bueren, 1957). 
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s l i p plane. The boundary of the slippe d region i s a d i s l o c a t i o n 

l i n e , and t h i s can move with comparative ease. 

1.3 THE BURGERS VECTOR. 

I n r e a l i t y i d e a l c r y s t a l s do not e x i s t . By comparing 

a c t u a l and i d e a l c r y s t a l s one can t r y to e s t a b l i s h a one to one 

correspondence between the atoms i n the two c r y s t a l s . Regions 

where the a c t u a l c r y s t a l resembles the i d e a l c r y s t a l are c a l l e d 

'good' regions. Deformed regions are c a l l e d 'bad'. 

Consider a closed c i r c u i t i n the a c t u a l c r y s t a l . I f the 

region enclosed i s good then an asso c i a t e d c i r c u i t i n the i d e a l 

c r y s t a l w i l l a l s o be closed. I f , however, the c i r c u i t encloses 

one or more d i s l o c a t i o n s i n the a c t u a l c r y s t a l then the associated 

c i r c u i t i n the i d e a l c r y s t a l w i l l not be closed. F i g s . (2a) and 

(2b). Such a c i r c u i t i n the a c t u a l c r y s t a l i s c a l l e d a Burgers 

C i r c u i t . The c l o s i n g f a i l u r e shown i n F i g . (2a) i s equal to the 

Burgers vector of the d i s l o c a t i o n . 

1.4 EDGE AND SCREW DISLOCATIONS. 

There are two b a s i c types of d i s l o c a t i o n s , the edge 

d i s l o c a t i o n with i t s Burgers vector perpendicular to i t s a x i s , and 

the screw d i s l o c a t i o n with i t s Burgers vector p a r a l l e l to i t s a x i s . 

Other types of d i s l o c a t i o n may be considered to be a mixture of 

the two. See F i g s . (3), (4), and (5). 



(a) 

F i g . 6. (a) An edge d i s l o c a t i o n a t A. 
(b) Two imperfect d i s l o c a t i o n s at B and C. 

B 

(b) 
F i g . 7. (a) Edge d i s l o c a t i o n at A. 

(b) The d i s l o c a t i o n moves to B by g l i d e . 

I I = Vacancy moving 
from A1 

F i g . 8, The climb of a d i s l o c a t i o n . 



1.5 IMPERFECT DISLOCATIONS. 

D i s s o c i a t i o n of an edge d i s l o c a t i o n (A) into two imperfect 

d i s l o c a t i o n s (B and C) i s shown i n F i g . ( 6 ) . The two imperfect 

d i s l o c a t i o n s are separated by a s t r i p of 'imperfect' m a t e r i a l . 

Stacking f a u l t s are found i n such regions between p a r t i a l 

d i s l o c a t i o n s . 

1.6 MOTION OF DISLOCATIONS. 

There are two types of movement of d i s l o c a t i o n s known as 

gl i d e and climb. 

(a) G l i d e . 

When a d i s l o c a t i o n moves p a r a l l e l to the Burgers vector, the 

d i s l o c a t i o n i s s a i d to g l i d e . I t moves i n the surface 

containing i t s e l f and i t s Burgers vector, F i g . ( 7 ) . This 

s u r f a c e i s c a l l e d the gl i d e or s l i p surface of the d i s l o c a t i o n . 

(b) Climb. 

I f i n F i g . (8) the d i s l o c a t i o n i s to move from A to A' out 

of i t s g l i d e plane, a new row of atoms must be added to the 

h a l f plane. This i s eff e c t e d e i t h e r by d i f f u s i o n or by the 

movement of vacancies. The l a t t e r i s most l i k e l y but 

re q u i r e s long times and high temperatures. At high 

temperatures both g l i d e and climb are possible giving a d i s l o c a 

t i o n two degrees of freedom. At low temperatures climb i s 

not p o s s i b l e . 
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(a) 

F i g . 9. Showing Polygonization. 
(a) D i s l o c a t i o n s introduced by bending the c r y s t a l . 
(b) Stable a r r a y s of d i s l o c a t i o n s a f t e r anneal. 
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P l a t e 2. S l i p l i n e s i n g r a i n s of p o l y c r y s t a l l i n e l e a d , (x 70) 
( A f t e r Andrade, 1950). 



1.7 GRAIN BOUNDARIES AND POLYGONIZATION. 

O b s e r v a t i o n o f a pure m e t a l shows i t t o have a p o l y g o n a l 

network ( P l a t e 2 ) . The m e t a l c o n s i s t s o f s m a l l c r y s t a l s j o i n e d 

t o g e t h e r , each d i f f e r i n g i n o r i e n t a t i o n from i t s neighbours. 

The c r y s t a l g r a i n s themselves are not e x a c t l y p e r f e c t i n s t r u c t u r e 

and are o f t e n b u i l t up o f s m a l l e r u n i t s c a l l e d s u b - g r a i n s . • The 

s u b - g r a i n s are s e p a r a t e d by boundaries where the o r i e n t a t i o n o f 

the l a t t i c e changes by a very s m a l l angle. Sub-boundaries 

c o n s i s t o f d i s l o c a t i o n s u s u a l l y u n i f o r m l y spaced, ( P l a t e 

I f a c r y s t a l i s p l a s t i c a l l y deformed and annealed, the 

above s u b - g r a i n s t r u c t u r e i s produced. D i s l o c a t i o n s , i n t r o d u c e d 

by bending the c r y s t a l F i g . ( 9 a ) , form s t a b l e a r r a y s a f t e r anneal 

as shown i n F i g . ( 9 h ) . T his re-arrangement o f d i s l o c a t i o n s 

i s known as p o l y g o n i z a t i o n . 

1.8 INTERACTION OF DISLOCATIONS. 

The d e n s i t y and arrangement o f d i s l o c a t i o n s i n a metal 

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

d e f o r m a t i o n has been shown t o depend upon the movement of 

d i s l o c a t i o n s . T his i s impeded by o t h e r d i s l o c a t i o n s present 

i n the m e t a l , as i t i s v ery d i f f i c u l t f o r d i s l o c a t i o n s t o cross. 

P o i n t d e f e c t s such as i m p u r i t y atoms, vacancies, and i n t e r s t i t i a l s 

a l s o p r e s e n t o p p o s i t i o n , and here, d i s l o c a t i o n s tend t o become 

pinned. 

At h i g h temperatures d i s l o c a t i o n s move more r e a d i l y and 



S t r e s s 

S t r a i n 

F i g . 10. S t r e s s - s t r a i n r e l a t i o n s h i p f o r a p o l y c r y s t a l l i n e m e t a l , 

0 t o A r e p r e s e n t s the e l a s t i c r e g i o n . 

At A y i e l d i n g t a k e s p l a c e and d i s l o c a t i o n s b e g i n t o move, 

A t o B i s a r e g i o n o f r a p i d h a r d e n i n g when d i s l o c a t i o n s 
become grouped i n p i l e d - u p a r r a y s . 

B t o C the r a t e o f h a r d e n i n g i s l e s s r a p i d . Networks 
are formed. 

At C work h a r d e n i n g no l o n g e r c o u n t e r balances the 
r e d u c t i o n i n cr o s s s e c t i o n . 

At D the specimen breaks. 



5. 

a n n e a l i n g takes p l a c e , when t h e r e i s a r e d u c t i o n i n the number 

of d i s l o c a t i o n s and a r e l a x a t i o n o f s t r e s s i n the specimen. 

Work hard e n i n g i s due t o the i n t e r a c t i o n between d i s l o c a t i o n s . 

When a m a t e r i a l i s p l a s t i c a l l y deformed the d i s l o c a t i o n d e n s i t y 

i n c r e a s e s and ha r d e n i n g occurs. This e f f e c t i s not due t o 

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

g r e a t and d i s l o c a t i o n s p i l e up, r e l a x a t i o n can occur i n a number 

of ways. D i s l o c a t i o n networks o f t e n form, new loops may be 

produced, d i s l o c a t i o n s may cross the b a r r i e r o f a g r a i n boundary, 

cracks may be formed, or t w i n n i n g may r e s u l t . F i g . (10) 

i n d i c a t e s , v e r y g e n e r a l l y , what happens when a p o l y c r y s t a l l i n e 

m e t a l i s s t r e s s e d t o b r e a k i n g p o i n t . 



PART 2. 

OUTLINE OF THE HISTORY OF THE OBSERVATION 

OF DISLOCATIONS. 



I t was i n 1905 t h a t Siedentopf p u b l i s h e d hand drawn diagrams 

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

s a l t . H i s u l t r a m i c r o s c o p e showed the d i s t r i b u t i o n of c o l l o i d a l 

sodium i n a d d i t i v e l y c o l o u r e d and i n n a t u r a l l y o c c u r r i n g blue 

r o c k s a l t . 

L i t t l e e x p e r i m e n t a l work was done i n the next 20 years even 

though Darwin ( 1 9 1 ^ and 1922) had i n t e r p r e t e d the observed 

i n t e n s i t i e s o f X-ray d i f f r a c t i o n maxima assuming a mosaic 

s u b s t r u c t u r e i n i n o r g a n i c c r y s t a l s . I n the I n s t i t u t e a t H a l l e , 

Smekel (1929 and 1953) endeavoured t o make v i s i b l e i m p e r f e c t i o n s 

which he considered determined the s t r u c t u r e s e n s i t i v e p h y s i c a l 

and chemical p r o p e r t i e s o f c r y s t a l s . Rexer (1951, 1952a, b) 

developed a method t o make l i n e i m p e r f e c t i o n s and s u b s t r u c t u r e s 

v i s i b l e i n p o l y g o n i s e d c r y s t a l s by a d d i t i v e c o l o r a t i o n . This 

method, s l i g h t l y m o d i f i e d , was used l a t e r by Amelinckx to 

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

p a r t i c l e s o f c o l l o i d a l sodium. 

The f i r s t i n t e r p r e t e d o b s e r v a t i o n s came a f t e r 1955 when i t 

was shown by T a y l o r , Orowan, and P o l a n y i t h a t the e x i s t a n c e o f • L 

d i s l o c a t i o n s would e x p l a i n some o f the mechanical p r o p e r t i e s o f 

m e t a l s . They suggested t h a t d i s l o c a t i o n s are produced d u r i n g 

d e f o r m a t i o n , and t h a t they e x e r t e l a s t i c f o r c e s on each o t h e r 

r e s u l t i n g i n work hardening. The Taylor-Orowan d i s l o c a t i o n i s 

now known as the edge d i s l o c a t i o n . J. M. Burgers (1959) 

i n t r o d u c e d the screw d i s l o c a t i o n . D i s l o c a t i o n t h e o r y developed 
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s t e a d i l y due, amongst o t h e r s , t o P e i e r l s (1940, Mott ( 1 9 ^ 0 ) . 

and Nabarro ( 1 9 ^ 7 ) , and a t t h i s stage was w e l l ahead o f 

v e r i f i c a t i o n by o b s e r v a t i o n . 

An i n t e r e s t i n g way o f i l l u s t r a t i n g many p r o p e r t i e s o f metal 

c r y s t a l s was developed by Bragg and Nye (19^7) and l a t e r work on 

t h i s was c a r r i e d out by Bragg and Lomer ( 1 9 ^ 9 ) . I n t h e i r model 

each atom i s r e p r e s e n t e d by a bubble i n a r a f t o f very u n i f o r m 

s m a l l bubbles f l o a t i n g on soap s o l u t i o n . These two dimensional 

models can be used t o observe- p l a s t i c f l o w , and the movement o f 

i n d i v i d u a l d i s l o c a t i o n s . Observations o f the behaviour o f bubble 

r a f t s g i v e a remarkably c l e a r p i c t u r e o f what might happen when 

d i s l o c a t i o n s move i n c r y s t a l s . 

A simple and v e r y u s e f u l means o f l o c a t i n g d i s l o c a t i o n s i s 

by e t c h i n g ; as a r e s u l t o f p r e f e r e n t i a l e t c h i n g , p i t s are formed 

where d i s l o c a t i o n s reach the s u r f a c e . This p r e f e r e n t i a l a t t a c k 

may be caused by e l a s t i c s t r a i n around d i s l o c a t i o n s which enhances 

the c hemical p o t e n t i a l , and by accummulation o f i m p u r i t i e s a t 

d i s l o c a t i o n s f a c i l i t a t i n g chemical a t t a c k , C o t t r e l l (1953). 

Hausser and Scholz (1927) observed p r e f e r e n t i a l a c t i o n on a s i n g l e 

c r y s t a l o f copper. Since then e t c h i n g techniques have been 

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

i n f o r m a t i o n about d i s l o c a t i o n s has been o b t a i n e d from them. 

There was a g r e a t advance i n o b s e r v a t i o n when Hedges and 

M i t c h e l l (1953) developed a method o f p r o d u c i n g p r e f e r e n t i a l 
1 

d e p o s i t i o n o f s i l v e r a t d i s l o c a t i o n s i n s i l v e r bromide. Using 



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

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

seen. Many phenomena p r e d i c t e d by t h e o r y were observed. 

Amelinckx (1956) decorated d i s l o c a t i o n s i n sodium c h l o r i d e 

u s i n g a d d i t i v e c o l o r a t i o n . These methods have been extended 

t o o t h e r c r y s t a l s and many c l e a r photographs of d i s l o c a t i o n s 

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

by Dash (1956,1957) and o t h e r s has proved q u i t e e f f e c t i v e . 

The use o f t r a n s m i s s i o n e l e c t r o n microscopy by H i r s c h , Horne, 

and Whelan (1956) has enabled the d i s l o c a t i o n s t r u c t u r e i n metals 

t o be examined. The h i g h r e s o l u t i o n , 5A enables d i s l o c a t i o n 

networks and g r a i n boundaries i n t h i n f o i l s o f aluminium and 

s t a i n l e s s s t e e l t o be c l e a r l y seen. Valuable a d d i t i o n a l i n f o r m 

a t i o n about s u r f a c e f e a t u r e s and the s t r u c t u r e o f m a t e r i a l s can 

be gained by u s i n g r e p l i c a s w i t h the e l e c t r o n microscope. 

The r e s o l v i n g power o f the e l e c t r o n microscope has been f u r t h e r 

i n c r e a s e d t o l A by t h e i n d i r e c t method o f Moire p a t t e r n s due t o 

B a s s e t t , Menter, and Pashley (1959). 

Lang (1957 and 1959) and Newkirk (1958a and b, and 1959) 

r e v e a l e d and s t u d i e d undecorated i n d i v i d u a l d i s l o c a t i o n s i n 

c r y s t a l s by X-ray d i f f r a c t i o n microscopy, and t h e i r methods 

show c o n s i d e r a b l e promise. 

A b e t t e r t han 5A r e s o l v i n g power has been a t t a i n e d by 

MU l l e r (1957) u s i n g h i s f i e l d - i o n microscope. His method i s 

r e s t r i c t e d t o the- s t u d y o f t u n g s t e n and rhenium s u r f a c e s . 



PART 3. 

BUBBLE RAFTS, 



(a) 

' (b) 

( c ) 

P l a t e 3. Bubble models. 
(a) Closed d i s l o c a t i o n , ( s o f t atoms) 
(b) Open d i s l o c a t i o n , (hard atoms) 
( c ) Intermediate case. 
The atomic i n t e r a c t i o n i n copper corresponds to a 
bubble s i z e between (b) and ( c ) . 
( A f t e r Bragg and Nye, 19̂ +7). 



9. 

Bragg and Nye (19^7) developed a s t r i k i n g model which 

i l l u s t r a t e d many p r o p e r t i e s o f met a l c r y s t a l s . They 

c o n s t r u c t e d r a f t s o f soap bubbles t o r e p r e s e n t two dimensional 

c r y s t a l s . See P l a t e s (3) and {k). 

The bubble model i s a c l o s e packed l a y e r o f bubbles of 

u n i f o r m s i z e . The f o r c e s a c t i n g on the bubbles resemble those 

on t h e atoms o f a c r y s t a l . The a t t r a c t i v e f o r c e between bubbles 

i s due t o the s u r f a c e t e n s i o n . The r e p u l s i v e f o r c e a c t s between 

bubbles i n c o n t a c t and depends upon the excess pressure i n s i d e 

the bubbles. As t h i s pressure i s i n v e r s e l y p r o p o r t i o n a l t o the 

r a d i u s o f the bubble, the s i z e o f the bubbles determines t h e i r 

hardness. The s m a l l e r the disimeter, the harder the atom 

represented.. Bubbles o f diameter about 1.1 or 1.2 mm. resemble 

copper atoms. Those o f diameter 1.9 mm. r e p r e s e n t r e l a t i v e l y 

s o f t , and O.76 mm. r e l a t i v e l y hard atoms. 

O b s e r v a t i o n o f bubble r a f t s t o which s t r e s s has been a p p l i e d , 

shows t h a t some d i s l o c a t i o n s are i n i t i a t e d near the edge o f the 

r a f t and some i n p a i r s w i t h i n the r a f t . S l i p i s observed t o 

take p l a c e a l o n g the close-packed rows of bubbles. The l a t t i c e 

s l i p s by one bubble diameter d u r i n g the g l i d e o f a d i s l o c a t i o n , 

and the core of the d i s l o c a t i o n i s c o n f i n e d t o a few atomic 

d i s t a n c e s . The movements of d i s l o c a t i o n s i n bubble r a f t s are 

c l e a r l y shown i n a I 6 mm. f i l m c a l l e d "Bubble Model of a M e t a l " , 

made by Bragg and Nye i n 19^7. 

W i t h bubbles o f diameter 1.2 mm. re s e m b l i n g copper atoms, 



(a) A g r a i n boundary. 

(b) A d i s l o c a t i o n . 

( c ) E f f e c t of a l a r g e r 
foreign atom. 

Pla t e k. Bubble models. 
(A f t e r Andrade, 1950), 
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t h e observed c r i t i c a l shear s t r a i n was 5*25 d e g . a n d the 

c o r r e s p o n d i n g shear s t r e n g t h about These values agree w i t h 

those c a l c u l a t e d f o r a p e r f e c t c r y s t a l . I t must be remembered, 

however, t h a t the bubble models are two dimensional and even i f 

f o r c e s between bubbles are r e p r e s e n t a t i v e o f those between atoms, 

the r a f t cannot be co n s i d e r e d e x a c t l y r e p r e s e n t a t i v e of a 

c r y s t a l . I n a c r y s t a l t h e r e are a l s o f o r c e s a c t i n g between the 

l a y e r s o f atoms. Thus c a u t i o n must be used when comparing the 

p r o p e r t i e s o f r a f t s w i t h those o f c r y s t a l s . N e v e r t h e l e s s , 

r a f t s do g i v e a u s e f u l , but i n c o m p l e t e , p i c t u r e o f what may 

happen i n a c r y s t a l which i s p l a s t i c a l l y deformed. 



PART k. 

CRYSTAL GROWTH. 



/A 

//A/ 

F i g . 11. The end o f a screw d i s l o c a t i o n . ( A f t e r Read, 1953) 

Lower l e v e l 
Higher l e v e l 

F i g . 12. Stages i n the development o f a growth s p i r a l . 
( A f t e r Verma, 1953). 
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4.1 INTRODUCTION. 

I n h i s t h e o r y o f c r y s t a l growth Frank (1952) shows t h a t 

d i s l o c a t i o n s are necessary t o c r y s t a l growth. This i s 

e s p e c i a l l y a p p l i c a b l e when l a r g e c r y s t a l s are grown. 

Frank (1950 and 1951) p r e d i c t e d t h a t on the surf a c e s o f 

c r y s t a l s grown from vapour, when screw d i s l o c a t i o n s have been 

i n s t r u m e n t a l i n the growth mechanism, s m a l l s p i r a l pyramids 

s h o u l d be observed. A screw d i s l o c a t i o n emerging on the s u r f a c e 

o f a c r y s t a l p r o v i d e s i t w i t h a s t e p , see F i g . (11). This step 

i s s e l f - p e r p e t u a t i n g i n the sense t h a t when one, two, or any number 

o f l a y e r s o f atoms have been l a i d down on the c r y s t a l s u r f a c e , 

the s t e p remains, see F i g . (12). Hence the steps needed f o r the 

growth o f a c r y s t a l are p r o v i d e d by the screw d i s l o c a t i o n s . 

G r i f f i n (1950) observed such a growth s t r u c t u r e on b e r y l c r y s t a l s 

u s i n g an o r d i n a r y m e t a l l u r g i c a l microscope. The step h e i g h t was 

8 A, these b e i n g monomolecular steps w i t h a Burgers v e c t o r 

equal t o one l a t t i c e parameter. 

Before the d i s c o v e r y and development o f the e l e c t r o n 

microscope o n l y o p t i c a l i n s t r u m e n t s were a v a i l a b l e f o r the study 

o f c r y s t a l growth. For t h i s purpose two c h a r a c t e r i s t i c s o f 

the i n s t r u m e n t r e q u i r e c o n s i d e r a t i o n , the l a t e r a l r e s o l u t i o n 

p e r p e n d i c u l a r t o the d i r e c t i o n of o b s e r v a t i o n , and the r e s o l u t i o n 

o f depth. The depth r e s o l u t i o n needed i s o f the order o f a 

few Angstrom u n i t s and depends upon the s u r f a c e o f the c r y s t a l 

under e x a m i n a t i o n . The l a t e r a l r e s o l u t i o n i s l i m i t e d by the 
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wavelength of the l i g h t used. Assuming a wavelength of 5000 A 

the r e s o l v i n g power of the best o p t i c a l microscope i s about 

2000 A. Thus any feature w i t h size less than 2000 A v / i l l give 

an image of 2000 A diameter. This means that the complete 

image i s b u i l t up of image points of 2000 A diameter and i n 

pr a c t i c e i t i s d i f f i c u l t to c l e a r l y d i s t i n g u i s h features closer 

than 10,000-20,000 A. Consequently to have the spacings of 

growth features necessary f o r r e s o l u t i o n observation must be 

made on c r y s t a l s which are almost p e r f e c t . 

4.2 TECHNIQUES TO STUDY SURFACE FEATURES. 

When studying growth features the technique adopted depends 

upon whether mere observation of the features i s required, or 

the measurement of actual step heights. The surfaces may be 

coated w i t h a t h i n r e f l e c t i n g layer of a metal such as s i l v e r , 

or w i t h an i m p u r i t y , and then viewed i n the m e t a l l u r g i c a l 

microscope. Probably the most s e n s i t i v e method of observation 

i s t h a t using phase contrast microscopy. 

To measure step heights less than 500 A the f o l l o w i n g 

methods are used: 

a. M u l t i p l e beam Fizeau i n t e r f e r o m e t r y . 

b. I n t e r n a l i n t e r f e r e n c e method. 

c. Method of metal shadowing. 

4.2 (a) DECORATION TECHNIQUES. 

The s i l v e r i n g technique involves the thermal evaporation of 
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s i l v e r at low pressure on to the specimen. The surfaces of 

the c r y s t a l s must be c a r e f u l l y cleaned before depositing the 

s i l v e r . A layer of s i l v e r may be deposited which does not 

impose any s t r u c t u r e of i t s own and v/hich gives a r e f l e c t i v i t y 

of 80-90%. Surface contours may be c l e a r l y seen. As one of 

the a l t e r n a t i v e s to s i l v e r , aluminium may be used. This i s 

necessary i n cases where the s i l v e r e d surface would be attacked 

chemically, but the r e f l e c t i v i t y i s not quite so high. 

Another method to give high r e f l e c t i v i t y i s to use d i e l e c t r i c 

m u l t i l a y e r f i l m s as described by Turnbull and Belk (1952), and 

Tolansky (1953). I f a layer of thickness of say zinc 

sulphide i s deposited on glass, l i g h t w i l l be r e f l e c t e d from the 

a i r - z i n c sulphide surface, and from the zinc sulphide-glass 

surface. The l i g h t r e f l e c t e d at the f i r s t i n t e r f a c e w i l l undergo 

a phase change of M' on r e f l e c t i o n . Thus the'path difference 

between the two r e f l e c t e d beams w i l l be , g i v i n g reinforcement, 

and the r e f l e c t i v i t y of the surface i s e f f e c t i v e l y increased to 

about 31%. 

The m u l t i l a y e r consists of a l t e r n a t e deposits of d i e l e c t r i c 

m a t e r i a l s , each of thickness ^ , of high and low r e f r a c t i v e 

indices w i t h respect to the c r y s t a l . C r y o l i t e and zinc sulphide 

may be used on glass. The r e f r a c t i v e indices are 1.36, 2.37, 

and 1.5 r e s p e c t i v e l y . I f a layer of c r y o l i t e i s put on one of 

zinc sulphide which re s t s on glass, t h i s layer of o p t i c a l 

thickness ^ causes r e f l e c t i v i t y to drop to about Odd 
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numbers o f layers of d i e l e c t r i c 1. 3, 5, 7, and 9 give 

r e f l e c t i v i t i e s of 31, 67, 87, 9^, and 97% respectively. 

The layers of the m u l t i l a y e r f i l m s are evaporated onto the 

substrate i n vacuum, which must not be broken. The two d i e l e c t r i c 

m a t e r i a l s are mounted on molybdenum • filaments which are used 

a l t e r n a t e l y . The thicknesses are c o n t r o l l e d to exact values 

by using t h e i r o p t i c a l r e f l e c t i n g p r o p e r t i e s , or by a more 

r e l i a b l e method i n v o l v i n g the use of a pho t o e l e c t r i c c e l l which 

enables the thickness of maximum r e f l e c t i v i t y to be found. 

Many other techniques to make steps v i s i b l e have been found 

successful. For instance, decoration of growth steps on 

magnesium, cadmium, and s i l v e r by Forty and Frank (1953) i s 

obtained by mounting on ' p l a s t i c i n e ' for several hours. The 

ac t i o n of the p l a s t i c i n e i s a d e l i c a t e l y c o n t r o l l e d tarnish of 

the surfaces, and clear s t e p - l i n e patterns are obtained. 

Amelinckx (1952) observed s p i r a l s on ( i l l ) faces of gold 

c r y s t a l s obtained by p r e c i p i t a t i o n . Using b r i g h t f i e l d i l l 

umination, photographs were taken s l i g h t l y o f f focus as t h i s 

increases the v i s i b i l i t y of small surface steps. Steps of 

height 7 A were v i s i b l e . To measure step heights, a small 

drop of alcohol-water mixture was put on the c r y s t a l face. 

Evaporation i s f a i r l y r a p i d , leaving a t h i n layer of l i q u i d . 

Between the i n t e r f a c e s , l i q u i d - c r y s t a l and a i r - l i q u i d , two beam 

in t e r f e r e n c e f r i n g e s of the Fizeau type are formed. This 

procedure allows only v i s i b l e i n t e r p r e t a t i o n s as the fringes 



Undeviated 

i n back f o c a l 
o b j e c t i v e 

Deviated 

Focal plane 
of eyepiece 

\ Objective 

Condenser diaphragm 

Fig. 13. Ray diagram f o r a phase-contrast microscope. 
( A f t e r Verma, 1953). 
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are constantly moving. Verma (1951) adopted a s i m i l a r technique 

by breathing l i g h t l y on a clean c r y s t a l surface. 

4.2 (b) THE PHASETCONTRAST MICROSCOPE. 

The novelty of phase-contrast resides i n the neat o p t i c a l 

device due to Zernike, whereby i n v i s i b l e changes i n phase are 

transformed i n t o changes i n amplitude. A f u l l account of the 

microscope i s given by Bennett, Jupnik, Osterburg, and Richards 

(1951) and Verma (1951). The ac t i o n of the microscope may be 

understood by reference to Fig. (13). 

Assuming the l i g h t from the source to be focussed on the 

condenser diaphragm which i s i n the f i r s t f o c a l plane of the 

substage condenser, p a r a l l e l rays w i l l pass through the object 

specimen. 

Consider a transparent point or p a r t i c l e on the object, 

s i t u a t e d i n homogeneous mater i a l of d i f f e r e n t r e f r a c t i v e index. 

Lightj.emerging from the p a r t i c l e d i f f e r s s l i g h t l y i n phase from 

the l i g h t from the surrounding m a t e r i a l . The incident l i g h t 

passing through the p a r t i c l e i s d i f f r a c t e d , the l i g h t through 

the surrounding homogeneous medium continuing undeviated as 

p a r a l l e l rays. 

On passing through the objective lens, the undeviated rays 

are brought to a focus i n the f o c a l plane of the eyepiece. 

The rays deviated by the object are spread out over the f o c a l 

plane of the eyepiece. Thus the image of the surrounding 

medium i s produced by the undeviated wave and the image of the 



To eyepiece 

Phase 
Plate 

Annular condenser 
diaphragm D 

1- - f l i g h t source 
F i e l d 
lens 

Objective 

3 Specularly r e f l e c t i n g specimen 

Fig. 1^. O p t i c a l arrangement of a phase-contrast microscope. 
( A f t e r Verma, 1953). 
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p a r t i c l e by the deviated wave. Due to the d i f f r a c t i o n , these 

two waves w i l l be out of phase by about and where they overlap 

they w i l l produce i n t e r f e r e n c e . I f e i t h e r of these waves under

goes an extra phase change of ^ then they w i l l e i t h e r be i n 

phase or out of phase, the r e s u l t a n t amplitude being e i t h e r the 

sum or d i f f e r e n c e of the amplitudes of the two waves. The image 

of the p a r t i c l e w i l l be i l l u m i n a t e d by l i g h t of the r e s u l t a n t 

amplitude and w i l l appear e i t h e r b r i g h t e r or darker than the 

background. 

When regions of greater r e t a r d a t i o n produce darker parts of 

the image i t i s c a l l e d p o s i t i v e phase-contrast, and when b r i g h t e r 

than the background, i t i s known as negative phase-contrast. 

The phase change of i s produced i n the undeviated wave by 

placing .a phase p l a t e i n the p o s i t i o n shown. This phase plate 

also contains a layer of absorbing material which reduces the 

amplitude of the undeviated wave, so that i t i s approximately 

equal to that of the deviated wave. This produces better 

contrast. 

An arrangement used by Verma shown i n Fig. ( l 4 ) used the 

Cooke, Troughton, and Simms phase-contrast equipment f o r i n c i d e n t 

i l l u m i n a t i o n . The l i g h t from the source was focused onto the 

annular diaphragm D by the condenser lens. The phase plate P 

was placed to coincide w i t h the image of the diaphragm. The 

annular condenser diaphragm and phase plate assisted i n obtaining 

a x i a l symmetry. The r e s o l u t i o n was improved, and the depth of 



Plirasc-contrasl micrograph ol a hexagonal spiral on SiCl < rystal u i t l i 
a step height of 165 A ( X 90; 

Plate 5. ( A f t e r Verma, 1953). 
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focus diminished, by using a large objective aperture f o r the 

d i r e c t , undeviated l i g h t . 

In phase-contrast microscopy the l a t e r a l r e s o l u t i o n , at 

r i g h t angles to the d i r e c t i o n of observation, i s that 

c h a r a c t e r i s t i c of l i g h t microscopy, and observations must be 

made on almost p e r f e c t c r y s t a l faces. This requirement has 

r e s t r i c t e d the method to a few c r y s t a l s . S i l i c o n carbide forms 

s u i t a b l e c r y s t a l s , having molecularly f l a t surfaces and small 

step heights, see Plate ( 5 ) . The. l i g h t from the surface i s 

specularly and coherently r e f l e c t e d , and l i t t l e i s scattered. 

Steps i n the region of 15 A are e a s i l y revealed. 

4.2 (c) THE MEASUREMENT OF STEP HEIGHTS. . 

Multiple-beam i n t e r f e r o m e t r y has been shown by Tolansky 

(1948) t o be us e f u l f o r precise measurements of step heights of 

100 to 500 A but unsuitable f o r small c r y s t a l s w i t h complex 

surface s t r u c t u r e . 

The i n t e r n a l i n t e r f e r e n c e method described by Forty (1952) 

i s probably the most u s e f u l . The c r y s t a l s are nucleated 

between a microscope s l i d e and a cov e r s l i p , and very t h i n plane 

p a r a l l e l p l a t e l e t s are grown. When examined i n r e f l e c t i o n w i t h 

u n f i l t e r e d mercury l i g h t , the microscopic images are coloured by 

the i n t e r f e r e n c e of l i g h t r e f l e c t e d from the two surfaces. Thin 

t a b l e t s w i t h no surface s t r u c t u r e are a uniform t i n t . When a 

plate i s seated on a s l i d e , growth takes place only on the top 

surface. On i l l u m i n a t i n g such c r y s t a l s w i t h p a r a l l e l mercury 



Plate 6. Fizeau fr i n g e s showing the s h i f t of the f r i n g e s 
passing over the s p i r a l steps of Plate 5. 
( A f t e r Verma, 1953). 
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green l i g h t of wavelength 546l A, interference between 

r e f l e c t i o n s from the two surfaces shows a uniform shading 

corresponding to uniform thickness. The growth h i l l s produce 

maxima and minima of i n t e n s i t y . A 100 A step on Cadmium Iodide 

c r y s t a l s can be measured from a growth h i l l containing only two 

or three maxima and minima w i t h a probable error of less than 1 A. 

The r e s u l t s show excellent agreement w i t h the same measured by 

the Fizeau multiple-beam interferometer, using r e f l e c t i o n s from 

the c r y s t a l surface and a glass reference f l a t , as for Plate ( 6 ) . 

The method of i n t e r n a l i n t e r f e r e n c e has the fol l o w i n g 

advantages over other techniques. I t i s a simple, accurate 

method f o r measuring steps on a growing c r y s t a l w i t h a wide range 

of a p p l i c a b i l i t y . The lower l i m i t i s about 50 A, below which 

steps cannot be counted. There i s an upper l i m i t of 1500 A, 

where the method becomes complex because of ambiguities. 

These may be avoided by using l i g h t of several wavelengths. I t 

i s e s s e n t i a l l y two beam interference i n t e r f e r o m e t r y , and the 

conditions are consequently not so s t r i n g e n t as i n multiple-beam 

i n t e r f e r o m e t r y . S t r i c t p a r a l l e l i s m i s not so es s e n t i a l , and so 

a high power microscope objective can be used. 

The method i s used fo r measurement and observation of the 

s t r u c t u r e of growth h i l l s . The contrast f o r small steps i s 

high, p a r t i c u l a r l y f o r areas between maxima and minima, where 

the v a r i a t i o n of i n t e n s i t y with c r y s t a l thickness i s large. 

Using cadmium iodide Forty (1952) measured steps as small as 
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55 A and the contrast was comparable wi t h that due to the phase-

contrast microscope. Even smaller steps can be seen c l e a r l y 

on lead iodide c r y s t a l s . 

k.2 (d) METHOD OF METAL SHADOWING. 

As t h i s type of observation w i l l be discussed l a t e r i n 

connection w i t h e l e c t r o n microscopy, the method w i l l be 

considered here only very b r i e f l y . 

I t i s most s u i t a b l e f o r the measurement of large steps 

between 1000 and 2000 A, and according to Forty (1952) i s 

accurate to w i t h i n 20 A. S i l v e r , or to give sharper shadows, 

palladium-gold, i s evaporated onto the surface at an angle of 5 

degrees of arc. The lengths of the shadows are measured under 

a microscope using a micrometer screw i n the eye-piece, or from 

a microphotometer trace across a micrograph. The l a t t e r i s the 

most accurate-as allowance can be made f o r the noni sharpness of 

the edge of the shadow, and f o r the superimposed image of the step-

l i n e . 

The c h i e f advantage of the method over that of interferometry 

i s t h a t step heights are c l e a r l y defined without ambiguity. 

if.3 OBSERVATION OF SURFACES OF METALS. 

Using these o p t i c a l methods there was no evidence of large 

d i s l o c a t i o n s i n metal c r y s t a l s . A l l observations of c r y s t a l s 

of hexagonal metals and s i l v e r by Forty and Frank (1953), 
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appeared to show simple d i s l o c a t i o n s of one l a t t i c e parameter. 

Metal c r y s t a l s were grown from t h e i r vapours by heating a stock 

of the metal, usually i n the form of t i g h t l y packed turnings at 

temperatures close to the melting point f o r 12 hours to 10 days. 

Observation of these by a phase-contrast microscope by Forty 

(1952) showed perfect plane m i r r o r - l i k e surfaces. 

The heights of growth steps on c r y s t a l s of s i l v e r are 

expected to be about 2 A on the cube and octahedral faces i f 

the growth layers are monolayers of s i l v e r atoms. Steps of 

20 A are j u s t v i s i b l e under the phase-contrast microscope. 

Steps less than 5 A are normally much too small f o r detection, 

but f o r such steps, probably only 5 A high on c r y s t a l s of the 

hexagonal metals, r e s o l u t i o n i s g r e a t l y assisted by decoration 

of the edges of monolayers. An i r r e g u l a r deposit of zinc oxide 

concentrated along the steps on c r y s t a l s of zinc, enhances the 

appearance of growth patterns which can then be observed under 

the ordinary m e t a l l u r g i c a l microscope. 

4.4 MOVEMENT OF DISLOCATIONS. 

Apart from the f a c t that growth s p i r a l s mark the points 

where screw d i s l o c a t i o n s meet the surface, they provided some of 

the e a r l i e s t evidence of movement of disloc a t i o n s due to small 

shears. S l i p l i n e s on growth s p i r a l s i n d i c a t i n g d i s l o c a t i o n 

movement were seen on c r y s t a l s of s i l v e r and on n - p a r a f f i n by 

Dawson and Anderson (1953), and Forty and Frank (1953). Other 



Fig. 15. The movement of a d i s l o c a t i o n . 



Plate 7. Electron micrograph showing a si n g l e c r y s t a l of 
n-nonatriacontane shadowed w i t h n i c k e l - p a l l a d i u m , 
showing a growth pyramid c o n s i s t i n g of closed loops 
but without v i s i b l e evidence of a d i s l o c a t i o n . The 
d i s l o c a t i o n i s considered to have moved i n i t s own 
g l i d e plane to the edge of the c r y s t a l , (corresponding 
to F ig. 15). 
( A f t e r Anderson and Dawson, 1953), 
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s i m i l a r studies show the movement of d i s l o c a t i o n s , and that 

when they move they r a i s e a u n i t s l i p step i n the surface. 

Forty and Frank (1953) found that the d i r e c t i o n of these 

s l i p l i n e s , i . e . the trace of the i n t e r s e c t i o n of the g l i d e 

plane on the free surface of the c r y s t a l , was observed to be 

p a r a l l e l to the edges of the c r y s t a l surface on the octahedral 

faces and therefore represents the s l i p i n the easy gl i d e plane 

(111). See Plate ( 7 ) . 

4.5 THE CREATION OF DISLOCATIONS USING AN INDENTOR. 

An i n t e r e s t i n g experiment by Korndorffer, Rahbek, and Sultan 

(1952) threw l i g h t on the creation of d i s l o c a t i o n s . They 

i n v e s t i g a t e d the e f f e c t of mechanical deformation on the growth 

of cadmium iodide c r y s t a l s from s o l u t i o n . A c r y s t a l growing 

as a f l a t p l a t e was selected and a photograph taken. The c r y s t a l s 

were seen to spread l a t e r a l l y without growing i n thickness at a l l . 

An indentor - a clean glass rod drawn out to a fin e point - was 

allowed to make s l i g h t contact w i t h the c r y s t a l . No growth was 

observed f o r a few seconds. Then the 'dead' c r y s t a l began to 

grow r a p i d l y , increasing both i n extension and thickness, and 

on some of these c r y s t a l s s p i r a l steps could be c l e a r l y resolved. 

The stresses produced by the indentor created d i s l o c a t i o n s , 

a l t e r i n g the growth properties of the c r y s t a l s . They observed 

the i n i t i a t i o n of growth on the c r y s t a l faces at points remote 

from the points where i t was indented, and that c e r t a i n curved. 
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u n s t a b l e edges q u i c k l y t r a n s f o r m e d i n t o s t r a i g h t edges i n 

a c c o r d a n c e w i t h the symmetry of the f a c e . 

k.6 CONCLUSION. 

Although the s t u d y o f c r y s t a l growth y i e l d e d u s e f u l 

i n f o r m a t i o n about d i s l o c a t i o n s which a t the time h e l p e d to 

e s t a b l i s h the e x i s t a n c e o f d i s l o c a t i o n s and t h e i r movement, a s 

a means of o b s e r v i n g d i s l o c a t i o n s i t i s v e r y l i m i t e d . S t e p s 

l e s s t h a n 20 A c o u l d not be seen w i t h o u t d e c o r a t i n g t e c h n i q u e s , 

and u n t i l u n d e c o r a t e d s t e p s c o u l d be d e t e c t e d , o t h e r methods to 

o b s e r v e m e t a l c r y s t a l s had to be found. 



PART 3. 

ETCHING TECHNIQUES. 



P l a t e 8. Hexagonal h o l e on 3 i C c r y s t a l due to p r o l o n g e d 
e t c h i n g . 
( A f t e r Horn, 1952). 
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5.1 INTRODUCTION. 

A c r y s t a l when p l a c e d i n i t s u n s a t u r a t e d s o l u t i o n w i l l 

d i s s o l v e , r e s u l t i n g i n a g e n e r a l r e t r e a t of the growth f r o n t s . 

A s i m i l a r e f f e c t i s s e e n when a c r y s t a l i s p l a c e d i n an e t c h i n g 

medium. E t c h f i g u r e s a r e produced. The shape, arrangement, 

and d e n s i t y o f t h e s e f i g u r e s , produced both n a t u r a l l y and 

a r t i f i c i a l l y , have been s t u d i e d f o r many y e a r s . They a r e 

minute d e p r e s s i o n s or p i t s . A s u r v e y o f t h e s e may be found i n 

the book by Honess (1927). 

E t c h i n g does not t a k e p l a c e u n i f o r m l y over the s u r f a c e s o f 

a c r y s t a l . S o l u t i o n s o f t e n a t t a c k p a r t i c u l a r c r y s t a l s u r f a c e s 

more r a p i d l y a t p o i n t s where d i s l o c a t i o n s emerge than e l s e w h e r e . 

P r e f e r e n t i a l c h e m i c a l a c t i o n i s due to e l a s t i c s t r a i n around the 

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

l i n e s . 

The r a t e o f e t c h i n g i s known to be i n c r e a s e d by s t r a i n 

e nergy. T h i s was i l l u s t r a t e d by Lacombe and Yannaquis (19^7) 

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

r a p i d l y and appear a s grooves on the s u r f a c e , whereas t w i n 

b o u n d a r i e s of l o w e r energy d i d not e t c h so w e l l . 

B e f o r e o t h e r means o f o b s e r v a t i o n o f d i s l o c a t i o n s had been 

de v e l o p e d , i t was d i f f i c u l t to s a y whether e v e r y e t c h p i t was 

produced a t a d i s l o c a t i o n , or whether .every d i s l o c a t i o n was e t c h e d . 

Horn (1952) o b s e r v e d e t c h f i g u r e s due to the r a p i d c h e m i c a l 

d i s s o l u t i o n o f growth s p i r a l s on s i l i c o n c a r b i d e . Each s p i r a l 
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from an independent s c r e w d i s l o c a t i o n gave an e t c h p i t . 

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

a t the s i t e o f the s c r e w d i s l o c a t i o n . T h i s was a l s o shown to be 

the c a s e by Horn, K a s p e r , and F u l l a m (1952) u s i n g c r y s t a l s of 

aluminium b o r i d e formed i n an aluminium melt, and r e c o v e r e d by 

d i s s o l v i n g away the m e l t w i t h s t r o n g a c i d . I t was shown, by u s i n g 

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

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

S i l i c o n c a r b i d e was t r e a t e d by Horn i n a f u s e d a l k a l i 

c a r b o n a t e m i x t u r e a t 1000 deg. C. f o r 2 minutes i n a i r . T h i s 

f i r s t o f a l l removed the growth s p i r a l s , and where the c e n t r e 

of e a c h s p i r a l had been, appeared a v e r y f i n e p i t . These p i t s 

e n l a r g e d and deepened on f u r t h e r t r e a t m e n t . A f t e r prolonged 

e t c h i n g , the h o l e , which was round, became he x a g o n a l . Other 

e t c h p i t s not c o r r e s p o n d i n g to s p i r a l s were a l s o produced, s e e 

P l a t e ( 8 ) . 

V o g e l , Pfann, Corey, and Thomas (1953) found e v i d e n c e of 

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

The boundary appeared a s a row of t i n y p i t s , r e l a t i v e l y e v e n l y 

s p a c e d , t h e s p a c i n g b e i n g about a micron. T h i s a g r e e s w i t h 

the s p a c i n g c a l c u l a t e d from the measured d i f f e r e n c e i n 

o r i e n t a t i o n o f g r a i n s . 

5.2 THE IMPORTANCE OF IMPURITIES. 

Lacombe and B e a u j a r d (19^8) o b s e r v e d p o l y g o n i s e d g r a i n 
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b o u n d a r i e s i n pure aluminium c r y s t a l s . They used an e t c h a n t 

c o n s i s t i n g of aqua r e g i a and h y d r o f l u o r i c a c i d which a t t a c k s an 

e l e c t r o p o l i s h e d s u r f a c e . T h i s t e c h n i q u e was used by F o r t y 

and F r a n k (1953) on s u p e r - p u r e aluminium. They showed t h a t 

d i s l o c a t i o n s a l o n e do not s u f f i c e to produce e t c h p i t s . T r a c e s 

of i m p u r i t i e s i n the m e t a l were shown to p l a y a p a r t . These 

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

a c t i o n . 

Young- (1958) c a r r i e d out e x p e r i m e n t s to r e v e a l d i s l o c a t i o n s 

i n copper by e t c h p i t s , and s t u d i e d p o l y g o n i z a t i o n i n v e r y pure 

copper. He demonstrated t h a t d i s l o c a t i o n s may be r e v e a l e d as 

e t c h p i t s i n copper doped w i t h a s m a l l amount of t e l l u r i u m . The 

c o r r e s p o n d e n c e • b e t w e e n the p i t s and edge d i s l o c a t i o n s was found 

to be 100%. Climb o c c u r r e d a t 5OO deg. C. and t h e r e was complete 

p o l y g o n i z a t i o n a f t e r a n n e a l i n g f o r 2 hours a t 1000 deg. C. • The 

p r o g r e s s ' of the p o l y g o n i z a t i 6 n was f o l l o w e d w i t h back r e f l e c t i o n 

X - r a y d i f f r a c t i o n . The X-ray s p o t s were d i s t i n c t l y s p l i t a f t e r 

a n n e a l i n g . 

To f i n d i f the i m p u r i t y t e l l u r i u m p l a y e d any p a r t i n the 

c l i m b o f - d i s l o c a t i o n s g i v i n g the p o l y g o n i z a t i o n , Young c o n s i d e r e d 

s a m p l e s o f n o m i n a l l y 99.999% copper. There i s no known way to 

e t c h s u c h pure copper. The specimens were bent and a n n e a l e d a t 

v a r i o u s t e m p e r a t u r e s and the p r o g r e s s of p o l y g o n i z a t i o n f o l l o w e d 

w i t h X - r a y s . Two of the t h r e e samples p o l y g o n i s e d , but the one 

t h a t d i d not was p r o b a b l y the p u r e s t sample. He concluded 
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from t h i s t h a t i f i m p u r i t y i s n e c e s s a r y f o r p o l y g o n i z a t i o n , v e r y 

l i t t l e i s r e q u i r e d . There was no e v i d e n c e t h a t the ease of 

p o l y g o n i z a t i o n was p r o p o r t i o n a l to the amount of i m p u r i t y p r e s e n t . 

5.3 DISLOCATIONS IN LITHIUM FLUORIDE CRYSTALS. 

5.3 ( a ) INTRODUCTION. 

T h i s s e c t i o n w i l l be devoted to the work on l i t h i u m f l u o r i d e 

c r y s t a l s by Gilman and J o h n s t o n (1956 and 1959). E t c h p i t t i n g 

has y i e l d e d much i n f o r m a t i o n which they s u g g e s t may be 

c h a r a c t e r i s t i c o f o t h e r impure and n o n p e r f e c t c r y s t a l s , both of 

m e t a l s and non-metals. They c o n s i d e r e d the b e h a v i o u r of 

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

terms o f t h e s e . 

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

p r o p e r t i e s . The c r y s t a l s , grown to a h i g h degree of p e r f e c t i o n , 

from the m e l t , have the s i m p l e r o c k s a l t s t r u c t u r e . They can 

be c l e a v e d w i t h l i t t l e r e s u l t i n g d i s t o r t i o n , and, although h a r d 

enough to be h a n d l e d , a r e s l i g h t l y p l a s t i c a t room t e m p e r a t u r e . 

5.3 ( b ) ETCHES. 

Gilman and J o h n s t o n used two d i f f e r e n t e t c h e s . E t c h "A" 

a t t a c k s a l l d i s l o c a t i o n s e q u a l l y and g i v e s p i t s on (110) f a c e s . 

E t c h "W" a t t a c k s f r e s h d i s l o c a t i o n s more r a p i d l y t h a n a n n e a l e d 

ones, and so makes i t p o s s i b l e to d i s t i n g u i s h the two t y p e s . 

There i s a d i f f e r e n c e i n o r i e n t a t i o n of the p i t s produced by the 

two e t c h e s . T h i s i s i l l u s t r a t e d i n F i g . ( I 6 ) where p i t ( 1 ) i s 
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F i g . 16. (1) P i t produced by e t c h 'A' 
(2) P i t due to e t c h 'W. 

P l a t e 9a. A c t i o n o f e t c h 'A'. 
( A f t e r Oilman and J o h n s t o n , 1957). 



P l a t e 9b. A c t i o n of e t c h 'vJ' on the same f i e l d . 
p o l i s h e d between e t c h i n g s . 
( A f t e r Gilman and J o h n s t o n , 1957). 

C r y s t a l 
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due to e t c h "A", and (2) i s due to e t c h "W". See P l a t e s (9a and b) 

E t c h "A" c o n s i s t s o f e q u a l p a r t s of c o n c e n t r a t e d h y d r o f l u o r i c 

a c i d and g l a c i a l a c e t i c a c i d , p l u s one p e r c e n t volume of 

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

A f t e r a 30 to 60 second e t c h , the c r y s t a l i s r i n s e d i n a b s o l u t e 

a l c o h o l , and t h e n i n anhydrous e t h e r . The shape of the p i t s 

and the r a t e of e t c h i n g depend on the f e r r i c _ i o n c o n c e n t r a t i o n . 

T h i s e t c h produces a s q u a r e - b a s e d p y r a m i d a l p i t . The base edges 

of the p i t l i e p a r a l l e l to [ l l O j d i r e c t i o n s . D i s l o c a t i o n s making 

a n g l e s a s s m a l l as 10 deg. w i t h the (100) f a c e a r e e t c h e d . 

E t c h "W" i s a d i l u t e aqueous s o l u t i o n of f e r r i c f l u o r i d e 

or f e r r i c c h l o r i d e (1.5 x 10 m o l a r ) . I f the f e r r i c i o n 

c o n c e n t r a t i o n i s low, a tv/o minute e t c h i n t h i s r e a g e n t produces 

l a r g e s h a l l o w p i t s , l e s s d i s i n c t than those due to e t c h "A". 

At t h e c o r r e c t f e r r i c i o n c o n c e n t r a t i o n , a two minute e t c h 

p r o d u c e s s h a r p l y d e f i n e d s q u a r e p y r a m i d a l p i t s about 10\r±n s i z e , 

w i t h b a s a l edges p a r a l l e l to the,_1003 d i r e c t i o n s . A f t e r e t c h 

"W" the c r y s t a l i s r i n s e d i n a l c o h o l , and then i n e t h e r . 

5.3 ( c ) E F F I C I E N C Y IN REVEALING DISLOCATIONS. 

As w i t h a l l e t c h i n g methods, the i m p o r t a n t q u e s t i o n i s t h a t 

of how r e p r e s e n t a t i v e the e t c h p i t s a r e of the d i s l o c a t i o n s . 

From the r e s u l t s o b t a i n e d by Oilman and J o h n s t o n , i t i s c l e a r 

t h a t the p i t s a r e formed a t d i s l o c a t i o n s , but o n l y d i r e c t 

o b s e r v a t i o n of the d i s l o c a t i o n s i n c r y s t a l s can determine v/hether 

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



/ 
P l a t e 10. ( a ) and ( b ) E t c h p i t s on matched o p p o s i t e s i d e s 

o f c l e a v a g e c r a c k i n an 'as-grown' c r y s t a l . 
E t c h 'A'. 
( A f t e r Gilman and J o h n s t o n , 19'^7). 



P l a t e 11. Comparison o f e t c h p i t s produced a t edge and 
s c r e w d i s l o c a t i o n s by E t c h 'A'. 
Lower l e f t p i t i s a t s c r e w d i s l o c a t i o n . The 
o t h e r p i t s a r e a t edge d i s l o c a t i o n s . 
( A f t e r Oilman and J o h n s t o n , 1957). 



O r i g i n a l p o s i t i o n 
of d i s l o c a t i o n J 

F i n a l d i s l o c a t i o n 
p o s i t i o n 

F i g . 17. The change i n the shape of the e t c h p i t s due to a moving 
d i s l o c a t i o n , u s i n g e t c h 'A'. 
( A f t e r Gilman and J o h n s t o n , 1957). 

P l a t e 12. E f f e c t o f d i s l o c a t i o n motion on e t c h - p i t 
s h a p e s . E t c h 'A'. 
( A f t e r Oilman and J o h n s t o n , 1957)* 
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Oilman and J o h n s t o n p r e s e n t e d the f o l l o w i n g c i r c u m s t a n t i a l 

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

1. The p a t t e r n s o f p i t s on matched c l e a v a g e f a c e s a r e almost 

i d e n t i c a l , s e e P l a t e s ( l O a and b ) . 

2. S e v e r a l o t h e r k i n d s of d e f e c t s a r e r e v e a l e d by e t c h i n g , but 

the p i t s a r e q u i t e d i f f e r e n t l y shaped from those due to 

d i s l o c a t i o n s . The f a c t t h a t t h e s e o t h e r d e f e c t s a r e e t c h e d 

would s u g g e s t t h a t one c o u l d e x p e c t a l l d i s l o c a t i o n s to be 

e t c h e d . 

3. The d i s l o c a t i o n s a r e a t t a c k e d u n i f o r m l y i n s p i t e of the f a c t 

t h a t the ingrown d i s l o c a t i o n s may have v a r i o u s B u r g ers 

v e c t o r s , and l i e i n v a r i o u s p l a n e s . 

k. Both edge and s c r e w o r i e n t a t i o n s o f (110) [ l l O ] d i s l o c a t i o n s 

a r e e t c h e d , a.nd a t n e a r l y the same r a t e . They a r e 

d i s t i n g u i s h a b l e by the symmetry of the p i t s produced. The 

edge d i s l o c a t i o n s produce symmetric p i t s ; t h o s e due to screw 

d i s l o c a t i o n s a r e a s y m m e t r i c , see P l a t e (11). 

5. The a n g l e the d i s l o c a t i o n l i n e makes w i t h the (100) s u r f a c e 

can be e s t i m a t e d from the asymmetry of i t s e t c h p i t s . 

6. When a d i s l o c a t i o n moves away from the p o s i t i o n o f a p i t , 

s u b s e q u e n t e t c h i n g c a u s e s the p i t to l o s e i t s p y r a m i d a l shape 

and i t becomes f l a t - b o t t o m e d . T h i s i n d i c a t e s t h a t the 

p r e s e n c e and shape of the p i t depends upon the d i s l o c a t i o n . 

F i g . (17), and P l a t e (12). 

7. The d i s l o c a t i o n d e n s i t y e s t i m a t e d from the d i f f r a c t i o n of 



T h e o r e t i c a l Measured 
I n t e n s i t i e s I n t e n s i t i e s 

R e f l e c t i o n 
Good Bad Good Bad 

002 39.8 288 17.05 226.7 

00k 8.35 29 3.53 27.7 

006 2.45 k.3 0.33 k.8 

008 1.32 1.7 - 0.88 

010 1.51 l.k - O.kk 

F i g . l 8 . T a b l e showing t h e c o m p a r i s o n between t h e o r e t i c a l and 
measured i n t e n s i t i e s from 'good' and 'bad' c r y s t a l s o f 
l i t h i u m f l u o r i d e . 
( A f t e r G i l m a n and J o h n s t o n , 1957). 
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F i g . 20. 
F i g . 19. and F i g . 20. Comparison o f t h e r e s u l t s o f c o m p r e s s i o n 

and b e n d i n g t e s t s c a r r i e d out on spec i m e n s from the same 
c r y s t a l . The s t r a i n r a t e i n e a c h c a s e was 3 x 10'/sec. 
( A f t e r Gilman and J o h n s t o n , 1957). 

100 200 300 400 500 600 

F i g . 21. The t e m p e r a t u r e dependence ^of t h e y i e l d s t r e s s , 
Maximum s t r a i n r a t e 2 x>10 / s e c . 
( A f t e r Gilman and J o h n s t o n , 1957). 
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X-rays by l i t h i u m f l u o r i d e c r y s t a l s agrees wi t h that gained 

from a study of etch p i t s . 

This r s important evidence of the a b i l i t y of etch p i t s to 

locate d i s l o c a t i o n s as X-ray d i f f r a c t i o n i s quite independent 

of the etching method. By making Laue photographs for good 

and bad c r y s t a l s , much greater X-ray e x t i n c t i o n i s found to 

occur i n the good c r y s t a l . The r e s u l t s obtained by Oilman 

and Johnston are given i n Fig. ( l 8 ) . The t h e o r e t i c a l values 

were determined using r e s u l t s i n d i c a t e d by etch p i t density. 

5.5 (d) THE MACROSCOPIC BEHAVIOUR OF LITHIUM FLUORIDE CRYSTALS 

WHEN PLASTICALLY DEFORMED. 

Fig. (19) shows the e f f e c t of compression on a l i t h i u m 

f l u o r i d e c r y s t a l . We are concerned here w i t h T^, the y i e l d 

s t r e s s , and T*, the c r i t i c a l resolved shear stress. At the 

former, d i s l o c a t i o n s begin to move, and at the l a t t e r , large 

scale g l i d e takes place. The values of these stresses depends 

upon several f a c t o r s and t h i s w i l l be discussed i n more d e t a i l i n 

section 5.3 ( j ) . 

The r e s u l t s of bend te s t s are shown on Fig. (20). 

Figs. (19) and (20) represent t e s t s c a r r i e d out on specimens 

from the same c r y s t a l . I t i s important also to use specimens of 

the same shape to compare r e s u l t s , as s t r a i n i s prop o r t i o n a l to 

the beam depth. 

The temperature dependence of the y i e l d stress i s shown i n 

Fig. (21). Changing the s t r a i n rate has l i t t l e e f f e c t upon 



EFFECTS OF THE STATE OF THE SURFACE ON STRESS-STRAIN CURVES. 

(A f t e r Gilman and Johnston, 1957). 

Fig. 22. A 
B 

X 4 L i 

C -

as cleaved 
chemically 
polished 
polished and 
sp r i n k l e d w i t h 
carborundum 

Fig. 23. 

O X,s S-o 7'S IQ IS-

Curve A and B 
^00 deg. C. 
64 hour anneal 
Curves C and D 
600 deg. C. 
64 hour anneal 
A - as annealed 
B - polished 
C - as annealed 
D - polished 



EFFECTS OF THE STATE OF THE SURFACE ON STRESS-STRAIN CURVES, 
(A f t e r Gilman and Johnston, 1957). 

Fig. 24. Tests at - I 9 6 deg. C. 
A - polished 
B - polished and 

s p r i n k l e d w i t h 
carborundum 

Beam Deflec^,or^ (mils) 

F i g . 25. A - cleaved 
B - 15 minute etch 
C - 60 minute etch 

3.-6- So IS 100 I^XS 

(^KV.ifs) 
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the macroscopic behaviour. 

5.3 (e) EFFECT OF THE STATE OF THE SURFACE ON MACROSCOPIC 

BEHAVIOUR. 

S t r e s s - s t r a i n curves are very s e n s i t i v e to the state of the 

surface of the c r y s t a l . This i s w e l l i l l u s t r a t e d by Figs. (22), 

(23), (24), and (25) i n which are shown the e f f e c t s i n the stress-

s t r a i n curve of various surface treatments. 

Specimens w i t h surface defects bend more ea s i l y and uniformly 

than those where the defects have been removed. The defects on 

cleaved c r y s t a l s are cleavage steps; on those sprinkled w i t h 

carborundum, d i s l o c a t i o n s are produced where the carborundum 

touches the surface, (see section 5.3 f ) . Heating causes 

evaporation p i t s . 

The c o n d i t i o n of the surface influences the number of gli d e 

bands present a f t e r a given amount of t o t a l s t r a i n . I n general, 

a f t e r a given amount of s t r a i n , etched or polished cr y s t a l s have 

fewer g l i d e bands, and more s t r a i n per band than those with 

o r i g i n a l l y defective surfaces. 

5.3 ( f ) THE NUCLEATION OF DISLOCATIONS. 

The d i s l o c a t i o n s o r i g i n a l l y present i n as-grown c r y s t a l s of 

l i t h i u m f l u o r i d e have l i t t l e e f f e c t on the p l a s t i c behaviour. 

They appear to be pinned by i m p u r i t i e s ; see section 5.3 ( j ) -

This i s important, and has a considerable bearing on the 

conclusions reached on Gilman and Johnston's work. 

Dislocations were produced by: 



Fig. 26. The s i x g l i d e planes of r o s e t t e s . 
( A f t e r Oilman and Johnston, 1957) 

Plate 13. Rosettes due to 
r o l l i n g h inch 
s t e e l b a l l across 
the surface of a 
l i t h i u m f l u o r i d e 
c r y s t a l . 
( A f t e r Oilman and 
Johnston, 1957). 
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1. Nucleation at crack t i p s . 

2. Contacting b a l l s w i t h the surface. 

3. Quenching from high temperatures. 

4. P l a s t i c bending. 

1. When a crack i s made to t r a v e l slowly, and to stop i n a 

c r y s t a l , many d i s l o c a t i o n s are produced at the crack t i p . 

The.dislocations form as; loops ahead of the crack t i p , and do 

not come from Frank-Read sources. They are not considered 

to be dependent upon o r i g i n a l l y present d i s l o c a t i o n s . 

2. Small hard p a r t i c l e s , e.g. 100 mesh carborundum, brought 

l i g h t l y i n t o contact w i t h the surface of l i t h i u m f l u o r i d e 

c r y s t a l s , produce rosettes, as i n Plate (13). Fig. (26) shows 

the s i x g l i d e planes of the ros e t t e s . 

Gilman and Johnston calculated that to nucleate such 

groups of d i s l o c a t i o n s would require a very great stress-

concentration, i f one used the conventional theory of 

d i s l o c a t i o n nucleation. 

3. By c o n t r o l l i n g the rate of cooling of a l i t h i u m f l u o r i d e 

c r y s t a l , Gilman and Johnston produced various densities of 

d i s l o c a t i o n s . I f heated slowly, and cooled slowly, very few 

vj-sais3iocations are produced. By quenching from 600 deg. C, 

up to 6 X 10^.dislocations/cm^ can be introduced i n t o a 
5" Z 

c r y s t a l , which o r i g i n a l l y had 10 dislocations/cm. 

Many of the d i s l o c a t i o n s are i n the form of small loops 

due to the collapse of vacancies, or to thermal stresses. 
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I f the former were the case, loops formed on cooling 

from kOO deg. C, which have diameters about 3 x 10 cm., 

would require about 2 x 10 vacancies. I n the time 

a v a i l a b l e these would have to be drawn from a volume of 5.3 

X 10 cm. and t h i s volume could only contribute 9 x 10 

vacancies. Hence i t was concluded that the loops are not 

due to collapsed vacancy p l a t e l e t s . A c a l c u l a t i o n of the 

thermal stresses shows they could be responsible f o r the 

formation of the loops. 

4. Before p l a s t i c bending of the specimens, the surface i s 

removed by chemical p o l i s h i n g to a depth of at least 50p-. 

Specimens cooled to -196 deg. C. were bent at a raaximiim s t r a i n 
-4-

r a t e o f about 2 x 10 /sec. They were then slowly raised to 

room temperature, etched, and examined. A c o n t r o l specimen 

was not bent, but otherwise was treated i n exactly the same 

way. 

Many g l i d e bands were seen i n the bent c r y s t a l , and 

sometimes i n small groups of an even number of p i t s , due to 

d i s l o c a t i o n h a l f loops. No connection was seen between these 

h a l f loops, and p r e - e x i s t i n g d i s l o c a t i o n s or other 

defects. 

5.5 (g) THE EXPANSION AND MULTIPLICATION OF DISLOCATION 

HALF-LOOPS. 

The specimens were prepared by producing rosettes, and then 

removing the surface u n t i l only the deepest d i s l o c a t i o n loops 
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Fig. 27. Drawing of the growth of a g l i d e band from a 
d i s l o c a t i o n h a l f loop. The crosses mark the 
p o s i t i o n s of d i s l o c a t i o n s , and the c i r c l e s 
show the vacated p o s i t i o n s of the o r i g i n a l 
h a l f loop. S t r a i n r a t e about 2 x 10"/sec. 
( A f t e r Gilman and Johnston, 1957). 



(a) 

(b) 
slow 
stress 

(c) 
^impulse 

stress 

cleavage 
plane 

(d) 

F i g . 28. Sequence of growth of d i s l o c a t i o n h a l f loops. 
(a) O r i g i n a l h a l f loop. 
(b) Expanded h a l f loop under slow s t r e s s . New loops 

created i n s i d e the expanded h a l f loop. 
(c) Impulse s t r e s s expands new loops and they reach 

the surface of the c r y s t a l . 
(d) Crystal cleaved perpendicular to the o r i g i n a l surface. 

Etching shows loops not previously detected. 
( A f t e r Oilman and Johnston, 1957). 
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remained. 

The sequence of the growth of a gl i d e band from a disloca-
-5 

t i o n h a l f loop due to a s t r a i n rate of 2 x 10 /sec. i s shown 

i n Fig. (27). The stress i s increased from zero to 1100 gm./mm* 

Careful i n v e s t i g a t i o n of m u l t i p l i c a t i o n of h a l f loops has 

shown that as a h a l f loop expands, new loops are formed as shown 

i n Fig. (28). The specimens were cleaved at r i g h t angles to 

the o r i g i n a l surface. 

These new d i s l o c a t i o n s do not come from a single source, 

and are not necessarily coplanar. On applying a stress impulse, 

the new loops tend t o extend to the surface. On collapsing the 

h a l f loops, and then applying s t r a i n again, new h a l f loops 

appeared on the s i t e s of the previous ones, only i f the previous 

h a l f loops were l a r g e r than 50/^ wide. This so c a l l e d 'Memory 

e f f e c t ' i s due to the d i s l o c a t i o n loops l e f t behind inside the 

c r y s t a l by the o r i g i n a l h a l f loop. 

5.3 (h) THE MEASUREMENT OF DISLOCATION VELOCITY IN LITHIUM 

FLUORIDE. 

By t r a c i n g the movement of i n d i v i d u a l d i s l o c a t i o n s by 

repeated etching, and knowing the distance t r a v e l l e d and the 

time of duration of the stress pulse required to move the 

d i s l o c a t i o n , the average v e l o c i t y of the d i s l o c a t i o n was found. 

The specimens used by Gilman and Johnston were approximately 

2 X 6 X 55 mm., and di s l o c a t i o n s were observed on the tension 

side of the c r y s t a l . 
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F i g . 29. Apparatus f o r applying stress pulses. 
(a) Four-point bending j i g w i t h dead weight load. 
(b) Four-point bending j i g loaded w i t h pulsed c o i l 

i n magnet gap. 
(c) High speed p e l l e t s t r i k e s s t e e l nosepiece and 

sends short stress pulse through c r y s t a l . 
( A f t e r Oilman and Johnston, 1959). 
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Stress pulses are applied so that the d i s l o c a t i o n moves a 

measurable distance greater than Ip-. Care must be taken not to 

prolong the pulse as the d i s l o c a t i o n s may move out of the c r y s t a l . 

The stress pulses l a s t from 10 seconds to 10 seconds, and are 

applied using the f o l l o w i n g three methods: 

1. For stresses l a s t i n g from 5 to 10^ seconds a dead weight 

load i s applied to a four point bending j i g , see F i t . (29a). 

2. For pulses l a s t i n g from 5 seconds down to several 

milliseconds, a magnetic pulsing machine replaces the dead 

weight i n ( a ) , see Fig. (29b). 

This pulser consists of a large electro-magnet s i m i l a r to 

that used i n a moving c o i l loud speaker with a small o i l 

damped c o i l mounted i n the annular gap. The small c o i l rests 

on the four point j i g so that on passing a square current 

pulse through the c o i l , a stress pulse i s transmitted to the 

specimen. A resistance s t r a i n gauge c a l i b r a t e d by dead weight 

loading i s used to measure the magnitude of the pulse. 

Fig. (50) shows the form of the pulse. 

5. Pulses of very short duration, down to IjJ- second are 

a t t a i n e d by high speed impact. A s t e e l nose-piece i s attached 

to the c r y s t a l to protect i t . Ball-bearing spheres I t inch 

diameter are f i r e d at the nose-piece. The pulses from the 

impact t r a v e l through the nose-piece, the specimen, a barium 

; t i t a n a t e transducer, and i n t o a long lead absorber, see Fig. 

(29c). These are glued together and suspended from a b a l l i s t i c 



Fig. 30. Shape of stress 
pulse from magnetic 
loading. 
( A f t e r Gilman and 
Johnston, 1959). 
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Fig. 31. Shape of pulse 
from high-speed 
p e l l e t . 
( A f t e r Gilman and 
Johnston, 1959). 
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Fig. 32. Two d i s l o c a t i o n loops t h a t break the surface of 
a cleaved c r y s t a l . 
( A f t e r Gilman and Johnston, 1959). 
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pendulum, enabling the momentum gained on impact to be 

calcu l a t e d . 

The shape of the stress pulse i s obtained from the barium 

t i t a n a t e transducer. I n Fig. (31) i s shown a t y p i c a l waveform 

c o n s i s t i n g of the main pulse and a small r e f l e c t e d pulse. 

The estimated er r o r s i n measurement of d i s l o c a t i o n v e l o c i t i e s 

ranged from a few percent f o r slow movements, to about a fa c t o r of 

2 at the fa s t e s t v e l o c i t i e s . 

5.3 ( i ) PREPARATION OF THE LITHIUM FLUORIDE CRYSTALS FOR 

VELOCITY MEASUREMENTS. 

The l i t h i u m f l u o r i d e c r y s t a l s were c a r e f u l l y prepared and 

polished. A b a l l bearing was r o l l e d to and f r o across the 

c r y s t a l . Rosettes were formed. The c r y s t a l was then chemically 

polished to remove a 10 to 13^ la^yer. Only the deepest 

d i s l o c a t i o n loops remained. They were of the type shown i n 

Fig. (32) and were s u i t a b l e f o r v e l o c i t y measurements. 

5.3 ( j ) FACTORS INFLUENCING THE VELOCITY OF DISLOCATIONS. 

Gilman and Johnston measured the dependence of d i s l o c a t i o n 

v e l o c i t y on : 

a. Stress, Fig. (33). 

b. Hardness, Fig. (34). 

c. Temperature, Fig. (35). 

d. Neutron i r r a d i a t i o n . Fig. (36). 

The e f f e c t of stress on d i s l o c a t i o n density and consequently 

upon.dislocation v e l o c i t y i n l i t h i u m f l u o r i d e i s i n t e r e s t i n g . 
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P l a t e 15. E f f e c t o f s t r e s s on d i s l o c a t i o n m u l t i p l i c a t i o n , 
S t a r t i n g a t 0 the d i s l o c a t i o n was moved t h r e e 
t i m e s by 10 sec. s t r e s s p u l s e s a t 15^0 g/:;.!.. 
No m u l t i p l i c a t i o n o c c u r r e d . A f i n a l 10 sec. 
pul s e a t l6bO g/fflin. caused r/rofuse 
m u l t i p l i c a t i o n , and t h e o r i g i n a l d i s l o c a t i o n 
moved o u t o f t h e p i c t u r e . The c r y s t a l was 
etched a f t e r each s t r e s s n u l s e . 
( A f t e r Oilman and Johnston, 1957)• 
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The d e n s i t y changes from zero t o 10 loops/cm. as the s t r e s s i s 

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

cause d i s l o c a t i o n m o t i o n , profuse d i s l o c a t i o n n u c l e a t i o n and 

m u l t i p l i c a t i o n occur. F i g . ( 2 8 ) . 

I f a c r y s t a l i s compressed, i t i s p o s s i b l e t o expand l o o p s 

t o 0.5 mm. w i t h o u t m u l t i p l i c a t i o n , but a t .03% .compression rows 

o f e t c h p i t s are seen w i t h s pacing about 2.fr. The d e n s i t y w i t h i n 

the rows i s about l o V c m ^ When the compression i s inc r e a s e d 

t o 0.9% a broadening o f the rows o f p i t s o c curs, more etch p i t s 

a p p e a r i n g a l o n g s i d e e x i s t i n g ones. A compression o f 8% g i v e s 

a complete c o v e r i n g o f the s u r f a c e w i t h e tch p i t s t o a d e n s i t y 

o f l o V c m ! , see P l a t e s (1^) and ( 1 5 ) . 

I m p u r i t i e s have an expected i n f l u e n c e on d i s l o c a t i o n move

ment. They produce two q u i t e d i s t i n c t e f f e c t s , s t a t i c p i n n i n g , 

and dynamic r e s i s t a n c e t o d i s l o c a t i o n movement. The former 

a f f e c t s the s t r e s s t o move a d i s l o c a t i o n which has been pinned by 

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

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

V a r i a t i o n i n the i m p u r i t y c o n t e n t o f the c r y s t a l s i n f l u e n c e s 

the hardness, which depends upon the s t r e s s t o move a d i s l o c a t i o n . 

D i f f e r e n t heat t r e a t m e n t s a l s o produce v a r i a t i o n s i n hardness. 

C r y s t a l s c o o l e d v e r y s l o w l y from 250 deg. C. t o room temperature 

are h a r d , and c r y s t a l s o f the same p u r i t y cooled r a p i d l y t hrough 

the same range are r e l a t i v e l y s o f t . The hardness has been 

found t o d i f f e r by a f a c t o r o f f i v e . 
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F i g . 38. The r e l a t i o n s h i p between t h e s t r e s s t o move a 
f r e s h d i s l o c a t i o n , and t h e c r y s t a l s t r e n g t h . 
( A f t e r Oilman and Johnston, 1959). 
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Oilman and Johnston c o n s i d e r t h i s t o mean t h a t the dynamic 

r e s i s t a n c e due t o i m p u r i t i e s i s g r e a t e r when the i m p u r i t y atoms 

have p r e c i p i t a t e d t h a n when they are i n the form o f s c a t t e r e d 

atoms. 

Hardness i s found t o be very s e n s i t i v e t o the r a t e o f c o o l i n g 

from 200 deg. C. t o 100 deg. C. This i m p l i e s t h a t a p r e c i p i t 

a t i o n o f i m p u r i t i e s i s o c c u r r i n g a t below 2C0 deg. C. 

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

depending upon the dose, i . e . the produ c t o f the time i n the 

r e a c t o r and t h e n e u t r o n f l u x . 

1 . S t a t i c p i n n i n g due t o low doses makes d i s l o c a t i o n s harder 

t o move i n i t i a l l y , but when they break away they are as e a s i l y 

moved as b e f o r e i r r a d i a t i o n , see F i g . ( 3 7 ) . The p i n n i n g here 

i s c o n s i d e r e d due t o p o i n t d e f e c t s . 

2. Considerable i r r a d i a t i o n produces dynamic r e s i s t a n c e , 

making i t d i f f i c u l t t o move a l l d i s l o c a t i o n s , i n c l u d i n g those 

put i n b e f o r e and a f t e r i r r a d i a t i o n . T h is i s e f f e c t i v e a t 

h i g h and low s t r e s s e s and i n d i c a t e s a l a t t i c e f r i c t i o n due t o 

something put i n by the r a d i a t i o n . O p t i c a l s t u d i e s r e v e a l 

the presence o f c o l o u r c e n t r e s composed o f m u l t i p l e p o i n t 

d e f e c t s . See F i g . ( 3 8 ) . 

The o r i g i n and growth o f g l i d e bands appear t o be independent 

o f the e x i s t i n g d i s l o c a t i o n s , and the s t a t e o f p i n n i n g and 

g e o m e t r i c a l arrangement o f those d i s l o c a t i o n s do not a f f e c t the 

y i e l d s t r e s s . The i n i t i a l y i e l d s t r e s s i s determined by the 
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F i g . ^ 1 . Growth o f g l i d e bands from a s i n g l e l o o p , shown 
as a f u n c t i o n o f t i m e . A p p l i e d s t r e s s = l640g/mra. 
( A f t e r Gilman and Johnston, 1959). 
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F i g . 42. Graphs showing t h e s i m i l a r i t y i n change o f e t c h p i t 
d e n s i t y w i t h compressive s t r a i n f o r l i t h i x u n f l u o r i d e 
and germanium. 
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( A f t e r Gilman and Johnston, 1959). 
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F i g . kO. Graph f o r screw components o f l o o p s o f di a m e t e r 
about 0.5 mm. 
( A f t e r Gilman and Johnston, 1959). 
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r e s i s t a n c e t o mot i o n encountered by a g l i d e d i s l o c a t i o n i n an 

o t h e r w i s e d i s l o c a t i o n - f r e e r e g i o n of the c r y s t a l , see F i g . ( 3 9 ) . 

Even a f t e r a s m a l l amount o f p l a s t i c d f o r m a t i o n ( 0 . 1 t o 1 % 

s t r a i n ) , the f l o w s t r e s s o f l i t h i u m f l u o r i d e can be understood 

i n terms o f the numbers o f g l i d e d i s l o c a t i o n s and t h e i r m o b i l i t y 

i n a d i s l o c a t i o n - f r e e c r y s t a l . At l a r g e s t r a i n s work hardening 

o c c u r s , and the e f f e c t on the motion o f g l i d e d i s l o c a t i o n s o f 

the many o t h e r d i s l o c a t i o n s i n the c r y s t a l , i s i n d i c a t e d . 

A r e a l u n d e r s t a n d i n g o f the mechanism o f m u l t i p l i c a t i o n and 

i n t e r a c t i o n i n work h a r d e n i n g has not y e t been a t t a i n e d . 

5.3 ( k ) SUMMARY. 

The f o l l o w i n g i s a summary o f the more i m p o r t a n t r e s u l t s o f 

o b s e r v a t i o n s by Johnston and Gilman. 

1. Grown-in d i s l o c a t i o n s do not move i n l i t h i u m f l u o r i d e and 

so Frank-Read sources are not r e s p o n s i b l e f o r m u l t i p l i c a t i o n 

nor f o r y i e l d . 

2. D i s l o c a t i o n s can be n u c l e a t e d i n d i s l o c a t i o n - f r e e 

c r y s t a l s a t low s t r e s s , see F i g . ( 4 0 ) . 

3. The m u l t i p l i c a t i o n mechanism and the broadening o f s l i p 

bands i s not und e r s t o o d , but the r a t e depends upon the a p p l i e d 

s t r e s s and the d i s l o c a t i o n v e l o c i t y . 

k. The b u l k s t r e n g t h o f c r y s t a l s i s determined by the s t r e s s 

r e q u i r e d t o move a f r e s h d i s l o c a t i o n . 
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5.3 (1) CONSIDERATION OF THE RESULTS AND DEDUCTIONS MADE BY 

GILMAN AND JOHNSTON. 

The observed behaviour o f d i s l o c a t i o n s i n l i t h i u m f l u o r i d e 

d i f f e r s i n many r e s p e c t s from the more p r e v a l e n t views o f 

d i s l o c a t i o n b e h a v i o u r . D i s l o c a t i o n loops are formed a t low 

s t r e s s e s w i t h no obvious sources. I t i s assumed t h a t sources 

are p r e s e n t , but are not d e t e c t e d by the methods used. 

Gilman and Johnston suggest t h a t t h e i r r e s u l t s f o r l i t h i u m 

f l u o r i d e can be extended t o apply t o o t h e r c r y s t a l s . P r e l i m i n a r y 

i n v e s t i g a t i o n s i n d i c a t e t h a t magnesium oxide and calcium f l u o r i d e 

deform i n a s i m i l a r manner, but i t cannot be concluded t h a t a l l 

c r y s t a l s behave i n the same way. Probably i t i s only t r u e f o r 

f a i r l y impure c r y s t a l s . There must be s m a l l p a r t i c l e s on which 

n u c l e a t i o n can occur, and i t has been shown t h a t p r e c i p i t a t e s 

are t h e d e t e r m i n i n g f a c t o r r e g a r d i n g the s t r e s s t o move 

d i s l o c a t i o n s . 

Work done by Nye, Spence, and S p r a c k l i n g (1957) supports 

t h e condemnation o f the g e n e r a l i z a t i o n s by Johnston and Gilman. 

Nye e t a l used t h e p h o t o e l a s t i c e f f e c t t o study the p l a s t i c 

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

and bending. They found t h a t i n t e n s i o n the p l a s t i c d e f o r m a t i o n 

i s g r e a t e s t near t h e s u r f a c e s . I n bending, the p l a s t i c 

d e f o r m a t i o n i s found t o propagate l o n g i t u d i n a l l y a long the bar 

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

r e s u l t i n g from the s t r e s s was i n t e r p r e t e d i n terms o f a simple 



d i s l o c a t i o n model. They found t h a t the r a t i o o f the s t r e s s 

necessary t o propagate d i s l o c a t i o n s t o the s t r e s s needed t o 

generate them i s l e s s than 0.6. 

When a c r y s t a l i s not f u l l y annealed the d i s l o c a t i o n s i n 

i t produce l o n g range e l a s t i c s t r a i n s . I n t r a n s p a r e n t cubic 

c r y s t a l s such s t r a i n s are v i s i b l e as d i s t r i b u t i o n s of b i r e f r i n g e n c e 

produced by the p h o t o - e l a s t i c e f f e c t . 

Schmid and Boas i n Germany, and Olinemov and Schekinkoo i n 

Russia had employed p o l a r i s e d l i g h t and b i r e f r i n g e n c e i n sodium 

c h l o r i d e t o s tudy p l a s t i c d e f o r m a t i o n , but t h i s was done be f o r e 

t h e acceptance o f the i d e a o f d i s l o c a t i o n s . 

The p h o t o - e l a s t i c p a t t e r n shown i n P l a t e ( l 6 ) i s o f a f u l l y 

annealed c r y s t a l which has been p l a s t i c a l l y extended, and the 

l o a d removed. The two dark l i n e s p a r a l l e l t o the l e n g t h o f the 

specimen are t h e n e u t r a l l i n e s o f zero l o n g i t u d i n a l s t r e s s . 

The e x t i n c t i o n angle i s n e a r l y the same a t a l l p o i n t s o f any one 

specimen, as the p a t h d i f f e r e n c e s are l e s s than a q u a r t e r o f a 

w avelength. The n e u t r a l l i n e s are c l e a r l y v i s i b l e i n a c i r c u l a r 

p o l a r i s c o p e . 

The s i g n o f the b i r e f r i n g e n c e e f f e c t i s such t h a t the o u t e r 

p a r t s o f t h e bar are i n compression w h i l e the i n n e r core i s i n 

t e n s i o n . So d u r i n g p l a s t i c e x t e n s i o n the o u t e r l a y e r s have 

p l a s t i c a l l y deformed more than the i n n e r core, as when the l o a d 

i s removed the o u t e r p a r t i s thrown i n t o compression. This leads 

t o the assumption t h a t more d i s l o c a t i o n sources are a c t i v e a t , 
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o r near, the s u r f a c e t h a n i n the i n t e r i o r . 

A s i m i l a r specimen was bent e l a s t i c a l l y by a p p l y i n g equal 

and o p p o s i t e couples t o the ends so t h a t the upper s u r f a c e was 

convex. The normal l i n e a r v a r i a t i o n o f s t r e s s i s shown i n 

P l a t e ( l 8 a ) and the b i r e f r i n g e n c e disappeared when the couples 

were removed. 

When the bar i s bent i n t o the p l a s t i c range the p a t t e r n 

o b t a i n e d i s shown i n P l a t e (l8d) and the d i s t r i b u t i o n o f 

b i r e f r i n g e n c e and s t r e s s shown i n P l a t e ( l 8 e ) . The change i n 

p a t t e r n when g o i n g from e l a s t i c t o p l a s t i c d e f o r m a t i o n i s shown 

i n P l a t e ( l 8 c ) . The l e n g t h o f the t r a n s i t i o n r e g i o n i s r a t h e r 

l e s s t h a n the w i d t h o f the specimen. 

I f , a f t e r p l a s t i c bending the couples are removed, the 

p a t t e r n changes t o P l a t e (17a) and the c o r r e s p o n d i n g s t r e s s 

d i s t r i b u t i o n t o P l a t e (17b). This shows t h r e e n e u t r a l planes. 

The s i g n o f the r e s i d u a l s t r e s s i n these bending experiments 

i n d i c a t e t h a t more p l a s t i c d e f o r m a t i o n has taken place near the 

s u r f a c e t h a n i n the i n t e r i o r . 

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

show t h a t t h e maximum s t r e s s i n the e l a s t i c p a r t must be 1; 

times t h e u n i f o r m s t r e s s i n the p l a s t i c p a r t . Nye and h i s 

c o l l a b o r a t o r s a l s o concluded t h a t s l i p s t a r t s from the s u r f a c e 

and works i n w a r d s . T h i s i s not i n agreement w i t h Gilman and 

Johnston's r e s u l t s f o r l i t h i u m f l u o r i d e . 
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5.4 ( a ) THERMAL ETCHING. 

Thermal e t c h i n g techniques can be employed t o r e v e a l 

d i s l o c a t i o n s i n many metals and a l l o y s . At h i g h temperatures 

atomic movements take p l a c e t o e s t a b l i s h a mechanical balance 

between the d i s l o c a t i o n l i n e t e n s i o n and the s u r f a c e t e n s i o n . 

P i t s are thus formed a t the p o i n t s o f emergence o f d i s l o c a t i o n s , 

Frank (1951). M a c h l i n (1957) r e v e a l e d d i s l o c a t i o n s i n s i l v e r 

u s i n g t h i s t e c h n i q u e , see P l a t e ( 1 9 ) . 

E l e c t r o p o l i s h e d s i l v e r i s immersed i n a dynamic f l o w o f argon 

c o n t a i n i n g 10 mole % o f oxygen a t 600 deg. C. f o r f i v e t o t e n 

min u t e s , and th e n c o o l e d t o room temperature i n p u r i f i e d argon. 

The shape o f the d e p r e s s i o n g i v e s i n f o r m a t i o n about the d i s l o c a t i o n , 

P i t s are formed a t s t a t i o n a r y d i s l o c a t i o n s , and grooves, where 

d i s l o c a t i o n s have moved s l o w l y d u r i n g the e t c h i n g t r e a t m e n t . 

P i t s a t screw d i s l o c a t i o n s are s e v e r a l times s m a l l e r and 

s h a l l o w e r than a t edge d i s l o c a t i o n s . 

D i s l o c a t i o n s t h a t move r a p i d l y d u r i n g t r e a t m e n t cannot be 

d e t e c t e d , a p a r t from the vacated p i t s . These p i t s are 

d i s t i n g u i s h e d by h a v i n g a f l a t bottom. 

The presence o f oxygen d u r i n g t h e r m a l e t c h i n g reduces the 

s u r f a c e t e n s i o n o f the m e t a l , and deeper depressions r e s u l t . 

Under s u i t a b l e c o n d i t i o n s an oxide p a r t i c l e w i l l form a t the 

bottom o f each d e p r e s s i o n , c l e a r l y marking i t s p o s i t i o n . 

5.4 ( b ) THE APPLICATION OF THERMAL ETCHING. 

The t h e r m a l e t c h i n g technique may be a p p l i e d t o most metals 



P l a t e 19. P o l y g o n i z a t i o n r e v e a l e d by t h e r m a l e t c h i n g o f 
s i l v e r s i n g l e c r y s t a l v/hich had been 
s u b j e c t e d t o 3.4% s t r a i n a t 5''0 deg. C. 
I d e a l s i m p l e g x i d e o r i e n t a t i o n . S l i p 
d i r e c t i o n p a r a l l e l t o paper, normal t o rows 
o f p i t s , (x 650) 
( A f t e r M a c h l i n , 1957). 



I 

P l a t e 20. A specimen o f p o l y c r y s t a l l i n e n i c k e l annealed f o r 
3 hours a t 1100 deg. C. under v e r y low p r e s s u r e . 
( A f t e r J. M. B l a k e l y , u n p u b l i s h e d ) . 
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and. a l l o y s , except f o r some metals h a v i n g h i g h vapour pressure 

a t h i g h t e m p e r a t u r e s , such as z i n c , cadmium, magnesiiim, and t h e i r 

a l l o y s . 

The method i s p a r t i c u l a r l y u s e f u l t o study creep a t the 

h i g h temperatures used, see P l a t e ( 2 0 ) . 

5.4 ( c ) CONCLUSIONS. 

Chemical e t c h i n g i s e f f e c t i v e over a g r e a t e r temperature 

range, e s p e c i a l l y when a r e l i a b l e reagent has been found f o r the 

p a r t i c u l a r m e t a l . 

Gilman and Johnston w o r k i n g w i t h l i t h i u m f l u o r i d e produced 

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

movements, but g e n e r a l i z a t i o n s from t h e i r r e s u l t s appear t o be 

unsound. 

Thermal e t c h i n g i s r e s t r i c t e d t o o b s e r v a t i o n s o f c o n d i t i o n s 

a t h i g h e r t e m p e r a t u r e s , and has been a p p l i e d s u c c e s s f u l l y t o the 

s t u d y o f creep i n m e t a l s . 



PART 6. 

THE DECORATION OF DISLOCATIONS IN CRYSTALS, 



6.1 GENERAL INTRODUCTION. 

These methods allow the d i r e c t microscopic observation of 

d i s l o c a t i o n l i n e s i n transparent c r y s t a l s . This i s made possible 

by the production of v i s i b l e patterns along the l i n e s . 

Linear imperfections were seen i n sodium chloride by 

Siedentopf i n 1905, and reproduced as a series of hand drawn 

diagrams. Probably the f i r s t person to see decorated 

d i s l o c a t i o n s i n an i n t e n t i o n a l l y deformed and annealed c r y s t a l 

was Rexer, (1931, 1932a, and 1932b) at Halle. About the same 

time Edner (1932), also at Halle, observed l i n e s i n c r y s t a l s of 

sodium c h l o r i d e containing barium c h l o r i d e . Unfortunately, these 

observations preceded the development of a theory adequate f o r 

t h e i r understanding. 

The f i r s t i n t e r p r e t e d observations followed the rapid 

development of the theory of d i s l o c a t i o n s when i n 1953 at B r i s t o l , 

Hedges and M i t c h e l l i n v e s t i g a t e d the nature and d i s t r i b u t i o n of 

the i n t e r n a l photographic l a t e n t image i n s i l v e r bromide c r y s t a l s . 

They found that the substructure of strained c r y s t a l s of s i l v e r 

bromide, which had been l i g h t l y annealed, could be made v i s i b l e 

by exposing them at room temperature to l i g h t w ith a wavelength 

close t o th a t of the absorbtion edge. 

The networks and d i s t r i b u t i o n s of di s l o c a t i o n s were seen due 

to the s i l v e r which separated out along d i s l o c a t i o n l i n e s . 

Their observations agreed w i t h many t h e o r e t i c a l p r e d i c t i o n s . 

They recognised t i l t sub-boundaries formed by arrays of p a r a l l e l 
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edge d i s l o c a t i o n s , see Burgers (1939)i and Read and Shockley 

(1950), and t w i s t boundaries formed by crossed g r i d s of screw 

d i s l o c a t i o n s l a t e r discussed t h e o r e t i c a l l y by Frank, (1955). 

Considerable developments have taken place i n methods of 

decoration, and work at B r i s t o l , Ghent, and the G.E.C. Research 

Laboratories, Schenectady, w i l l be discussed. 

6.2 THE DECORATION OF DISLOCATIONS IN CRYSTALS OF SILVER 

HALIDES. 

6.2 (a) INTRODUCTION: 

At B r i s t o l observations were made on s i l v e r bromide and 

s i l v e r c h l o r i d e . The great advantage of methods using s i l v e r 

halides i s that the c r y s t a l s do not have to be annealed at a 

higher temperature before d i s l o c a t i o n s are decorated. The 

di s l o c a t i o n s are f i x e d i n p o s i t i o n and made v i s i b l e by exposure 

to l i g h t while the stress i s s t i l l applied to them. 

I t i s possible using these i o n i c c r y s t a l s to observe both 

the probable behaviour of di s l o c a t i o n s on i n c i p i e n t s l i p bands at 

a d e f i n i t e stage during p l a s t i c deformation, and the arrangements 

of d i s l o c a t i o n s i n the polygonized c r y s t a l s which r e s u l t from the 

annealing of st r a i n e d specimens. The r e s u l t s of annealing at 

various temperatures have been studied, and the deformation 

s t r u c t u r e s are modified by annealing. 

Either b r i g h t or dark f i e l d i l l u m i n a t i o n may be used, and 

di s l o c a t i o n s are made v i s i b l e to a depth of at le a s t JOp. 



46. 

6.2 (b) THE PREPARATION OF THE SPECIMENS. 

Progress i n t h i s f i e l d has depended very much on a b i l i t y to 

grow large s i n g l e c r y s t a l s . Great care i s taken i n the 

preparation of the t h i n sheets of s i l v e r halide mat e r i a l f o r 

experiment, see Clark and M i t c h e l l (1956). 

M e t a l l i c s i l v e r i s very impure compared w i t h r e c r y s t a l l i z e d 

s i l v e r n i t r a t e , and s i l v e r oxide must be eliminated as i t adheres 

to glass. Cationic i m p u r i t i e s are removed from the s i l v e r 

n i t r a t e by spe c i a l methods, and c a r e f u l r e c r y s t a l l i z a t i o n using 

a temperature gradient. Anionic i m p u r i t i e s are removed from 

the constant b o i l i n g point mixtures of the hydrogen halides by 

chemical methods, and by f r a c t i o n a l d i s t i l l a t i o n . 

When the oxide has gone, heat i s applied. A stream of dry 

hydrogen h a l i d e , i n n i t r o g e n as a c a r r i e r gas, i s passed through 

the melt f o r about one hour. P a r t i c l e s of s i l i c a on the surface 

are then removed from the molten s i l v e r halide by f i l t r a t i o n 

through f i n e glass c a p i l l a r i e s . ' I f not removed, the s i l i c a gives 

r i s e t o randomly d i s t r i b u t e d etch p i t s and fog specks, which have 

no connection w i t h the decorated d i s l o c a t i o n l i n e s . F r a c t i o n a l 

d i s t i l l a t i o n i n high vacuum breaks down s i l v e r oxide and s i l v e r 

sulphide and removes v o l a t i l e i m p u r i t i e s such as cuprous and 

mercury halides, and polyvalent c a t i o n i c i m p u r i t i e s . Traces of 

cuprous ch l o r i d e and mercurous chloride are s t i l l present and 

these are removed by vacuum melting. 

The molten h a l i d e i s then run through a vacuum melting stage 



s t a i n l e s s s t e e l hot p l a t e 

WM/M 
2 K.w. element 

Plan o 
550 deg. C. ',550 deg. C. 100 4eg. C 

S i l v e r h a l i d e 

550 deg. C. 100 deg. C. 

Fig. ^3. Conversion of globules i n t o t h i n sheets. 
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at ^50 to 500 deg. C, and at a pressure of 10 ram. of mercury, 
f o r at le a s t 8 hours. Bromine i s admitted to destroy s i l v e r 
n u c l e i and nitrog e n over the s i l v e r halide keeps out oxygen. 
Small globules are t r a n s f e r r e d onto a p l a t e , and immediately 
r e c r y s t a l l i s e . 

S i l v e r c h l oride i s easier to p u r i f y than s i l v e r bromide. 

The next stage i s to convert the s i l v e r halide globules 

i n t o t h i n sheets. The globule i s placed on glass rods r e s t i n g 

on a pyrex disc which i n t u r n rests on a hot p l a t e . I t i s 

flamed w i t h an oxy-coal gas torch to burn away unwanted p a r t i c l e s . 

The disc i s covered w i t h a funnel to protect i t from oxygen as 

the globule melts, and once melted the funnel i s quickly removed, 

and another pyrex disc placed on the top. The sandwich i s then 

slowly displaced along the hot pla t e down the temperature gradient 

u n t i l the disc of s i l v e r halide c r y s t a l l i z e s . On placing the 

sandwich i n d i s t i l l e d water, the plates immediately separate. 

Care must be taken not to scratch the c r y s t a l surface. The 

thickness of the c r y s t a l i s determined by the spacing of the glass 

discs. The c r y s t a l i s then placed on a pyrex pl a t e and cut i n t o 

sections using a s t i f f backed razor blade. I t cuts quite e a s i l y , 

i n a very s i m i l a r manner to lead. The c r y s t a l s are heavily 

s t r a i n e d when cooli n g , the halide having a c o e f f i e i e n t of 

expansion much higher than that of pyrex. 

The c r y s t a l surfaces are always close to (100) planes. To 

grow (111) o r i e n t a t i o n c r y s t a l s a glass wedge i s used, see Fig. (^^), 



glass 
wedge 

my//////////A 
I 

melt here to grow (111) o r i e n t a t i o n c r y s t a l s 

Fig. hh. The arrangement to grow (111) o r i e n t a t i o n 
c r y s t a l s . 
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F i n a l l y the c r y s t a l i s annealed i n an atmosphere of halogen at 

temperatures between 200 and kOO deg. C. f o r periods up to twelve 

hours. 

A 4% s o l u t i o n of potassium cyanide i s used to dissolve away 

the surface o f the c r y s t a l , removing the surface which was i n 

contact w i t h the glass pl a t e and leaving a smooth c r y s t a l surface, 

showing no facets. The c r y s t a l s may then be exposed to produce 

p h o t o l y t i c s i l v e r , or exposed and developed. 

6.2 (c) THE DECORATION OF THE DISLOCATIONS. 

The surfaces of c r y s t a l s may be exposed while covered w i t h 

a t h i n f i l m of a halogen acceptor. This i s usually formed 

between the c r y s t a l surface and a microscopic cover glass. With 

acceptors such as 1 phenyl - 3 - pyrazolidinone, discrete specks 

of s i l v e r are produced at the points of emergence of dis l o c a t i o n s 

through the surfaces of the c r y s t a l s . This method makes possible 

good r e s o l u t i o n at high magnification:,, and i s p a r t i c u l a r l y useful 

f o r studying the pr o p e r t i e s of close l y spaced d i s l o c a t i o n s . 

The f i s h n e t s t r u c t u r e and d i s t r i b u t i o n s of dislocat i o n s may 

be revealed to a depth of about 30/> i n straine d and l i g h t l y 

annealed c r y s t a l s of s i l v e r bromide and s i l v e r chloride by exposing 

them to l i g h t w i t h a wavelength i n the longwave edge of the 

absorbtion band of the c r y s t a l . S i l v e r separates out along the 

d i s l o c a t i o n l i n e s , and i t may be observed w i t h b r i g h t or dark 

f i e l d i l l u m i n a t i o n . See Plates (21) and (22). 

A combination of the above two methods i s very use f u l , but 



(a) 

('') T i l l siililxxilidarv willi llic :ixis ol' 
lilt inclinod at an angle to (In- snifacc of tlii' 
cry.ital. The (•r)'-''tal wiis exjiosed nnder a <lilu(c> 
solution of phenyl pyrazolidinone and the points 
of emergence of the dislocations thiouKh the 
surface ha \c been made visible by the separa
tion of specks of silver. (6) Same field as (o). 
but 20 A below the surface. 

• * ^ \ ' . w * - -

Plate 21. ( A f t e r M i t c h e l l , 1957). 



'ri i lc-c i J i M i n l i ( H i I l ( l : i i i ( ' s i n ! c i > i ( l m l l i r l i ' l l - I K U H I l ( i l t i n fi i l . l . 

\l\'\irv iiiniw - h o w s : i < r i i ( - o f t i l l - n l i l x m n d M i i r s w i t l i i l i i - o l t i l l n c a i h ' 

j i a i a l l i l I D i l l . > m l ' u i r cil' i l i i ' s | i c c i i n i n. T h e \ y^r-.tiw I I : L > n i l i i i ' i - i l j i n c i i s i o i i . i l 
. . , . 1 v v . , r l ,,1 , „ „ , -

Plate 22. ( A f t e r M i t c h e l l , 1957). 
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the former does o f t e n give a greater surface density of 

di s l o c a t i o n s than would be in d i c a t e d by the i n t e r n a l separation 

of s i l v e r . Doubt i s therefore cast oh the a b i l i t y of the l a t t e r 

method to decorate a l l d i s l o c a t i o n s . 

I t has not been possible to make the d i s l o c a t i o n s i n large 

s i n g l e c r y s t a l s of the purest s i l v e r bromide v i s i b l e by the 

separation of p h o t o l y t i c s i l v e r i n a r e l i a b l e way. Unless the 

c r y s t a l i s p l a s t i c a l l y deformed very l i t t l e s i l v e r separates i n 

them during exposure. Etching methods on these large single 

c r y s t a l s have also been u n r e l i a b l e . 

As i t i s impossible to detect any difference i n hardness 

and other p l a s t i c p roperties between the large and the t h i n 

c r y s t a l s of s i l v e r bromide, i t must be assumed that mobile 

d i s l o c a t i o n s are present i n both types of c r y s t a l , and that those 

i n the t h i n c r y s t a l s have modified properties which permit t h e i r 

decoration w i t h c o l l o i d a l s i l v e r , but which, i n the purest c r y s t a l s 

do not impede t h e i r displacement during p l a s t i c deformation. 

More r e c e n t l y Jones and M i t c h e l l (1957) described methods 

which show a correspondence between etch p i t s and the points of 

emergence of d i s l o c a t i o n s which have been decorated by the 

separation of s i l v e r along the l i n e s . The s i l v e r c h l o r i d e , 

s i l v e r chloro-bromide, and s i l v e r bromide sheets are grown from 

the melt by the method described by Clark and M i t c h e l l (1956). 

The c r y s t a l s are deformed by elongation and indentation w i t h 

hemispherical glass indentors, and then etched and exposed to 



Dislocations forming elements of a coarse three dimensional network (see 
Hedges and Mitchell 19,53. fig. 3) made visible in a crystal of silver 
chloride both by etching and by the internal separation of silver resulting 
from the subsequent exposure to light. This establishes the correspond
ence between etch pits and dislocation Unes. ( X 2500) 

Plate 23. ( A f t e r Jones and M i t c h e l l , 1957). 

A wall of dislocations in an annealed crj^stal of silver chloride. 
( X 2500) 

Plate 2k. ( A f t e r Jones and M i t c h e l l , 1957). 
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reveal the d i s l o c a t i o n s . A 3 to 5 N s o l u t i o n of sodium 

thiosulphate i s the most r e l i a b l e etchant. The c r y s t a l must be 

i n the etchant f o r a very short time and i s then transferred 

immediately i n t o water. A s o l u t i o n of 0.1 N sodium thiosulphate 

i s then used to shape the etch p i t s and develop facets. S i l v e r 

c h l o r i d e etches b e t t e r than s i l v e r bromide. The p i t s formed on 

the former are smaller i n area, but about the same depth. After 

they have been thoroughly washed and drie d , the etched c r y s t a l s 

are exposed to the u n f i l t e r e d r a d i a t i o n from a 250 watt high 

pressure mercury vapour lamp f o r 30 seconds at a distance of 

about 30 cm. from the lamp. S i l v e r separates to a depth of about 

40^. Below t h i s depth recombination takes place. See Plates (23,24), 

The correspondence between the two methods appears to depend 

upon the properties of i n d i v i d u a l c r y s t a l s . I t i s complete i n 

many c r y s t a l s but absent i n others. The di s l o c a t i o n s which 

appear during p l a s t i c deformation at room temperature give smaller 

etch p i t s and p r i n t out to a smaller extent than those which are 

already i n annealed specimens. To show t h i s a specimen i s etched, 

deformed w i t h a hemispherical indentor, and then re-etched. 

The most s e n s i t i v e conditions f o r the study of the behaviour 

of d i s l o c a t i o n s during the deformation of s i l v e r chloride occur 

when the c r y s t a l s have surfaces almost p a r a l l e l to (001) planes. 

The apparently small numbers of grown-in d i s l o c a t i o n s i n such 

c r y s t a l s are made j u s t v i s i b l e by etching. The small shallow 

p i t s corresponding w i t h d i s l o c a t i o n s on s l i p bands produced by 
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deformation can e a s i l y be resolved using the phase-contrast 

microscope. 

Jones and M i t c h e l l found t h e i r experiments indicated that 

the d i s l o c a t i o n s i n annealed c r y s t a l s which give r i s e to deep etch 

p i t s , and along which v i s i b l e amounts of s i l v e r separate r a p i d l y 

during exposure, do not play an important r o l e during the early 

stages of p l a s t i c deformation. Their m o b i l i t y i s affected by 

the. segregation of i m p u r i t i e s , or of vacancies, but i t has been 

shown tha t d i s l o c a t i o n s appear w i t h i n the elements of the sub

s t r u c t u r e s as i n the experiments of Gilman and Johnston on l i t h i u m 

f l u o r i d e . 

The great advantage of the method of decoration of disl o c a t i o n s 

i n s i l v e r halides w i t h p h o t o l y t i c s i l v e r i s that i t does not depend 

on the i n t r o d u c t i o n of for e i g n substances, or upon thermal t r e a t 

ments at elevated temperatures. The d i s l o c a t i o n formations are 

l i k e l y to be modified to a smaller extent by t h i s process than 

those i n the a l k a l i halide c r y s t a l s discussed l a t e r . The 

decoration i s almost continuous, and discrete p a r t i c l e s of 

p h o t o l y t i c s i l v e r cannot usually be resolved. 

An important disadvantage i s that i t i s never possible t o 

decorate d i s l o c a t i o n s at a depth greater than 40p- below the surface. 

6.2 (d) THE NATURE AND FORMATION OF THE PHOTOGRAPHIC LATENT IMAGE. 

M i t c h e l l and Mott (1957) o u t l i n e d the mechanism by which the 

l a t e n t image i s formed i n the f o l l o w i n g steps: 
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1. The formation of the 'pre-image speck'. This i s a s i l v e r 

'atom' probably adsorbed at a kink s i t e terminated by a s i l v e r 

i o n . I t i s formed by the co-operation of one electron and one 

i n t e r s t i t i a l s i l v e r i o n . The pre-image speck has a l i f e time 

of 1 to 10 * seconds. 

2. The formation of the ;'sub-image' ; a n e u t r a l p a i r of s i l v e r 

atoms adsorbed at a kink s i t e . This involves the u t i l i z a t i o n 

of a second photoelectron and a second i n t e r s t i t i a l s i l v e r i on. 

The sub-image has a l i f e time of days and can be developed. 

3« The formation of the stable l a t e n t image. This u t i l i z e s 

a f u r t h e r e l e c t r o n and two i n t e r s t i t i a l s i l v e r ions, and gives 

i n e q u i l i b r i u m a p o s i t i v e l y charged group of four s i l v e r 

atoms Ag^+. This i s the minimum stable image, and from t h i s 

p o i n t onwards any f u r t h e r growth of the s i l v e r speck w i l l be 

by the Gurney and Mott mechanism (1939). 

S i l v e r bromide was known to be a photoconductor at the 

temperature of l i q u i d a i r , and i t was assumed to be so at room 

temperature, so that each quantum of l i g h t absorbed released one 

e l e c t r o n and a p o s i t i v e hole. I f s u f f i c i e n t l y mobile, the 

e l e c t r o n w i l l e a s i l y be trapped by c o l l o i d a l s i l v e r or by 

s e n s i t i v i t y specks. This would then be neutralized by the 

movement to the speck of i n t e r s t i t i a l s i l v e r ions, so causing 

the s i l v e r p a r t i c l e to grow. I t i s considered that as s i l v e r 

i n i n contact w i t h s i l v e r halides carries a p o s i t i v e charge, t h i s 

may be regarded as a t t r a c t i n g photoelectrons rather than a 
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Platelets of gold produced by exposing and heating a silver chloride crystal 
containing 0-05 mol% aurous chloride. ( X 875.) 

Plate 25. ( A f t e r B a r t l e t t and M i t c h e l l , 1958). 

% .1 

Particles of gold with associated systems of decorated prismatic dislocations 
in a silver chloride crystal. The photomicrograph is taken in a (Ul) 
plane. (x875.) ^ ' 

Plate 26. ( A f t e r B a r t l e t t and M i t c h e l l , 1958). 
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negatively charged speck a t t r a c t i n g i n t e r s t i t i a l cations as i s 

suggested by the Gurney-Mott model. P o s i t i v e holes cannot 

move to p o s i t i v e l y charged s i l v e r specks i n equ i l i b r i u m w i t h 

s i l v e r h a l i d e , and t h i s explains why stable centres do not act 

as centres of recombination of electrons and holes, as surface 

traps and d i s l o c a t i o n s do i n germanium. 

6.2 (e) THE DECORATION OF DISLOCATIONS IN SILVER CHLORIDE 

WITH GOLD. 

I t i s possible t o decorate s i l v e r chloride c r y s t a l s to a much 

greater depth i f p l a t e l e t s of gold are used, B a r t l e t t and 

M i t c h e l l (1958). See Plates (25) and (26). 

Sheet c r y s t a l s of thickness 200 to ̂ 00|j- are sensitized by 

heating them together w i t h gold wire and cupric chloride i n an 

atomosphere of ch l o r i n e i n sealed tubes at 350 deg. C. for eight 

to twelve hours. A f t e r s t r a i n i n g and exposure to l i g h t from a 

mercury vapour lamp, the c r y s t a l s are heated f o r a few minutes at 

a temperature between ikO and I60 deg. C. Nuclei of gold are 

produced along d i s l o c a t i o n l i n e s and during the f i n a l heating, grow 

i n size u n t i l they are v i s i b l e i n the microscope. The dis l o c a t i o n s 

are decorated throughout the volume of the c r y s t a l s . 

6.2 ( f ) THE MECHANISM OF DECORATION USING GOLD. 

When c r y s t a l s of s i l v e r c h l o ride are cooled, the Schottky 

defects present at temperatures near the melting point aggregate 

to form small d i s l o c a t i o n loops and i n t e r n a l c a v i t i e s . Nuclei 

c o n s i s t i n g of groups of s i l v e r and gold atoms are formed on the 
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surfaces of i n t e r n a l c a v i t i e s , and along d i s l o c a t i o n l i n e s when 

the c r y s t a l s are exposed to l i g h t , w i t h a wavelength beyond the 

absorbtion edge of s i l v e r c h l o r i d e . The n u c l e i absorb gold or 

s i l v e r ions and become p o s i t i v e l y charged when they exceed a 

c e r t a i n s i z e , the compensating negative charge being provided by 

vacant s i l v e r ion l a t t i c e s i t e s . When the c r y s t a l s are heated 

to a temperature between 1^0 and l60 deg. C. electrons are trans

f e r r e d from the f u l l band, producing p o s i t i v e holes, to the low 

l y i n g acceptor l e v e l s i n the forbidden band associated with the 

p o s i t i v e l y charged n u c l e i . Their p o s i t i v e charge i s restored 

by the adsorption of f u r t h e r cations and f u r t h e r vacant s i l v e r i o n 

l a t t i c e s i t e s are created. The p o s i t i v e holes and vacant s i l v e r 

ion l a t t i c e s i t e s d i f f u s e to the surface of the c r y s t a l s where 

ch l o r i n e escapes. Copper chloride assists i n the.transfer and 

l i b e r a t i o n of chl o r i n e molecules from the surface during the heat 

treatment, see M i t c h e l l (1957). The decoration consists of 

systems of r e g u l a r l y spaced f i n e p r e c i p i t a t e s extending along the 

(^llo3 d i r e c t i o n s passing through the c e n t r a l p a r t i c l e s . 

Although i t i s impossible to resolve the str u c t u r e of these 

f i n e p r e c i p i t a t e s , there i s a close analogy between these systems 

and the systems of p o s i t i v e prismatic d i s l o c a t i o n s which form 

during cooling around glass spheres imbedded i n the s i l v e r chloride 

c r y s t a l s as described by Jones and M i t c h e l l (1958). 

6.2 (g) THE PRODUCTION AND DECORATION OF PRISMATIC DISLOCATIONS. 

Prismatic d i s l o c a t i o n s had been predicted by theory. Seitz 



h y s i l glass sphere 

1 \ I \ \ 

Fig. ^5. Prismatic d i s l o c a t i o n s around a h y s i l glass 
sphere ( l o o k i n g along the 100 a x i s ) . 

\ 

Fig. 46. Disc of atoms g i v i n g prismatic d i s l o c a t i o n . 
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(1950) f i r s t proposed the mechanism of prismatic punching and 

prismatic d i s l o c a t i o n s i n th a l l o u s halide c r y s t a l s . Nye (19^9) 

established that s i l v e r chloride deforms by p e n c i l g l i d e with a 

110^ s l i p vector, so tha t prismatic punching i s a possible mode 

of deformation. 

Jones and M i t c h e l l (1958) used s i l v e r c h l o ride c r y s t a l s with 

(100) planes p a r a l l e l to the surface. The c r y s t a l s were annealed 

80 as to be free from d i s l o c a t i o n s . H y s i l glass spheres, diameter 

about 3p-» introduced i n t o a globule of s i l v e r chloride were found 

to remain f a i r l y close to the surface. The c o e f f i c i e n t of cubical 

expansion of h y s i l glass i s 3^x10^ whereas that f o r the s i l v e r 

halide i s 340xl0 ^per degree C. I f there i s a state of equi l i b r i u m 

at k^k deg. C, coo l i n g introduces compressive s t r a i n s around the 

spheres. This s t r a i n i s relaxed by discs of atoms being displaced 

along the [lio] d i r e c t i o n s , see Figs. (^5) and (^6). These 

c i r c u l a r loops of edge d i s l o c a t i o n s are prismatic d i s l o c a t i o n s . 

Harvey and M i t c h e l l (1958) have observed systems of prismatic 

d i s l o c a t i o n s formed i n the same way during the cooling of c r y s t a l s 

of sodium ch l o r i d e containing aurous c h l o r i d e . Specks of gold 

provide the c e n t r a l p a r t i c l e s . The p o s i t i v e nature of the 

prismatic d i s l o c a t i o n s has been established by observing the 

i n c l i n a t i o n s i n known stress f i e l d s , see Jones and M i t c h e l l (1958). 

Parasuis and M i t c h e l l (1959) have also observed systems of 

prismatic d i s l o c a t i o n s extending along a l l twelve [llOJ d i r e c t i o n s 

r a d i a t i n g from p a r t i c l e s of p h o t o l y t i c s i l v e r formed during the 
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exposure of c r y s t a l s of s i l v e r chloride containing 0.1 mol. % of 

cuprous c h l o r i d e . They have concluded that the space for the 

separation of s i l v e r i s made ava i l a b l e at the i n t e r f a c e between a 

s i l v e r p a r t i c l e and the s i l v e r halide by the formation of p o s i t i v e 

prismatic d i s l o c a t i o n s , which g l i d e away from the i n t e r f a c e along 

s l i p c y l i n d e r s w i t h the twelve [lio] d i r e c t i o n s as axes. 

These groups of independent observations provide evidence 

f o r a previously unrecognised phenomenon i n p r e c i p i t a t i o n reactions 

i n the s o l i d s t a t e . I t i s believed that the formation of 

prismatic d i s l o c a t i o n s may prove of importance f o r the understanding 

of p r e c i p i t a t i o n hardening. B a r t l e t t and M i t c h e l l (1958) 

observed t h a t the systems of closely spaced prismatic d i s l o c a t i o n s , 

which r e s u l t from mutual i n t e r a c t i o n s when there i s a high density 

of p r e c i p i t a t e p a r t i c l e s , present an e f f e c t i v e b a r r i e r to the 

g l i d e motion of d i s l o c a t i o n s . The s t r a i n associated w i t h a 

p a r t i c l e of a p r e c i p i t a t e has. been observed to be transmitted to 

distances many times the radius of the p a r t i c l e by the mutual 

re p u l s i o n of the prismatic d i s l o c a t i o n s . 

6.5 THE DECORATION OF DISLOCATIONS IN ALKALI HALIDES. 

6.3 (a) INTRODUCTION. 

Amelinckx (1956) used a d d i t i v e c o l o r a t i o n by means of sodium 

metal to decorate d i s l o c a t i o n s i n transparent sodium chloride 

c r y s t a l s . This i s a m o d i f i c a t i o n of the method used by Rexer 

(1932). 



m e t a l l i c sodium 

-steel j i g 

c r y s t a l 

Fig. Specimen i n holder. 
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Work by Van der Vorst, Dekeyser, and Bontinck w i l l also be 
discussed. 

6.5 (b) THE METHODS OF DECORATION. 

Amelinckx enclosed a stock of m e t a l l i c sodium i n a cav i t y 

made i n the c r y s t a l . The ca v i t y was closed i n the i n i t i a l l y 

cleaved-off part to ensure an exact f i t and maximum tightness. 

The c r y s t a l was held f i r m l y i n a s t e e l j i g , see Fig. (^7). I t -

was then heated to about 750 deg.. C. u n t i l a coloured d i f f u s i o n 

zone developed. When using 'pure' sodium chloride the c r y s t a l 

was cooled to room temperature i n about 15 minutes to obtain 

decoration by means ,of c o l l o i d a l p a r t i c l e s . The c r y s t a l s were 

blue i n transmission, the decoration being best near to the sodium 

stock. When c r y s t a l s which contain a small amount (0.01 -

0.001%) of s i l v e r are used, the cooling can be at a much slower 

r a t e . I n t h i s case the colour of the d i f f u s i o n zone can vary 

from yellow to ruby red. 

A method by Van der Vorst and Dekeyser (1956) uses sodium 

chl o r i d e heavily doped i n s i l v e r chloride (1% to 3% a d d i t i o n to 

the m e l t ) , and annealed i n a stream of hydrogen at a temperature 

between 600 and 700 deg. C. f o r about twelve hours. This gives 

decoration immediately under the surface, the depth of the region 

decorated depending upon the annealing time. Annealing i n 

sodium vapour also gives decoration i n such heavily doped c r y s t a l s . 

I t i s probable t h a t these methods apply to a l l the a l k a l i 

h a l i d e s . Bontinck and Dekeyser (1956) used the above methods to 
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decorate d i s l o c a t i o n l i n e s i n n a t u r a l and synthetic calcium 

f l u o r i d e . 

The formation of v i s i b l e d i f f u s i o n zones, and v i s i b l e specks, 

depends upon the i m p u r i t i e s present. I n pure c r y s t a l s the 

decoration i s shown to be due to the c o l l o i d a l sodium by observing 

the c r y s t a l s d i s s o l v i n g i n water. The p a r t i c l e s dissolve and 

hydrogen i s given o f f . When c r y s t a l s containing s i l v e r are used, 

the needle shaped p r e c i p i t a t e s are probably m e t a l l i c s i l v e r . 

They dissolve i n n i t r i c acid. 

6.3 (c) THE MECHANISM OF DECORATION. 

The d i f f u s i o n of the excess sodium i s considered l i k e l y to 

take place as F-centre d i f f u s i o n . At high temperatures during 

a d d i t i v e c o l o u r i n g , the sodium vacancies d i f f u s e to the sodium 

stock and d i e . The halogen vacancies, not so mobile, stay i n 

the c r y s t a l i n the neighbourhood of the d i s l o c a t i o n s . The sodium 

stock endeavours to send i n CI.-vacancies. Some of these w i l l be 

converted i n t o F-centres by capturing electrons sent i n by the 

sodium metal every time a sodium vacancy dies, maintaining an equal 

number of vacancies of both kinds as w e l l as charge e q u i l i b r i u m . 

Thus, so long as the temperature i s high enough to ionize sodium, 

F-centres are formed at the expense of CI.-vacancies. At the 

same time F-centres w i l l die and become halogen vacancies by loss 

of t h e i r electrons, or by going to a d i s l o c a t i o n l i n e . At a 

given pressure of sodium vapour a given concentration of F-centres 

i s i n e q u i l i b r i u m . This c o n d i t i o n may be frozen i n by very 



Plate 27. Hexagonal networks e x h i b i t i n g d i f f e r e n t l y 
shaped meshes: 
(a) X 600 (b) X 700 
(d) X 760 (e) X 550 
( A f t e r Amelinckx, 1957). 

(c) 
( f ) 

600 
600 

Plate 28. (a) Pinning of 
d i s l o c a t i o n s at 
s t a t i o n a r y d i s 
l o c a t i o n s of the 
networks, (x 500) 

(b) Pinning of 
d i s l o c a t i o n s at 
p r e c i p i t a t e s . 
(x 500) 
( A f t e r Amelinckx, 
1957). 
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r a p i d quenching. 

The condensation of F-centres and vacancies during cooling, 

r e s u l t i n g i n the formation of a sodium speck on a d i s l o c a t i o n l i n e , 

i s due to the a t t r a c t i o n of F-centr;es to d i s l o c a t i o n s . This 

supposes th a t there i s a s u f f i c i e n t number of jogs i n the 

d i s l o c a t i o n l i n e so tha t the F-centres and vacancies can always 

be absorbed. Coulomb and Fr i e d e l (1957) have estimated that t h i s 

i s not the case i n a ra p i d quench. I t i s possible that e l a s t i c 

i n t e r a c t i o n w i t h vacancies i s more pronounced than f o r F-centres, 

and the f i r s t stage i n the p r e c i p i t a t i o n i s probably the formation 

of c a v i t i e s . Condensation of F-centres at these c a v i t i e s w i l l 

make them increase i n size, r e s u l t i n g i n the formation of sodium 

specks. 

6.3 (d) THE OBSERVATION OF THE DECORATED DISLOCATIONS. 

The arrangements of the p a r t i c l e s were observed by Amelinckx 

using ultramicroscopic i l l u m i n a t i o n . 

Thin s l i c e s cleaved from the treated c r y s t a l s were used. 

They were f u r t h e r reduced i n thickness to a b o u t j mm, by di s s o l v i n g ' 

i n water. This reduction i s necessary, as otherwise, l i g h t 

r e f l e c t e d from p a r t i c l e s not i n focus reduces the contrast. 

The specimen was embedded i n a l i q u i d w i t h the same r e f r a c t i v e 

index as sodium c h l o r i d e to avoid s c a t t e r i n g by surface 

i r r e g u l a r i t i e s . 

The patterns of specks were photographed at d i f f e r e n t depths 

so th a t the patterns s l i g h t l y overlapped. The i n c l i n a t i o n of a 



Plate 29. The decoration of d i s l o c a t i o n s i n a s y n t h e t i c 
calcium f l u o r i d e c r y s t a l , showing a h e l i x w i t h 
v a r i a b l e radius and p i t c h . 
( A f t e r Bontinck, 1956). 

Plate 30. A h e l i x w i t h two windings of a l a r g e r radius i n 
a calcium f l u o r i d e c r y s t a l . A si n g l e closed 
d i s l o c a t i o n l i n e can be observed. 
( A f t e r BontincK, 1956). 
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network w i t h regard to the plane of observation, i . e . the (001) 

cleavage plane, was estimated from the " i n focus" width, see 

Amelinckx (1956). The shapes of the d i s l o c a t i o n networks, c l e a r l y 

decoratedj agreed w i t h those predicted by theory. A l l types of 

d i s l o c a t i o n and d i s t r i b u t i o n have been observed, see Plates (27-30). 

R e l a t i v e l y high angle boundaries (1 deg. to 2 deg.) are 

decorated by a t h i c k sheet of p a r t i c l e s . The ones studied, 

r e v e a l i n g t h i s , were those perpendicular to the pl^ne of obser

v a t i o n , and they were marked by a ribbon of p a r t i c l e s which 

remained on the same spot no matter where the p o s i t i o n of focus 

was i n the c r y s t a l . These boundaries were always s t r a i g h t , apart 

from jogging, and by o p t i c a l geometry were shown to have mainly 

t i l t character. 

D i s l o c a t i o n pinning by p r e c i p i t a t e s , and the bulging of 

d i s l o c a t i o n l i n e s between pinned po i n t s , can be c l e a r l y seen. 

I f the phase-contrast microscope i s used wi t h a dark back

ground,, the p r e c i p i t a t e s appear white. 

6.3 (e) LUMINESCENCE OF DECORATED DISLOCATIONS. 

The luminescence of phosphors i s known to be affected by 

deformation. Van der Vorst and Dekeyser (1956) carried out 

experiments w i t h s i n g l e c r y s t a l s of rock s a l t , w i t h s i l v e r chloride 

added, to show a r e l a t i o n s h i p between luminescence and dislo c a t i o n s , 

When i r r a d i a t e d w i t h X-rays or u l t r a v i o l e t l i g h t , eramission 

bands were produced. 
They observed networks s i m i l a r to those seen by Amelinckx 



Plate 51. Ultramicroscopic observatxon of decorated walls of 
d i s l o c a t i o n s i n a si n g l e c r y s t a l of rock s a l t . 
( A f t e r Van der Vorst and Dekeyser, 1956). 

Plate 32. Luminescence photograph of the d i s l o c a t i o n walls 
shown i n Plate 31. 
( A f t e r Van der Vorst and Dekeyser, 1956). 



61. 

(1956) i n a d d i t i v e l y coloured r o c k s a l t . 

The samples were deformed, annealed i n a i r at various 

temperatures ranging from 300 deg. C. to 700 deg. C., and a f t e r 

c o oling reanneaied i n hydrogen. A t h i n m e t a l l i c layer covered 

the surface of the c r y s t a l s , and t h i s layer was found to increase 

w i t h time and temperature. The decoration was by specks of 

c o l l o i d a l s i l v e r , and.only took place close to the surface. The 

ins i d e of the c r y s t a l remained o p t i c a l l y empty. 

When the c r y s t a l was i r r a d i a t e d with X-rays, the decorated 

l i n e s were seen as b r i g h t e r l i n e s i n a blue haze. By means of 

long exposure times of twelve to twenty four hours, i t was possible 

to photograph d i s l o c a t i o n w a l l s , see Plate (32). The above 

method has advantages over the Rexer method; i t i s easier t o use 

and can be applied to smaller specimens, and at lower temperatures. 

6.3 ( f ) CONSIDERATION OF THE VALUE OF OBSERVATIONS. 

The patterns observed are remarkably, clear and of great value 

i n e s t a b l i s h i n g the configurations possible, but from the point 

of view of studying the r e s u l t s of s t r a i n , there are serious 

l i m i t a t i o n s . A l l methods e n t a i l heating to temperatures above 

600 deg. C., and at these temperatures d i s l o c a t i o n s can climb and 

move q u i c k l y . I f the decoration process requires' p a r t i c i p a t i o n 

of the Schottky disorder, then decoration and climb are inseperable. 

I t i s possible to i l l u s t r a t e quench hardening very successfully. 

I t would be i n t e r e s t i n g to know how much of the d i s l o c a t i o n 

s t r u c t u r e could be a t t r i b u t e d to the presence of the excess sodium. 
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Plate 33. A calcium f l u o r i d e c r y s t a l , annealed at a 
high temperature, cleaved and etched. 
Concentrated sulphuric acid was the etchant. 
The double rows of etch p i t s p a r a l l e l to the, 
[no] d i r e c t i o n i n d i c a t e emergence po i n t s o f i 
a h e l i c a l d i s l o c a t i o n . 
( A f t e r Hontinck, 1956). 
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I n l i t h i u m f l u o r i d e the d i s l o c a t i o n density has been found by 

Johnston (1957) to be considerably increased by ad d i t i o n of excess 

l i t h i u m , and the presence of large p r e c i p i t a t e s produces prismatic 

d i s l o c a t i o n s . The cooling down and p r e c i p i t a t i o n causes stresses, 

so that the networks are not necessarily i n equilibrivim. 

Photographs taken of d i s l o c a t i o n s i n sodium chloride must be 

taken soon a f t e r decoration as the surface of these c r y s t a l s i s 

af f e c t e d by condensation. Replicas of the surfaces can of course 

be made, i f i t i s desirable to study surface features. Plate (33) 

shows the surface of an etched calcium f l u o r i d e c r y s t a l . 

6,4 THE OBSERVATION OF DISLOCATIONS IN SILICON. 

G.k (a) INTRODUCTION. 

The properties o f s i l i c o n are i d e a l l y suited for a study of 

d i s l o c a t i o n s introduced by p l a s t i c deformation. Crystals of 

high p u r i t y and p e r f e c t i o n can be r e a d i l y grown, and dis l o c a t i o n s 

i n s i l i c o n may be revealed by etch p i t s , or by copper decoration, 

or a combination of the two. Dash (1956, 1957) decorated 

d i s l o c a t i o n s i n s i l i c o n using the l a t t e r method. 

6.4 (b) PREPARATION OF THE SPECIMENS. 

Single c r y s t a l s were grown by drawing from the melt contained 

i n a quartz c r u c i b l e . The density of d i s l o c a t i o n s i n these 

c r y s t a l s varies from lO/cm. to lO/cm. 

Bars w i t h area of cross section about 10 mm̂  were s l i g h t l y 

deformed by t w i s t i n g about a [ i l l ] axis or by bending. They were 

then etched i n a mixture of n i t r i c , h y d r o f l u o r i c , and acetic acids 



To i n f r a red image tube and to 
microscope 

A 

p r e c i p i t 
o p t i c a l l y 
p o l i s hed 
s u r f a c e s 

i n f r a red l i g h t 

F i g . k8. Arrangement to observe decorated d i s l o c a t i o n s 
i n s i l i c o n . 



VIEWING 
DIRECTION 



P l a t e 3^a and b. Decorated d i s l o c a t i o n s j o i n i n g etch 
p i t s on opposite s i d e s of a wedge-shaped 
specimen. 
( A f t e r Dash, 1957). 
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producing deep etch p i t s . The bars were cut int o 1 mm, t h i c k 

s l i c e s p a r a l l e l to ( i l l ) planes, and the cut sur f a c e s o p t i c a l l y 

polished. A drop of copper n i t r a t e s o l u t i o n with about 10 to 

10 ^atom f r a c t i o n of copper was dried on the edge of each s l i c e . 

They were then heated to about 900 deg. C. for t h i r t y minutes, and 

then cooled r a p i d l y to room temperature. 

6.4 ( c ) TECHNIQUE OF OBSERVATION. 

Dash exainined i n f r a - r e d l i g h t transmitted by the specimens 

using an i n f r a - r e d image tube i n the p o s i t i o n of the eyepiece i n 

the L e i t z Panphot microscope. This enabled the p r e c i p i t a t e s 

formed to be d i r e c t l y observed, and photographs to be taken with 

i n f r a - r e d s e n s i t i v e p l a t e s . His experimental arrangement i s 

shown i n F i g . (48). 

6.4 (d) OBSERVATION O F THE DECORATED DISLOCATIONS. 

Deep etch p i t s were seen joined by d i s l o c a t i o n s decorated 

c l e a r l y with copper. Plate (34a) shows a wedge shaped portion of 

the bar bent about the ( O O I L ] a x i s and viewed along the a x i s of 

bending. The d i s l o c a t i o n s are generally s t r a i g h t l i n e s i n the 

[l i o ] d i r e c t i o n s . 

I n P l a t e (35a) the viewing d i r e c t i o n i s [.111] and the bar 

deformed by t w i s t i n g . A s e r i e s of d i s l o c a t i o n h a l f loops i s 

seen, a l l p a r t s l y i n g i n [lio] d i r e c t i o n s . The sections 

approximately p a r a l l e l to the edge of the sample are screws, the 

i n c l i n e d s e c t i o n s are composite edge and screw. Plate(35b) 

shows the p i t s as they appear on the (112) s u r f a c e . 



There i s a wide v a r i a t i o n i n decoration from sample to 

sample, and i n the r e l a t i v e amounts of decoration on the screws 

and composites. This i s i n the form of p r e c i p i t a t e p a r t i c l e s . 

Sometimes the screws are not decorated at a l l . The form of the 

p r e c i p i t a t e i s found to depend upon the i n i t i a l concentration of 

copper on the s u r f a c e , and the cooling r a t e . Rapid cooling of 

samples saturated with copper r e s u l t s i n uniform decoration. 
-7 -L 

Slow cooling of samples with 10 to 10 atom f r a c t i o n of copper 

r e s u l t s i n p r e f e r e n t i a l p r e c i p i t a t i o n on the composites. Also, 

patchy decoration i s sometimes observed without apparent reason. 

As was the case with experiments on sodium chloride, the heat 

treatment required to decorate the d i s l o c a t i o n s can be expected 

to modify the d i s l o c a t i o n arrangement. 

To avoid such modification. Dash (1958) used an etching 

method. He cut the specimen exposing a surface p a r a l l e l to a 

(111) plane. After chemically p o l i s h i n g the surface with a 

s o l u t i o n of one part h y d r o f l u o r i c a c i d and three parts n i t r i c a c i d , 

i t was etched three to four minutes i n a s o l u t i o n c o n s i s t i n g of 

one part h y d r o f l u o r i c , three parts n i t r i c , and s i x parts g l a c i a l 

a c e t i c a c i d . 

The etch patterns produced'consist of p i t s and channels i n 

the s u r f a c e , which j o i n p i t s . The channels are due to p r e f e r 

e n t i a l etching of cores of d i s l o c a t i o n s which are almost p a r a l l e l 

to the s u r f a c e , and along [no] d i r e c t i o n s . On high 

magnification, t r a i l s behind moving d i s l o c a t i o n s are seen to 





P l a t e 35a Etch p i t s and d i s l o c a t i o n loops e n t e r i n g 
from a (112) s u r f a c e of a s i l i c o n c r y s t a l , 

b P i t s at the (112) s u r f a c e . 
(A f t e r Dash, 1957). 





P l a t e 36. Loop m u l t i p l i c a t i o n by a symmetrical Frank-
Read source. 
( A f t e r Dash, 1957). 
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extend from cusps. I n some cases the streamers are very densely 

concentrated, and as a r e s u l t a portion of the moving d i s l o c a t i o n 

i s retarded. Often zig-zag and segmented t r a i l s are found. 

The d i s l o c a t i o n s i n P l a t e (35) appear to have no grown-in 

d i s l o c a t i o n s to act as a source. The source may have been 

removed by the etching process, but when etching i s not used, 

s t i l l no sources are v i s i b l e . 

Many i n t e r i o r sources have been seen i n deforming imperfect 

c r y s t a l s . Frank-Read sources have frequently been found, see 

Pl a t e (36) . 

At temperatures of about 1100 deg. C. configurations of 

curved d i s l o c a t i o n l i n e s , e n t i r e l y d i f f e r e n t from the patterns at 

lower temperatures, are observed. Dash considers i t probable 

that at high temperatures d i s l o c a t i o n s move so f r e e l y that they 

can e l i m i n a t e the anchoring necessary for Frank-Read sources. 

The t r a i l s probably a r i s e from nonconservative motion of jogs, 

causing the i n j e c t i o n of vacancies or i n t e r s t i t i a l s into the 

c r y s t a l . T r a i l s from a screw d i s l o c a t i o n are mainly along [lioj 

d i r e c t i o n s . They are sometimes zig-zag and segmented, suggesting 

a l t e r n a t e g l i d i n g and climbing. I t i s po s s i b l e to see the t r a i l s 

due to the aggregation of vacancies, or i n t e r s t i t i a l s , into 

p l a t e l e t s which are then etched or decorated. An a l t e r n a t i v e 

explanation i s that vacancies formed by jog motion act as 

nu c l e a t i o n s i t e s for i m p u r i t i e s . 

P a t e l (1958) studied d i s l o c a t i o n s q u a n t i t a t i v e l y i n s i n g l e 
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c r y s t a l s of s i l i c o n by the etch p i t method. Using magnifications 

up to 750 times on an area 6 x 6 era., the etch p i t density before 
If, 

deformation was 10 /sq. cm. The average etch p i t density a f t e r 

deformation was found to be s e v e r a l times the c a l c u l a t e d value. 

P a t e l compared h i s values for the d i s l o c a t i o n density due to 

bending with the c a l c u l a t e d values as predicted by Cahn's 

formula. The formula gives the d i s l o c a t i o n d e n s i t y , introduced 
- I 

by bending, to be equal to (rb) where r i s the radius of 

curvature of the n e u t r a l a x i s , and b i s the average component of 

the Burgers vector p a r a l l e l to the n e u t r a l plane. 

P a t e l (1958) explained that t h i s equation a p p l i e s only when 

the macroscopic i n t e r n a l s t r e s s , averaged over larg e numbers of 

d i s l o c a t i o n s , vanishes. Samples annealed a f t e r deformation 

f u l f i l t h i s condition, as a f t e r annealing d i s l o c a t i o n s arrange 

themselves i n a minimxim energy configuration^ 

D i s l o c a t i o n s of opposite signs can e x i s t on the same s l i p 

plane i n s i l i c o n , s i n c e appreciable p l a s t i c flow does not take 

place a t room temperature. I t i s expected that on annealing at 

high temperatures the d i s l o c a t i o n s are mobile enough to enable 

d i s l o c a t i o n s of the opposite s i g n to annihalate each other. 
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THE USE OF TRAI^SMISSION ELECTRON MICROSCOPY 

TO OBSERVE DISLOCATION LINES, 
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7.1 INTRODUCTION. 

C r y s t a l imperfections are of p a r t i c u l a r i n t e r e s t i n the 

study of metals. They are of great p r a c t i c a l importance. 

The methods considered so fa r only make i t possible to i n f e r 

what may happen i n metals. The existance of d i s l o c a t i o n s i n 

metals has been revealed i n a very d i r e c t manner by the 

t r a n s m i s s i o n e l e c t r o n microscopy technique, due to Hirsch, Horne, 

and Whelan (1956). 

I t has proved p o s s i b l e to i d e n t i f y d i s l o c a t i o n s , and to 

follow t h e i r movement under s t r e s s by means of a cine-camera. 

The microscope can be used to produce e l e c t r o n d i f f r a c t i o n 

p a t t e r n s from which the c r y s t a l l o g r a p h i c o r i e n t a t i o n s can be 

determined. 

7.2 THE ELECTRON MICROSCOPE. 

At the time of w r i t i n g , the Seimens Elmiskop i s probably the 

e l e c t r o n microscope i n most general use. This has a t h e o r e t i c a l 

r e s o l v i n g power of 3 A and a p r a c t i c a l one of 5 A. There i s 

a l s o the Metro-Vickers E. M. 6. capable of a r e s o l v i n g power of 

5 A, and the complex new P h i l l i p s e l e c t r o n microscope. 

P r a c t i c a l r e s o l u t i o n i s g e n e r a l l y reduced by aberrations and 

s c a t t e r i n g to about 20 to 30 A. S p h e r i c a l aberration presents 

the outstanding problem. 

The specimen used i s from 50 A to 5000 A th i c k , and as the 

depth of f i e l d i s about 7000 A the bulk of the f o i l i s i n focus 



F i g . 50. Bright and dark f i e l d images. 
( A f t e r Siemens •Elmiskop I ' ) . 
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at the same time. T h i s large depth of focus i s u s e f u l i n that 

photographic p l a t e s may be placed below the plane of. the viewing 

screen, and when photographing the l a t t e r a c t s as a shutter. 

The image formation i s shown i n the F i g . (49) . The 

i l l u m i n a t i n g e l e c t r o n beam i s d i f f r a c t e d by the c r y s t a l l i n e object 

to produce a d i f f r a c t i o n pattern i n the back f o c a l plane of the 

o b j e c t i v e l e n s . The recombination of the Bragg r e f l e c t i o n s to 

form an image i s prevented by the s p h e r i c a l aberration of the 

object l e n s . The image, formed e s s e n t i a l l y by the d i r e c t beam 

and the low angle s c a t t e r i n g , i s c a l l e d a bright f i e l d image. 

The c o n t r a s t i s produced by the d i f f e r e n c e s i n d i f f r a c t e d i n t e n s i t y 

from v a r i o u s parts of the specimen. The Bragg r e f l e c t i o n s are 

prevented from c o n t r i b u t i n g to the f i n a l image by means of an 

aperture placed behind the o b j e c t i v e l e n s . This method of 

c o n t r a s t i s known as "Bragg c o n t r a s t " . See F i g . (50). 

7.3 ELECTRON DIFFRACTION. 

I t i s often necessary to c o r r e l a t e d e t a i l on the e l e c t r o n 

micrograph with c r y s t a l l o g r a p h i c o r i e n t a t i o n s ; to achieve t h i s 

e l e c t r o n d i f f r a c t i o n patterns of s e l e c t e d areas of the micrograph 

are r e q u i r e d . The back f o c a l plane of the o b j e c t i v e lens i n 

which the d i f f r a c t i o n pattern i s formed i s focused onto the screen 

by reducing the strength of the intermediate l e n s . By i n s e r t i n g 

the appropriate aperture, d i f f r a c t i o n patterns can be obtained 

from areas of '3', -3" , or ^ micron diameter. 



r e f l e c t i n g 
sphere 

F i g . 51. The r e f l e c t i n g sphere c o n s t r u c t i o n . 
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To i n t e r p r e t these d i f f r a c t i o n p a t t e r n s , c o n s i d e r the 

r e c i p r o c a l l a t t i c e and r e f l e c t i n g sphere c o n s t r u c t i o n , see 

F i g . (51). 

I f t h e e l e c t r o n beam i s c l o s e t o a prominent zone a x i s o f 

the c r y s t a l then the d i f f r a c t i o n p a t t e r n w i l l be the p r o j e c t i o n 

o f a prominent zone i n the r e c i p r o c a l l a t t i c e . The number o f 

s pots a p p e a r i n g on t h e e l e c t r o n d i f f r a c t i o n p a t t e r n s o f s i n g l e 

c r y s t a l r e g i o n s o f a m e t a l f o i l decrease as the s i z e o f the 

a p e r t u r e i s decreased. This i m p l i e s t h a t the area s e l e c t e d 

c o n s i s t s o f r e g i o n s which are bent w i t h r e s p e c t t o each o t h e r . 

Many micrographs show e x t i n c t i o n c o n t o u r s , see P l a t e (37). 

These occur when the f o i l i s b u c k l e d or bent, and are caused by 

the s t r o n g s c a t t e r i n g o f the e l e c t r o n beam i n t o Bragg r e f l e c t i o n s . 

The wavelength o f the e l e c t r o n s i s O.Ok A, and the r a d i u s o f 

the r e f l e c t i n g sphere, which i s equal t o the r e c i p r o c a l o f the 

w a velength, i s v e r y l a r g e . Even so, the above shows t h a t i t i s 

not s u f f i c i e n t t o c o n s i d e r a l l the spots on the e l e c t r o n 

d i f f r a c t i o n p a t t e r n are due t o the i n t e r s e c t i o n o f the r e f l e c t i n g 

sphere, c o n s i d e r e d e s s e n t i a l l y as a plane, v ; i t h the r e c i p r o c a l 

l a t t i c e p o i n t s which have a f i n i t e s i z e dr^ , dr^^, and dr^ . The 

r e c i p r o c a l l a t t i c e and the r e f l e c t i n g sphere c o n s t r u c t i o n g i v e s 

the d i r e c t i o n o f d i f f r a c t e d waves. The r e c i p r o c a l l a t t i c e o f a 

F.C.C. s t r u c t u r e i s B.C. and s e v e r a l prominent zones are 

r e c o g n i s a b l e by i n s p e c t i o n o f the d i f f r a c t i o n p a t t e r n s , see 

F i g . (52). 
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The m e t a l f o i l s are mounted a p p r o x i m a t e l y p e r p e n d i c u l a r t o 

the i n c i d e n t beam. The c r y s t a l l o g r a p h i c d i r e c t i o n o f the e l e c t r o n 

beam and the f o i l normal w i l l thus c o i n c i d e , e n a b l i n g the normal 

t o t h e f o i l t o be determined. The data r e q u i r e d f o r the 

micrographs may be determined g r a p h i c a l l y , u s i n g a stereogram, 

and a g r e a t c i r c l e p e r p e n d i c u l a r t o t h i s normal i s the plane o f 

the f o i l . 

Due t o the g r e a t depth o f focus the area observed w i l l remain 

i n focus i f the f o i l normal d e v i a t e s as much as 7 deg. from the 

beam d i r e c t i o n . 

The m i s o r i e n t a t i o n o c c u r r i n g across s u b - g r a i n boundaries, 

and w i t h i n g r a i n s , can be determined by the s p l i t t i n g o f the spots 

on t h e d i f f r a c t i o n p a t t e r n . The method i s l i m i t e d t o d i f f e r e n c e s 

i n o r i e n t a t i o n s o f g r e a t e r than % deg. by the r e s o l u t i o n o b t a i n e d 

on t h e micrograph p l a t e . 

7.^ THE PREPARATIOH OF THIN FOILS FOR THE TR.^^SMISSION 

ELECTRON MICROSCOPE. 

I t was thought from work on b i o l o g i c a l specimens t h a t the 

i d e a l specimen s i z e was 100 t o 200 A t h i c k . The apparent 

i m p o s s i b i l i t y o f t h i s r e t a r d e d development u n t i l i n 19^5 i t was 

found t h a t f o i l s o f t h i c k n e s s 200 t o 2000 A co u l d be used w i t h 

success. 

The d e s i g n and c o n s t r u c t i o n o f e l e c t r o n microscopes i s f a r 

i n advance o f te c h n i q u e s o f p r e p a r i n g specimens. These are 



71. 

t h r e e methods used f o r p r e p a r i n g metals f o r examination, namely 

(a) D e p o s i t i o n , ( b ) Deformation, and ( c ) D i s s o l u t i o n . 

(a) Both e l e c t r o l y s i s and d e p o s i t i o n o f evaporated metal 

produce f o i l s which u n f o r t u n a t e l y are not r e p r e s e n t a t i v e o f 

b u l k m a t e r i a l , f o r example d i s l o c a t i o n d e n s i t y i s found t o be 

v e r y h i g h . Great care must t h e r e f o r e be e x e r c i s e d i n how 

r e s u l t s are i n t e r p r e t e d . G e n e r a l l y speaking, the r e s u l t s are 

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

( b ) The d e f o r m a t i o n method i n v o l v e s b e a t i n g sheets o f m e t a l , 

such as g o l d or p l a t i n u m , between sheets o f l e a t h e r . T h i s 

produces v e r y deformed specimens which prove u n s a t i s f a c t o r y 

f o r b u l k m a t e r i a l e x a m i n a t i o n . I t i s p o s s i b l e t o c u t t h i n 

m e t a l s l i c e s u s i n g a microtome, and a diamond k n i f e . As the 

arm r o t a t e s i t expands due t o h e a t i n g and t h i n s l i c e s are cut 

o f f the specimen. These drop i n t o water. The s l i c e s are 

about 200 A t h i c k , and t h i s method can be used f o r a l l o y s as 

the r e l a t i v e p o s i t i o n o f p a r t i c l e s remains unchanged. 

( c ) The d i s s o l u t i o n method i s the most i m p o r t a n t . A s u i t a b l e 

a c i d i s used t o t h i n down the specimen. One must use pure 

m e t a l s or s i n g l e phase a l l o y s , p r o v i d e d o f course a s u i t a b l e 

e t c h i n g reagent i s o b t a i n e d . The method cannot be used f o r 

m u l t i p h a s e a l l o y s . 

T h i n n i n g by e l e c t r o l y t i c p o l i s h i n g was s t a r t e d by H e i d e n r e i c h 

(19^9), and c o n t i n u e d by Castaing (195'f). They s t u d i e d aluminium 

and aluminium-copper a l l o y s . I n the l a t t e r , a f o i l about 100jj-
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t h i c k i s c u t t o shape and i n s u l a t e d w i t h l a c a m i t e , except f o r a 

s m a l l area about 2 cm. diameter. The f o i l i s t h e n p o l i s h e d a t 

10 V . D.C. i n 65% phosphoric a c i d , l6% chromic a c i d , 13% s u l p h u r i c 

a c i d , and Zk% water. A c u r r e n t o f 0.5 amps./cm.^ i s used, and the 

t e m p e r a t u r e should be 70 deg. C, 

The Bollmann t e c h n i q u e (see Bollmann, 1956) uses the a r r a n g 

ement shown i n F i g . (53). \Vhen d e a l i n g w i t h F.C.C. chrome l8%, 

n i c k e l l 8 % s t e e l , the method uses a d i s c shaped specimen o f 2 cm. 

d i a m e t e r , and 0.2 mm. t h i c k . T h i s a c t s as the anode. The p o i n t s 

are a d j u s t e d t o be about 1 mm. from the specimen, and once a hole 

i s produced, t h i s d i s t a n c e i s i n c r e a s e d t o 1 cm. so t h a t a r e g i o n 

c l o s e t o t h e hole i s p r e f e r e n t i a l l y a t t a c k e d . A new hole opens 

and t h i s i s c o n t i n u e d u n t i l b o t h h o l e s j o i n . I n t h i s r e g i o n are 

many t h i n fragments. These tend t o be wedge shaped. T h i s i s an 

advantage, as then t h e most s u i t a b l e t h i c k n e s s f o r o b s e r v a t i o n can 

be found, and a l s o the s t r a i n f i e l d s are p r e s e r v e d . See F i g . (55) • 

Another method f o r beaten aluminium f o i l i s t o cut squares o f 

about 2 cm. s i d e s , immerse i n 0.5 t o 1.0% h y d r o f l u o r i c a c i d i n 

water and remove when p i n h o l e s appear, u s u a l l y a f t e r about 2 

minutes. 

7.5 MOUNTING OF THE SPECIMEN. 

Having prepared t h e specimen, i t i s mounted on a p l a t f o r m 

which i s a g r i d o f woven s t a i n l e s s s t e e l , or copper, or p l a t i n u m 

a l l o y , t h e mesh being about 200 l i n e s t o the i n c h . Using the 
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Seimens Elmiskop o p e r a t i n g a t 80 K.V., the e l e c t r o n beam i s 

focused by the two condenser lenses t o a c i r c u l a r spot between 2 

and 5^ diameter on t h e specimen. V/hen the f o i l i s thus heated 

l o c a l l y by the i n t e n s e e l e c t r o n beam, t h e r e i s a l a r g e temperature 

g r a d i e n t i n the f o i l . Even so, the r i s e i n temperature o f the 

specimen i s l i t t l e more t h a n 20 deg. C. The g r a d i e n t produces 

s t r e s s e s which cause d i s l o c a t i o n s t o move i n the f o i l . 

7.6 C0NTRA.ST IN THE IMAGE. 

I n d i v i d u a l d i s l o c a t i o n s are v i s i b l e on the f l u o r e s c e n t screen 

as l i n e s , d o t s , and networks. The h i g h c o n t r a s t o f a s i n g l e 

d i s l o c a t i o n i s due t o d i s t o r t i o n o f the s u r r o u n d i n g l a t t i c e over 

a d i s t a n c e o f the o r d e r o f 100 A, which a f f e c t s the l o s s o f 

e l e c t r o n s from t h e imaging beam by d i f f r a c t i o n o u t s i d e the 

o b j e c t i v e a p e r t u r e . 

Most o f the c o n t r a s t i n the e l e c t r o n micrographs i s due t o 

d i f f e r e n c e s i n d i f f r a c t e d i n t e n s i t y from d i f f e r e n t p a r t s o f the 

specimen. The d i f f r a c t e d beams are prevented from r e a c h i n g the 

image by a s u i t a b l e a p e r t u r e i n the o b j e c t i v e l e n s , and the 

e l e c t r o n s l o s t i n t h i s way g i v e r i s e t o c o n t r a s t . I t i s some

times advantageous t o remove the e l e c t r o n s d i r e c t l y t r a n s m i t t e d 

t h r o u g h t h e specimen and t o form the image by a p r o p o r t i o n o f the 

s c a t t e r e d e l e c t r o n s , thus f o r m i n g a l i g h t image on a dark 

background, c a l l e d a dark f i e l d image. This helps t o d i f f e r 

e n t i a t e between areas o f o n l y s l i g h t l y d i f f e r e n t c o n t r a s t , or 
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s c a t t e r i n g power, which would be d i f f i c \ i l t t o d i s t i n g u i s h u s i n g a 

b r i g h t f i e l d . 

The d i s l o c a t i o n s are seen as dark l i n e s o r d o t s . Many o f 

the p a t t e r n s o f d i s l o c a t i o n s are s i m i l a r t o those observed i n 

s i l v e r h a l i d e s by M i t c h e l l e t a l . , and sodium c h l o r i d e by 

Amelinckx, a l t h o u g h i n t h i s case d i s l o c a t i o n s are spaced a t 

d i s t a n c e s o f o n l y 100 A compared w i t h Ip- i n i n o r g a n i c c r y s t a l s . 

The d i s l o c a t i o n arrangement i n a h e a v i l y deformed and recovered 

m e t a l i s s i m i l a r t o t h a t i n the w e l l - a n n e a l e d i n o r g a n i c c r y s t a l s . . 

The o n l y d i f f e r e n c e i s i n the s c a l e o f the arrangement. 

7.7 EXTINCTION CONTOURS AND INTERFERENCE FRINGES. 

Dark e x t i n c t i o n c o n t o u r s are o f t e n seen, and these are due t o 

bending and b u c k l i n g o f the f o i l . They are formed where the f o i l 

i s o r i e n t e d so t h a t the beam i s s t r o n g l y r e f l e c t e d from a 

p a r t i c u l a r s e t o f Bragg planes. On t i l t i n g t he i l l u m i n a t i o n or 

the specimen th r o u g h angles o f about 1 deg. or 2 deg., e x t i n c t i o n 

c o n t o u r s move, whereas d i s l o c a t i o n l i n e s remain f i x e d . 

I n t e r f e r e n c e f r i n g e s are a l s o seen. These are due t o the 

d i r e c t beam, and the beam d i f f r a c t e d t w i c e , so t h a t they emerge 

almost p a r a l l e l . 

7.8 THE CINE CAMERA TECHNIQUE. 

Recordings o f d i s l o c a t i o n movement, and r a p i d changes, may 

be t a k e n by c i n e camera t e c h n i q u e . 



F i g . 56. The h i g h t e m p e r a t u r e stage. 

lues 

S t a c k i n g Ribbon w i d t h ergs/cm^ Ribbon 
f a u l t energy i n Burgers w i d t h 

ergs/cm'i v e c t o r s 
Cu ^0 8.5 169 2.35 
Au 33 7.5 30 7.2 
Ag 35 7.2 ^3 
N i 95 6.3 410 1.5 
A l 200 0.7 230 lA 

S t a i n l e s s 13-20 . 30 
s t e e l 
Brass 8 

F i g . 57. S t a c k i n g f a u l t e n e r g i e s . 
( A f t e r H i r s c h (1959), and a f t e r Seeger, Berner, 
and Wolf, 1959). 
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Using a Kodak c i n e S p e c i a l camera w i t h a f/0.95 a p e r t u r e l e n s , 

i t i s p o s s i b l e t o photograph the f l u o r e s c e n t screen from about 

12 cm. d i s t a n c e . The Elmiskop produces a s u f f i c i e n t l y b r i g h t 

image a t x 40,000 m a g n i f i c a t i o n t o a l l o w e x t e r n a l c i n e photography. 

High speed l6 mm. f i l m S.G.91, H.P.S. and H.P.3 have been used, 

but the u s u a l l6 frames per second i s not considered f a s t enough, 

and many o f the r a p i d movements cannot be c l o s e l y f o l l o w e d . 100 

frames per second a r e d e s i r a b l e t o g i v e a more complete p i c t u r e . 

7.9 THE HIGH TEMPERATURE STAGE. 

Whelan designed a h i g h temperature stage t o f i t i n t o the 

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

l e a d s c a r r y i n g t h e h e a t i n g c u r r e n t through a hole i n the s i d e o f 

the o b j e c t i v e l e n s . The stage does not i n t e r f e r e w i t h the normal 

o p e r a t i o n o f the microscope, and enables the specimen t o a t t a i n a 

temp e r a t u r e up t o 1100 deg. C. The h e a t i n g element d i s s i p a t e s 

v e r y l i t t l e h e a t , about 6 w a t t s a t 1000 deg. C. The specimen i s 

quenched s i m p l y by t u r n i n g o f f the c u r r e n t . The specimen mount 

c o n s i s t s o f two p l a t i n u m l e g s , and a piece o f 200 mesh s t a i n l e s s 

s t e e l , which s u p p o r t s the specimen. 

The d i r e c t c u r r e n t from a 2 v o l t b a t t e r y passes through the 

s t a i n l e s s s t e e l mesh v i a the p l a t i n u m l e g s , thus h e a t i n g the 

specimen d i r e c t l y . The end cap o f the o b j e c t h o l d e r p r e v e n t s 

r a d i a t i o n and e v a p o r a t i o n from r e a c h i n g the pole pieces o f the 

o b j e c t l e n s . To c a l i b r a t e the h e a t i n g stage a thermocouple 
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i s used, see F i g . (56). 

7.10 STACKING FAULT ENERGY. 

There i s a v a r i a t i o n i n the d i s l o c a t i o n s t r u c t u r e from metal 

t o m e t a l , which i s found t o c o r r e l a t e w i t h the s t a c k i n g f a u l t 

energy o f the m e t a l , and t h e r e f o r e w i t h the r i b b o n w i d t h o f the 

extended d i s l o c a t i o n s . I f a d i s l o c a t i o n , say on the (110) plane 

s p l i t s up i n t o two p a r t i a l d i s l o c a t i o n s on the (211) and (121) 

p l a n e s , a s t a c k i n g f a u l t i s formed between them. This was 

p r e d i c t e d by H e i d e n r e i c h and Shockley, (19^8). 

The d i s t a n c e a p a r t o f the p a r t i a l d i s l o c a t i o n s depends upon 

the s t a c k i n g f a u l t energy o f the m a t e r i a l . They are close 

t o g e t h e r i f the energy i s h i g h , as can be seen i n F i g . (57). 

D i s l o c a t i o n s i n metals w i t h low s t a c k i n g f a u l t energy, such 

as s t a i n l e s s s t e e l , have l a r g e r i b b o n w i d t h ; those w i t h h i g h 

s t a c k i n g f a u l t energy, such as aluminium, have narrow r i b b o n w i d t h , 

assuming t h e shear mo d u l i t o be equ a l . The t a b l e o f s t a c k i n g 

f a u l t e n e r g i ^ s s i s h r a t h e r u u n s a t i s f a c t o r y , as a t the moment i t i s 

not known which v a l u e s are c o r r e c t . 

7.11 DISLOCATION STRUCTURE. 

Three processes are i m p o r t a n t when c o n s i d e r i n g d i s l o c a t i o n 

s t r u c t u r e s i n a m e t a l : 

(a) The tendency f o r t h e r m a l l y a c t i v a t e d cross s l i p t o take place 

i n a m e t a l . 
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(b) The i n t e r a c t i o n when a d i s l o c a t i o n t r i e s t o cut through o t h e r 

d i s l o c a t i o n s . 

( c ) The c l i m b o f edge d i s l o c a t i o n s . 

Seeger (1957), c o n s i d e r i n g ^ t h e d i s l o c a t i o n mechanisms i n F.C.C. 

and H.C.P. c r y s t a l s , i n d i c a t e s t h a t the cr o s s s l i p o f a screw 

d i s l o c a t i o n w i l l be d i f f i c u l t i f the r i b b o n w i d t h o f the d i s l o c a t i o n 

i s l a r g e , s i n c e , i n o r d e r t o cross s l i p , a d i s l o c a t i o n must become 

c o n s t r i c t e d . T h i s means t h a t cross s l i p v / i l l be l e s s l i k e l y w i t h 

l o w e r s t a c k i n g f a u l t energy. Cine f i l m s o f aluminium and s t a i n 

l e s s s t e e l f o i l s , viewed u s i n g the e l e c t r o n microscope, c o n f i r m 

these p r e d i c t i o n s . 

I n s t a i n l e s s s t e e l and brass d i s l o c a t i o n s move along wide, 

w e l l d e f i n e d "tram l i n e s " . Cross s l i p i s r a r e l y observed. I n 

aluminium the s l i p t r a c e s are narrower and q u i c k l y disappear. 

Aluminium cross s l i p s v e ry r e a d i l y . Cross s l i p i s seen t o some 

e x t e n t i n copper and s i l v e r . 

I n a l l the m e t a l f o i l s the d i s l o c a t i o n s move w i t h a 

c h a r a c t e r i s t i c j e r k y m o t i o n, due t o p i n n i n g and unp i n n i n g a t the 

s u r f a c e . There i s a l s o r e p u l s i o n between d i s l o c a t i o n s e v i d e n t as 

they 'push' one ano t h e r a l o n g . 

The r i b b o n w i d t h o f a d i s l o c a t i o n w i l l a l s o govern the 

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

the d i s l o c a t i o n w i l l become c o n s t r i c t e d d u r i n g the i n t e r s e c t i o n . 

One would expect t h i s t o be more d i f f i c u l t i n low s t a c k i n g f a u l t 

energy m e t a l s , and t h i s i s c o m p l i c a t e d by the f a c t t h a t the 



s t r e s s 
Kgm y^mml 

0 ft 6 8 
E x t e n s i o n % 

I P - 'O /ctv^": 

q lo / 
lO - 'O /c^v.^ 

S 9 , 
(O - / O /cfw"^ 

10 30 

F i g . 58. S t r e s s - e x t e n s i o n graph w i t h d i s l o c a t i o n d e n s i t i e s 
f o r s t a i n l e s s s t e e l . 
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r i b b o n w i d t h depends p a r t l y upon the type o f d i s l o c a t i o n , b eing 

l a r g e r f o r the edge type than f o r the screw. Observations i n 

the e l e c t r o n microscope v e r i f y these f a c t s . I n s t a i n l e s s s t e e l , 

where cross s l i p and i n t e r s e c t i o n o f d i s l o c a t i o n s i s d i f f i c u l t , 

s t a c k i n g f a u l t s p i l e up, as shown i n P l a t e (47). The d i s l o c a t i o n s 

are c o n f i n e d t o t h e i r s l i p planes and s t r o n g l y h e l d up by 

d i s l o c a t i o n s on o t h e r s l i p systems t h a t i n t e r s e c t them, see 

P l a t e (48). F i g . (58) shows the s t r e s s - e x t e n s i o n curve f o r 

s t a i n l e s s s t e e l w i t h d i s l o c a t i o n d e n s i t i e s . Networks s t a r t t o 

form a t about 2% d e f o r m a t i o n . 

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

g i v i n g low energy networks, and h i g h d e n s i t y o f d i s l o c a t i o n s . 

I f alximinium i s r o l l e d o r beaten, the s u b s t r u c t u r e becomes 

v e r y complex, b e i n g broken up i n t o mozaic b l o c k s by polygon-

i z a t i o n , as shown i n P l a t e (37). D i s l o c a t i o n d e n s i t y i n c r e a s e s 

w i t h t h e a p p l i e d stressV; 

As edge d i s l o c a t i o n s are not h i n d e r e d by the movement o f 

j o g s , i t i s l i k e l y t h a t they are capable o f moving f u r t h e r i n the 

l a t t i c e t h a n are screw d i s l o c a t i o n s . Climb i n v o l v e s a d i f f u s i o n 

mechanism which i s most l i k e l y a t h i g h temperatures. I t i s 

p o s s i b l e t h a t s t r e s s a c t i v a t e d c l i m b takes p l a c e . 

7.12 THE USE OF THE THOMSON TETRAHEDRON. 

I n c o n s i d e r i n g t h e adding t o g e t h e r o f d i s l o c a t i o n s when they 

i n t e r s e c t , t h e Thomson Tetrahedron i s o f c o n s i d e r a b l e v a l u e , see 



B 

The bottom face 

F i g . 59. The Thomson Te t r a h e d r o n . 

( a ) ( c ) I n t e r a c t i o n corresponds 
t o the i n t e r s e c t i o n o f 
s l i p p l a n e s , and 
r e p r e s e n t e d by edges o f 
t e t r a h e d r o n . 

a t t r a c t i o n 
etween d i s l o c a t i o n s e q u i l i b r i u m 

network 

(b) (d) 

F i g . 60. I n t e r a c t i o n between d i s l o c a t i o n s . 
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Fig. (59). 

The edges of the tetrahedron represent d i s l o c a t i o n s and the 

faces ( i l l ) planes, i . e . the planes on which the movement of 

d i s l o c a t i o n s i s most common i n F.C.C. c r y s t a l s . 

I f we consider the i n t e r s e c t i o n of di s l o c a t i o n s represented 

by DC i n plane dL , and CB i n plane ^ , the r e s u l t a n t w i l l be 

given by DB i n the plane cL . 

i . e . DC + CB = DB See Fig. (60). 

Such i n t e r a c t i o n s are important i n determining networks. 

Possible i n t e r a c t i o n s are; Description: 
+ CB_ = _DB_ G l i s s i l e i n ai . 

di. S ot 
DC C A 

= DA Cannot g l i d e at a l l . Acts as S a b a r r i e r . (Lomer-Cottrell) 

+ = 0 Very strong i n t e r a c t i o n leading 
to a n i h a l a t i o n . 

DC CA DA . . „ — — + — - — Gl i s s x l e i n p . 

I t i s also possible to consider i n t e r a c t i o n s , taking i n t o account 

s p l i t t i n g of d i s l o c a t i o n s , 

DC = DoL + oLC. 

CB = C<S * cf B, shown i n Fig. ( 6 l ) . 

Triangular stacking f a u l t s r e s u l t from d i s l o c a t i o n i n t e r a c t i o n . 

I n t h i s case each node must be s u f f i c i e n t l y f a r away from the 

other d i s l o c a t i o n t o avoid long range i n t e r a c t i o n , see Fig. (62). 

These are possible i n metals of low stacking f a u l t energy. 



o'- plane 

plane 

Fig. 61, I n t e r a c t i o n and s p l i t t i n g of d i s l o c a t i o n s . 
Fig. 62. Triangular stacking f a u l t . 

F ig. 63. The formation of a ' s t a i r - r o d ' d i s l o c a t i o n . 





Plate 37. Substructure i n aluminium annealed a t 350 
deg. C. a f t e r beating at room temperature. 
( A f t e r Hirsch, Home, and Whelan, 1957). 
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Plate 38. A sub-boundary i n aluminium, c o n s i s t i n g of 
uniformly spaced d i s l o c a t i o n s . ( x 132,000) 
( A f t e r Hirsch, Horne, and Whelan, 1957). 





Plate 39. B r i g h t f i e l d micrograph showing sub-boundaries 
and d i s l o c a t i o n s i n aluminiiim. ( x 66,000) 
( A f t e r Hirsch, Horne, and Whelan, 1957). 





Plate kO. Dark f i e l d micrograph of same area as i n 
Plate 39. ( X 66,000) 
( A f t e r Hirsch, Horne, and IVhelan, 1957). 
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A ' s t a i r - r o d ' d i s l o c a t i o n can r e s u l t from a Lomer-Cottrell 

i n t e r a c t i o n , 

e.g. _CB _A2_ ̂  

CD = Cdt +o(.D 

AC = A<S +6C 

Then cSC + CoL= cfoc See Fig. (63). 

This i s a s t a i r rod d i s l o c a t i o n j o i n i n g one plane to the other. 

7.13 THE INTERPRETATION OF OBSERVATIONS AND PHOTOGRAPHS. 

Plates (37) to (^3) are micrographs obtained using aluminium 

f o i l s , and Plates (kk) to (48) were taken using s t a i n l e s s s t e e l 

specimens. 

Plate (37) shows substructure i n aluminium, the average 

subgrain size being about 1 ^ , and the average angular 

m i s o r i e n t a t i o n about 13̂  deg. E x t i n c t i o n contours may be seen at 

A. This specimen had been annealed at 350 deg. C. a f t e r beating 
10 

at room temperature. The d i s l o c a t i o n density i s about 10 /sq. cm. 

On increasing the magnification the boundaries are seen to be made 

up of i n d i v i d u a l d i s l o c a t i o n s , seen on the micrograph as uniformly 

spaced l i n e s or dots as i n Plate (38). The observed spacings of 

the d i s l o c a t i o n s i s found to agree w i t h the calculated values 

expected from the mis o r i e n t a t i o n s . 

Plates (39) and (kO) enable comparison of a b r i g h t and a 

dark f i e l d micrograph of the same region. The contrast at 

di s l o c a t i o n s i s evident, and t h i s i s due to the strong d i f f r a c t i o n 
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Plate kl. Bowed-out d i s l o c a t i o n s i n aluminium, (x 132,000) 
( A f t e r Hirsch, Horne, and Whelan, 1957). 





Plate k2. Cross s l i p i n aluminium. ( x 132,000) 
( A f t e r Hirsch, Home, and Whelan, 1957). 
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P l a t e ^5af b, and c. Sequence showing moving d i s l o c a t i o n s 
i n aluminium. ( x 132,000) 
( A f t e r H i r s c h , Home, and Whelan, 1957). 



81. 

of e l e c t r o n s i n the neighbourhood of d i s l o c a t i o n s . 

Bowed-out d i s l o c a t i o n s are shown i n P l a t e ( 4 l ) . This e f f e c t 

i s probably due to l o c a l s t r a i n , and parts being retarded due to 

pinning. 

P l a t e ( 4 2 ) i s an e x c e l l e n t i l l u s t r a t i o n of cross s l i p by the 

screw d i s l o c a t i o n mechanism. A s i n g l e d i s l o c a t i o n has t r a n s f e r r e d 

from one s l i p plane to another. Mott and Frank predicted t h i s , 

(see Mott 1 9 5 1 ) and, using the transmission e l e c t r o n microscope 

technique, i t has been seen on many occasions. This e f f e c t has 

not been observed i n s t a i n l e s s s t e e l , and indeed i t i s not 

expected to occur, (see s e c t i o n 7 . 1 1 ) . 

Slowly moving d i s l o c a t i o n s are shown i n sequence i n P l a t e s 

( 4 3 a , b, and c ) . I t i s l i k e l y that the movement i n d i c a t e d i s 

s i m i l a r to creep. I n d i v i d u a l d i s l o c a t i o n s are seen within sub-

boundaries, and some of these are l a b e l l e d to show the movement 

which takes place. A ; B , C, and E are d i s l o c a t i o n s , and D a 

g r a i n boundary. The l a t t e r disappears between P l a t e s ( 4 3 a and b). 

D i s l o c a t i o n H has followed.the i r r e g u l a r path HIJ. 

The P l a t e ( 4 4 ) shows pile-ups of d i s l o c a t i o n s i n a l i g h t l y 

r o l l e d specimen of s t a i n l e s s s t e e l . I n P l a t e ( 4 5 ) the specimen 

has been deformed 2-5% by r o l l i n g , and the hexagonal network i s 

c l e a r l y seen. The d i s l o c a t i o n s are p i l e d up on a ( 1 1 1 ) plane. 

P i l e - u p s , each c o n s i s t i n g of about 25 evenly spaced d i s l o c a t i o n s , 

are shown i n P l a t e ( 4 6 ) . 

P l a t e s ( 4 7 a to g) are a sequence of photographs showing 



P l a t e kk. P i l e ups i n a l i g h t l y r o l l e d specimen of 
s t a i n l e s s s t e e l . ( x 3 5 ^ 0 ) 
( A f t e r '.Vhelan, H i r s c h , Home, and Bolliman, 1957). 
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P l a t e 45, A s t a i n l e s s s t e e l specimen deformed 2.5% by 
r o l l i n g . A hexagonal network and p i l e d up 
d i s l o c a t i o n s can be seen. 
( A f t e r Whelan, Hir s c h , Horrie, and Bolliman, 1957). 





P l a t e 46. P i l e - u p s c o n s i s t i n g of r e g u l a r l y spaced 
d i s l o c a t i o n s . 
( A f t e r Whelan, Hirsch, Home, and Bolliman, 1957). 
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P l a t e h7. a to g. Sequence of photographs from a region 
which i n c l u d e s a twin boundary, i n s t a i n l e s s 
s t e e l . Stacking f a u l t s between p a r t i a l 
d i s l o c a t i o n s are seen. They are wide at high 
s t r e s s e s . The d i s l o c a t i o n s are moving, and i n 
(g) the s t a c k i n g f a u l t s have been removed by 
the moving up of the back p a r t i a l s . 
( A f t e r Whelan, Hirs c h , Home, and Bolliman, 1957). 
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P l a t e 48 a and b. Sequence of photographs showing the 
movement of p a r t i a l d i s l o c a t i o n s with s t a c k i n g 
f a u l t s on two systems. S t a i r rod d i s l o c a t i o n s 
may be seen. 
( A f t e r Whelan, 1959). 



s l i p plane 
Burgers vector 

edge f o i l 
d i s l o c a t i o n i n c r e a s i n g i n length 

F i g . 6 4 . The n u c l e a t i o n of a d i s l o c a t i o n at the edge of a 
t h i n f o i l . 
( A f t e r Whelan et a l , 1957) 

B 

F i g . 65. Steps at the edge of a f o i l . 

T 
1 

I 
Fig-. 66. The e f f e c t of thinning down the metal. 
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d i s l o c a t i o n s c l o s e to a twin boundary. Many of the d i s l o c a t i o n s 

are s p l i t up i n t o p a r t i a l s with stacking f a u l t s . The 

d i s l o c a t i o n s are l a b e l l e d and t h e i r movements can be followed. 

The s t a c k i n g f a u l t s seen i n ( f ) have been removed i n ( g ) , due to 

the back p a r t i a l s moving up. 

F i n a l l y , i n P l a t e s (48a and b), movements of p a r t i a l 

d i s l o c a t i o n s i n s t a i n l e s s s t e e l are again shown. In the region 

are s t a c k i n g f a u l t s on two systems with a s t a i r - r o d d i s l o c a t i o n 

at S. 

I n t h i n f i l m s , under the e l e c t r o n beam, d i s l o c a t i o n s may be 

observed running i n from the edge of the f o i l . I t has been 

shown t h e o r e t i c a l l y by Whelan, Hirsch, Home, and Bolliman (1957) 
that d i s l o c a t i o n s are expected to form near the edge. The l o c a l 

s t r e s s necessary to nucleate a d i s l o c a t i o n at an edge i s shown to 

be only about one seventh that required i n bulk m a t e r i a l . The 

general s t r e s s e s e x i s t i n g i n a m a t e r i a l are considered to be 

about one f i f t h the s t r e s s to form a d i s l o c a t i o n at the edge. 

At the edge of the f o i l can be seen steps showing 

displacement normal to s l i p , see F i g . (65). BC gives a magnified 

p i c t u r e of DC. I f the angle <p i s known, the s l i p step DC can 

be determined. I n tension, the s l i p i s i n regular steps, see 

F i g . (67). 
I n f a t i g u e, s l i p a l t e r n a t e s i n d i r e c t i o n s , as shown i n 

F i g . (68). 
There i s the important question of how r e p r e s e n t a t i v e t h i n 



F i g . 67. Steps at the edge of a f o i l . 

F i g . S l i p due to f a t i g u e . 
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f o i l s are of the bulk m a t e r i a l from the point of d i s l o c a t i o n 

d i s t r i b u t i o n . I f , for instance, there i s a p i l e d up group of 

d i s l o c a t i o n s , and the metal i s thinned down, as i n F i g . (66), one 

would expect some of these d i s l o c a t i o n s to be a t t r a c t e d to the 

su r f a c e . The l i n e s w i l l be a t t r a c t e d by t h e i r mirror image. 

This group could s t i l l be recognised. 

According to Hirs c h , i n p r a c t i c e d i s l o c a t i o n s p a r a l l e l to 

the s u r f a c e do tend to shorten, but some long d i s l o c a t i o n s are 

seen. The pinning e f f e c t at the surface helps d i s l o c a t i o n s to 

remain i n p o s i t i o n , and on the whole the thinning down does not 

have much e f f e c t on d i s l o c a t i o n s . 

X-ray data, considered l a t e r , agrees with that from e l e c t r o n 

microscopy. 

The r e l a t i o n s h i p between the number of d i s l o c a t i o n s per unit 

length of a low-angled boundary, and the angular misorientation 

of the adjacent subgrains, as determined by e l e c t r o n d i f f r a c t i o n , 

agrees with the t h e o r e t i c a l values. The average spacing of such 

d i s l o c a t i o n s i n s t a i n l e s s s t e e l l i e s between 100 and 200 A when 

the angxilar m i s o r i e n t a t i o n i s about 1 deg. 

7.1k THE USE OF ELECTRON MICROSCOPE OBSERVATIONS TO INVESTIGATE 

CERTAIN PROPERTIES OF METALS. 

Accurate measurements of d i s l o c a t i o n density have been made 

by B a i l e y (1958) on s i l v e r , a metal of intermediate stacking 

f a u l t energy. 



700 C. 

800 C, 

3 0 
Time (hours) Aging time (hours) 

F i g . 69. F i g . 70. 

wire clamps 

gold wire 

microscope and s c a l e 

F i g . 71. Method of measuring dimensional changes i n a wire. 

volume 

r e s i s t x v x t y 

y i e l d s t r e s s 

Aging time 

F i g . 72. 
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Using f o i l s 0.005 inches t h i c k , he measured the t o t a l length 

of d i s l o c a t i o n l i n e s i n a given area. 

Extension % D i s l o c a t i o n density. 

32 6.8 X lo'Vcmf 

21 5.2 X 10'%m^ 

11 2.2 X 10'7cm^ 

The lengths were worked out knowing t h e i r p r o j e c t i o n s and 

angles of i n c l i n a t i o n . S l i p t r a c e s were used to estimate the 

t h i c k n e s s of the f o i l . 

B a i l e y compared the values of the energy stored i n a cold 

worked metal with the density of d i s l o c a t i o n s introduced, and h i s 

values agreed remarkably with those.predicted by the e l a s t i c 

theory of d i s l o c a t i o n s , i . e . 

Work done Heat r e l e a s e d Stored energy 
= + 

on metal during deformation i n metal 

The energy st o r e d i n a cold worked metal i s released on 

annealing at s u f f i c i e n t l y high temperatures. B a i l e y used an 

isothermal microcalorimeter to measure the rate of r e l e a s e of the 

stored energy on annealing. 

Dealing mainly with pure metals, Hirsch, S i l c o x , Smallman, 

and Westmacott (1958), S i l c o x and Hirsch (1959), and Thomas and 

Whelan (1959), have studied phenomena when metals are quenched 

a f t e r heat treatment, and a l s o the e f f e c t s of i r r a d i a t i o n . They 

found vacancies to be the predominant defect. After heating, 

the metal contains mainly vacancies and a few (about 10 /cmf ) 





P l a t e ^9. H e l i c a l d i s l o c a t i o n s i n alurainium-if% copper 
quenched from 550 deg. C. ( x 60,000) 
( A f t e r Thomas and Whelan, 1959). 



h e l i c a l 
d i s l o c a t i o n 

vacancies c o l l e c t 
at jogs 

F i g . 73. The development of a h e l i c a l d i s l o c a t i o n . 

Radius i n A 

Txme m seconds 

F i g . 7k. The s h r i n k i n g of loops during anneal. 
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d i s l o c a t i o n s . 

The e l e c t r i c a l r e s i s t i v i t y p of the metal gives an idea of 

the number of vacancies present, 

p = /0(T) + /3(D) 

p(T) i s temperature dependent. 

p ( D ) i s defect dependent. 

Vacancies can move around i n a metal, and t h i s takes place 

during heat treatment. F i g . (69) shows how r e s i s t i v i t y decays at 

higher temperatures. Meanwhile the y i e l d s t r e s s of the metal 

i n c r e a s e s . F i g . (70). They used gold wire to i n v e s t i g a t e changes 

i n volume when quenched. Results suggest that vacancies are 

c o l l a p s i n g and being removed as the temperature f a l l s , see F i g . (72). 

There are s e v e r a l p o s s i b l e ways i n which vacancies may be 

removed. The following could act as s i n k s : 

a. Surface. 

b. Grain boundaries. 

c. Impurity atoms. 

d. D i s l o c a t i o n l i n e s , 

1. at jogs, 

2. at screws. 

e. Coalesce with other vacancies to give d i s c shaped, or s p h e r i c a l 

c a v i t i e s . . 

The vacancies trapped at screw d i s l o c a t i o n build i t up to 

give a h e l i c a l d i s l o c a t i o n , see F i g . (73) and P l a t e (49). The 

d i s c shaped c a v i t i e s c o l l a p s e forming r i n g d i s l o c a t i o n s containing 
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P l a t e 50. D i s l o c a t i o n loops i n aluminium quenched from 
about 600 deg. C. i n t o i c e d brine and aged at 
room temperature. ( x 60,000) 
( A f t e r S i l c o x , unpublished). 
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P l a t e 51. Loops i n neutron i r r a d i a t e d copper. The 
copper was i r r a d i a t e d to 5«6 x 10 n cm'i 
i n bulk and then thinned. ( x 210,000) 
(A f t e r S i l c o x and Hi r s c h , 1959). 
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s t a c k i n g f a u l t s i n t h e i r c e ntres. I n aluminium a loop i s 

nucleated, but not i n gold. I f a loop i s nucleated, i t sweeps 

away the st a c k i n g f a u l t g i v i n g a prismatic d i s l o c a t i o n . 

The concentration of loops i s lo'Vcc. and t h e i r s i z e about 

200 A diameter. I n a f o i l about 1000 A thickness, the d i s l o c a t i o n 
/a-, 

density i s about 10 /cc. This agrees with r e s i s t i v i t y measurements. 
14 

I f the density i s 5.x 10 / c c , and the diameter of the loop 350 A, 

the vacancy concentration i s 6 x 10 . R e s i s t i v i t y methods give 

a vacancy concentration betv;een 8 x 10 and 2 x 10 . 

Experiments with bulk m a t e r i a l i n d i c a t e the loops have a 

greater diameter, but the dependence of r e s i s t i v i t y on 

concentration of loops due to vacancies, i s w e l l e s t a b l i s h e d . 

S i m i l a r loops p a r t i c i p a t e i n the mechanism of quench, 

hardening i n d i f f e r e n t metals, see Pl a t e (50), as predicted by 

Jones and M i t c h e l l (I958) a f t e r experiments with the h y s i l spheres 

i n s i l v e r h a l i d e s . 

I n neutron i r r a d i a t e d copper loops of 50 A diajneter are seen 

as dots. Increased i r r a d i a t i o n enlarges the loops to about 300 A, 

and a l s o i n c r e a s e s the density of the loops, see Pl a t e (51). 

The e f f e c t of i r r a d i a t i o n i s to make d i s l o c a t i o n s joggy, and to 

pin them at various points, hardening the metal. The loops can 

be annealed out by heating. They shrink r a p i d l y at a rate of 

about 10 A/sec. for loops of rad i u s 250 A. The loops shrink 

f a s t e r as t h e i r r a d i i decrease, see F i g . ( 7 ^ ) . Also d i s l o c a t i o n s 

tend to become smoother, probably due to climb. 





P l a t e 52. Annealing loops out on the hot stage. The 
aluminium specimen i s at a temperature of 
about 187 deg. C., and photographs were taken 
at one minute i n t e r v a l s . ( x 6o,000) 
( A f t e r S i l c o x and Whelan, I96O) 
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The disappearance o f loops i s p r o b a b l y the reverse o f t h e i r 

f o r m a t i o n process, vacancies b e i n g g i v e n o u t . The s h r i n k i n g 

o f l o o p s can be f o l l o w e d u s i n g c i n e sequences as shown i n 

P l a t e (52). 

The o b s e r v a t i o n s o f t h i n f i l m s agree w i t h t h e o r e t i c a l 

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

o f the l o o p s are g r e a t e r . 

I n c o n c l u s i o n one may say t h a t the t r a n s m i s s i o n e l e c t r o n 

microscope t e c h n i q u e i s most v a l u a b l e f o r checking and a m p l i f y i n g 

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

c o n t i n u o u s phenomena a t a c o n t r o l l e d temperature p r o v i d e s a 

power f v i l t o o l t o the study o f d i s l o c a t i o n s , and s o l i d s t a t e 

p h y s i c s i n g e n e r a l . With e x i s t i n g lenses the present r e s o l v i n g 

power o f 5 A c o u l d p r o b a b l y be reduced t o 2-3 A. The e f f e c t s o f 

t h e e l e c t r o n beam on the specimen present the l i m i t i n g f a c t o r s . 

There i s displacement o f the specimen due t o impact o f the beam, 

and due t o f l u c t u a t i o n s i n the e l e c t r i c a l s u p p l y , and t o s t r a y 

f i e l d s . The beam a l s o causes c o n t a m i n a t i o n o f the specimen due 

t o i t s t h e r m a l e f f e c t . Carbon i s d e p o s i t e d a t the r a t e o f about 

1 A per second. I t i s thought t o come from r e s i d u a l m a t e r i a l on 

the i n n e r w a l l s o f t h e microscope. The r e d u c t i o n o f these 

d e f e c t s t o g i v e a r e s o l v i n g power o f about 3 A, should enable more 

s t r u c t u r e s i n m e t a l s t o be made v i s i b l e . 



PART 8. 

THE USE OF MOIRE PATTERNS TO STUDY DISLOCATIONS, 



I 

P l a t e 53. O p t i c a l analogue showing t h e f o r m a t i o n o f 
Moire p a t t e r n s . 
( a ) With p a r a l l e l g r a t i n g s w i t h d i f f e r e n t 

s p a c i n g . 
(b ) With l i k e g r a t i n g and a s m a l l r e l a t i v e 

r o t a t i o n . 
( A f t e r B a s s e t t , Menter, and Pashley, 1959). 



P l a t e 5^. O p t i c a l analogues i l l u s t r a t i n g f o r m a t i o n o f 
Moire p a t t e r n s when one g r a t i n g c o n t a i n s a 
d i s l o c a t i o n . 
( A f t e r Pashley, Menter, and B a s s e t t , 1957). 



C r y s t a l , ̂ Spacings 

1 Moire spacings 
j ( A ) when combined 
w i t h p a r a l l e l 
' g o l d ^ 

M o i r e 
m a g n i f i c a t i o n 

M 

M e t a l '(022) (if 22) (022) (^22) 

N i c k e l 1.2k b.719 9.2 5.3 7.k 

Cobalt 1.26 0.725 9.8 5.7 7.8 
Copper 1.28 0.737 11.3 6.5 8.8 
Rhodium 1.3^ 0.773 ; 19.7 11.4 1̂ .7 
P a l l a d i u m 1.37 0.792 29 17 21 
P l a t i n u m 1.38 0.798 35 20 25 

F i g . 75. ( A f t e r B a s s e t t , Menter, and Pashley, 1958). 
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8.1 INTRODUCTION. 

The r e s o l v i n g power o f the e l e c t r o n microscope used f o r 

d i r e c t o b s e r v a t i o n has been s t a t e d t o be not l e s s than 5 A. For 

spacings below t h i s f i g u r e an i n d i r e c t method must be used, by 

f o r m i n g Moire p a t t e r n s between two o v e r l a p p i n g c r y s t a l s . I n 

t h i s way spacings o f even l e s s than 1 A may be s t u d i e d , B a s s e t t , 

Menter, and Pashley (1958). 

The c o n d i t i o n i s s i m i l a r t o t h a t o b t a i n e d i n o p t i c s by 

Abbe (1837). 

8.2 THE PRODUCTION OF MOIRE PATTERNS. 

C o n s i d e r i n g t h e o p t i c a l analogue, i f we have two s l i g h t l y 

d i f f e r e n t l y spaced l a t t i c e s , and superimpose one on the o t h e r , 

the r e s u l t a n t image i s a Moire p a t t e r n , see P l a t e (53). 

I n P l a t e (5^) f i v e spacings o f the f i r s t g r a t i n g have the 

same w i d t h as s i x spacings i n the second g r a t i n g . The f i r s t 

g r a t i n g i s p e r f e c t , the second has an edge d i s l o c a t i o n . When 

pl a c e d p a r a l l e l , the r e s u l t i n g Moire p a t t e r n i s e f f e c t i v e l y the 

m a g n i f i e d image o f t h e d i s l o c a t e d g r a t i n g . I t may have been 

i m p o s s i b l e t o r e s o l v e t h e s i n g l e l a t t i c e b ut p o s s i b l e t o observe 

the d i s l o c a t i o n i n the Moire p a t t e r n . 

Moire p a t t e r n s are formed u s i n g the e l e c t r o n microscope by 

the d i r e c t beam and the beam d i f f r a c t e d t w i c e by the two c r y s t a l s . 

The two beams emerge not q u i t e p a r a l l e l . 

I f t h e spa c i n g o f the g r a t i n g s i s d, and d^ r e s p e c t i v e l y . 
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then t h e spa c i n g o f t h e Moire p a t t e r n : 

D = d, dz = Md, 
d,-d, . 

Where M = Moire M a g n i f i c a t i o n 

_ d, See F i g . (75). 

We are c o n s i d e r i n g here the image o f the g r a t i n g w i t h d 

sp a c i n g s , by p u t t i n g the o t h e r g r a t i n g on t o p o f i t . 

I t can be shown t h a t i f one c r y s t a l i s r o t a t e d through an 

angle 6 w i t h r e g a r d t o the o t h e r , then the Moire p a t t e r n w i l l 

r o t a t e t h r o u g h an angle to where 

m = Ma 

T h i s i n d i c a t e s t h a t t h e p a r a l l e l Moire p a t t e r n s are very 

s e n s i t i v e t o l a t t i c e d i s t o r t i o n s , o r misalignment o f the two 

l a t t i c e s . 

8.3 THE STUDY OF DISLOCATIONS. 

The number o f e x t r a h a l f - l i n e s i s a measure o f the Burgers 

v e c t o r p e r p e n d i c u l a r t o the planes r e s o l v e d , but t h e r e i s no 

d i r e c t evidence i n such images t o a l l o w d i s t i n c t i o n t o be made 

between t h e d i f f e r e n t types o f d i s l o c a t i o n . Most o f the work 

has been c a r r i e d out u s i n g f i l m s about 200 A t h i c k , but r e s u l t s 

are p o s s i b l e f o r f i l m s r a n g i n g i n t h i c k n e s s between 50 A and 

1000 A. 
To use Moire p a t t e r n s one needs an e x t e n s i v e s i n g l e c r y s t a l 

f i l m w h ich may be prepared by an e v a p o r a t i o n method. The 



P l a t e 55. Moire p a t t e r n formed by s u p e r p o s i t i o n o f 
s i n g l e c r y s t a l f i l m s o f g o l d and p a l l a d i u m 
so t h a t t h e i r l a t t i c e p l anes are p a r a l l e l . 
A d i s l o c a t i o n can be observed near t h e t o p 
l e f t hand c o r n e r o f the p i c t u r e . ( x 260,000) 
( A f t e r B a s s e t t , Menter, and Pashley, 1958). 
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F i g . 76 b. The appearance o f p a r t i a l s and t h e i r 
a s s o c i a t e d s t a c k i n g f a u l t s i n the p r o j e c t e d 
image o f (220) planes. P, and P^ are the 
two p a r t i a l s . 
( A f t e r B a s s e t t , Menter, and Pashley, 1958). 
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specimens are prepared by two d i f f e r e n t t e c h n i q u e s : 

( a ) t h e second c r y s t a l i s d e p o s i t e d by e v a p o r a t i o n onto the f i r s t . 

( b ) t h e two c r y s t a l s are prepared s e p a r a t e l y , and then 

superimposed. 

The second method i s p r e f e r r e d as i t g i v e s a more r e g u l a r l y 

spaced p a t t e r n . 

To d e t e c t a d i s l o c a t i o n the f o l l o w i n g c o n d i t i o n s are r e q u i r e d : 

( a ) t h e d i s l o c a t i o n l i n e must pass through one f i l m o n l y . 

( b ) the Burgers v e c t o r o f the d i s l o c a t i o n l i n e must have a 

component p e r p e n d i c u l a r t o the l a t t i c e p l anes, which g i v e r i s e 

t o t h e p a t t e r n s . 

P l a t e (55) shows a Moire p a t t e r n formed by the s u p e r p o s i t i o n 

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

planes are p a r a l l e l . 

I f a d i s l o c a t i o n i n the F.C.C. system i s s p l i t i n t o two 

p a r t i a l d i s l o c a t i o n s , the s e p a r a t i o n o f the two p a r t i a l s depends 

upon the s t a c k i n g f a u l t energy. According t o Seeger (1955)* the 

e q u i l i b r i u m s e p a r a t i o n s are 35 A f o r copper, 7 A f o r aluminium, 

l8 A f o r n i c k e l , and l60 A f o r c o b a l t . 

When the s e p a r a t i o n i s l e s s than one Moire p a t t e r n spacing, 

i t i s not d i s t i n g u i s h a b l e from an u n s p l i t d i s l o c a t i o n . 

The number o f h a l f - l i n e s due t o p a r t i a l d i s l o c a t i o n s i s g i v e n 

i n F i g . (76). Here the r e a c t i o n [)4 o] ^[l2l] + [2II , 
r e l a t i n g t h e Burgers v e c t o r s o f the complete L d i s i o c i t i o i i ̂  to.Jthe 

Burgers v e c t o r s o f th e two p a r t i a l d i s l o c a t i o n s i n the F.C.C., 



P l a t e 56. Sequence showing the movement of a d i s l o c a t i o n . Films 
of j-old nnd palladium were used. The d i s l o c a t i o n A 
i n (a) has moved to B i n (b) and then to C i n ( c ) . 
This has been accompanied by d i s l o c a t i o n D i n (a) 
moving to E. ( x 1.800,000) 
( A f t e r B a s s e t t , Menter, and Pashley, 1958). 
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i s c o n s i d e r e d , see H e i d e n r e i c h and Shockley (19^8). The 

appearance o f the p a r t i a l s i s shown i n F i g . (76). 

Movement o f d i s l o c a t i o n s has been seen d u r i n g o b s e r v a t i o n o f 

Moire p a t t e r n s . T h i s i s p r o b a b l y due t o the l o c a l i z e d h e a t i n g 

caused by the e l e c t r o n beam. 

I t has not proved p o s s i b l e t o r e c o r d movements by means o f 

c i n e t e c h n i q u e s , as, due t o the h i g h m a g n i f i c a t i o n s r e q u i r e d t o 

produce the p a t t e r n s , t h e r e i s not s u f f i c i e n t l y h i g h i n t e n s i t y . 

Photographs have been taken i n sequence, P l a t e (56), but r a p i d 

movements escape unobserved, (see B a s s e t t , Menter, and Pashley, 

1958). 

8.k CONCLUSION. 

Moire p a t t e r n s are c l e a r l y o f value due t o the hi g h r e s o l v i n g 

power o b t a i n e d , f o r t h e d e t e c t i o n and e s t i m a t i o n o f the d e n s i t y 

o f d i s l o c a t i o n s . They a l s o t e l l us much about the Burgers v e c t o r 

o f a d i s l o c a t i o n . 

One disadvantage o f the method i s the p o s s i b l y u n d e s i r a b l e 

i n f l u e n c e due t o the i n t e r f a c e between the two s e c t i o n s . Also, 

i t i s not easy t o d i s t i n g u i s h between types o f i m p e r f e c t i o n s . 

For i n s t a n c e , l a r g e aggregates o f vacancies c o u l d be mistaken f o r 

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

Consequently g r e a t care must be used i n the i n t e r p r e t a t i o n 

o f o b s e r v a t i o n s . 



PART 9. 

THE USE OF REPLICA TECHNIQUES IN THE STUDY OF METAL 

SPECIMENS WITH THE ELECTRON MICROSCOPE. 
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9.1 INTRODUCTION. 

Ob j e c t s too t h i c k t o be s t u d i e d by t r a n s m i s s i o n e l e c t r o n 

microscopy can be examined by r e p l i c a t i o n . 

R e p l i c a t e c h n i q u e s have two main a p p l i c a t i o n s i n the study 

o f m e t a l s . The f i r s t o f these i s i n the h i g h r e s o l u t i o n s tudy o f 

the s u r f a c e topography i n c l u d i n g s l i p l i n e s , cleavage s t e p s , e t c h 

p i t s , and o t h e r d e t a i l . The second a p p l i c a t i o n i s i n the use o f 

the r e p l i c a t o e x t r a c t p a r t i c l e s o f second phase from the m a t r i x . 

Such p a r t i c l e s may be examined d i r e c t l y i n the microscope, and 

by s u b s i d i a r y t e c h n i q u e s such as e l e c t r o n d i f f r a c t i o n , and by 

X-ray methods. 

To be s u i t a b l e f o r e l e c t r o n microscopy, a r e p l i c a must meet 

c e r t a i n r a t h e r e x a c t i n g r e q u i r e m e n t s . I t must be t r a n s p a r e n t t o 

the e l e c t r o n beam, i t must be s t r u c t u r e l e s s so t h a t any s t r u c t u r e 

seen i s t h a t o f the specimen s u r f a c e from which i t i s taken, and 

i t must be able t o w i t h s t a n d the e l e c t r o n beam and the necessary 

h a n d l i n g . 

9.2 TYPES OF REPLICA. 

The f o l l o w i n g t y p e s o f r e p l i c a s are commonly used: 

(a) P l a s t i c r e p l i c a s . 

( b ) P l a s t i c - c a r b o n r e p l i c a s . 

( c ) D i r e c t carbon or s i l i c o n monoxide r e p l i c a s . 

(d) Oxide r e p l i c a s . 

( e ) T r i p l e r e p l i c a s . 



p l a s t i c f i l m 
1400 A 

c r y s t a l 

I n t e n s i t y 
o f image 

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

F i g . 77. The p l a s t i c r e p l i c a . 
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( a ) P l a s t i c R e p l i c a s . 

T h i s i s a s i n g l e stage process, p r o d u c i n g a neg a t i v e 

r e p l i c a . I t i s prepared by f l o w i n g a s o l u t i o n ( e . g . formvar 

d i s s o l v e d i n dioxane) over the s u r f a c e o f the specimen. The 

t h i c k n e s s o f the f i l m i s determined by the c o n c e n t r a t i o n o f the 

s o l u t i o n , but i n d e c i d i n g the t h i c k n e s s a compromise has t o be 

made. The r e p l i c a must not be too t h i n , as i t i s then e a s i l y 

damaged when s t r i p p i n g , but must be made as t h i n as p o s s i b l e t o 

g i v e t h e best c o n t r a s t when viewed i n the e l e c t r o n microscope. 

The t h i c k n e s s used i s about 1^00 A. 

As t h i s r e p l i c a i s d i f f i c u l t t o s t r i p o f f the specimen 

s u r f a c e , a b a c k i n g l a y e r i s o f t e n used t o p r o t e c t the p l a s t i c . 

T h i s b a c k i n g i s d i s s o l v e d o f f b e f o r e v i e w i n g i n the e l e c t r o n 

microscope. 

The s u r f a c e c o n t o u r s o f the m e t a l are thus reproduced as 

d i f f e r e n c e s i n t h i c k n e s s o f the f i l m , which produce the image by 

v i r t u e o f t h e d i f f e r e n t i a l e l e c t r o n t r a n s m i s s i o n , see F i g . (77). 

I t i s p o s s i b l e t o take successive r e p l i c a s up t o about 10 

w i t h o n l y s l i g h t l o s s o f d e t a i l . T h i s i s an i m p o r t a n t advantage, 

The r e p l i c a s are not m e c h a n i c a l l y s t r o n g and are e a s i l y 

s t r a i n e d , p r o d u c i n g s t r a i n l i n e s . The p l a s t i c tends t o 

d i s i n t e g r a t e under t h e e l e c t r o n beam, and i f water i s pr e s e n t i n 

the r e p l i c a s f o g g i n g r e s u l t s . A i r bubbles produce s p o t s . 

The method i s simple and does not damage the s u r f a c e o f t h e 

specimen. 



m e t a l s u r f a c e 

v//my// 

p l a s t i c 
-̂ • -•• i^'/it^-j;;.'.; r e p l i c a 

^ ^ ^ ^ ^ ^ ^ ^ 
^ carbon ( t h i c k n e s s - 100)A) 

^ K ^ ^ ^ ^ p o s i t i v e r e p l i c a o f m e t a l 
-^..^.ssss.......vf^^^^^^^^^^^^^^^^^^ s u r f a c e 

F i g . 78. P l a s t i c - c a r b o n r e p l i c a . 
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The r e s o l v i n g power i s l i m i t e d by the s i z e o f the molecules 

i n the f i l m , and due t o s c a t t e r i n g of e l e c t r o n s by the f i l m . I t 

i s i n t h e r e g i o n o f 200 A. 

(b) P l a s t i c - c a r b o n R e p l i c a s . 

These are o b t a i n e d by means o f a two stage process and are 

p o s i t i v e r e p l i c a s . A t h i c k , p l a s t i c r e p l i c a produced as d e s c r i b e d 

i n ( a ) i s r e p l i c a t e d w i t h carbon. The p l a s t i c i s then d i s s o l v e d , 

l e a v i n g a p o s i t i v e carbon r e p l i c a o f the specimen s u r f a c e . 

The method does not damage the specimen s u r f a c e , and i t i s 

p o s s i b l e t o get a r e s o l v i n g power o f about 50 A. The f i l m s are 

ve r y s t a b l e i n t h e e l e c t r o n beam. 

The disadvantages are t h a t i t i s more d i f f i c u l t t o see p i t s 

and s t e p s t h a n w i t h t h e d i r e c t r e p l i c a , and being a two-stage 

method, i t takes a l o n g e r time t o produce. See F i g . (78). 

( c ) D i r e c t R e p l i c a s . 

T h i s i n v o l v e s t h e e v a p o r a t i o n o f carbon or s i l i c o n monoxide 

d i r e c t l y onto the s u r f a c e o f the specimen. Greater r e s o l v i n g 

power i s o b t a i n e d , but the specimen s u r f a c e i s destroyed on 

s t r i p p i n g o f f the r e p l i c a . The carbon r e p l i c a method was devised 

by B r a d l e y , (195^). 

The carbon e x h i b i t s v e r y l i t t l e s e l f - s t r u c t u r e a t the 

r e s o l u t i o n s used. I t has been used t o study the tempering o f 

s t e e l , and g i v e s a r e s o l v i n g power o f about 15 A. The s t e e l i s 

etched i n 5% N i t a l , and then carbon evaporated from an arc f o r 

2 seconds. T h i s g i v e s a 200 A t h i c k f i l m which i s s t r i p p e d i n 
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5% N i t a l . The carbon f i l m s are q u i t e s t r o n g and easy t o handle. 

B r a d l e y has used f i l m s as t h i n as 25 A. 

S l i p steps on «C brass can be c l e a r l y seen u s i n g t h i s type o f 

r e p l i c a . The brass i s p o l i s h e d i n 6?% o r t h o p h o s p h o r i c a c i d , 

deformed 30% t o ^0%, and t h e carbon f i l m evaporated onto i t . 

The r e p l i c a i s s t r i p p e d i n 10% h y d r o c h l o r i c a c i d , 30% n i t r i c a c i d . 

The carbon f i l m i s a l s o used i n the e x t r a c t i o n r e p l i c a method 

o f N u t t i n g and Smith (1956) t o s t u d y the arrangement o f 

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

(d) Oxide R e p l i c a s . 

Oxide r e p l i c a s have been used s u c c e s s f u l l y f o r aluminium and 

aluminium a l l o y s . A t h i n s u r f a c e l a y e r o f the specimen i s 

c o n v e r t e d t o oxide a n o d i c a l l y , and t h e oxide l a y e r used as the 

e l e c t r o n microscope r e p l i c a . The f i l m must be o f u n i f o r m 

t h i c k n e s s as t h i s c o n t r o l s the d e n s i t y o f the image. 

C o n t r a s t and r e s o l u t i o n are v e r y good. The f i l m s are 

m e c h a n i c a l l y s t r o n g , easy t o handle, and not a f f e c t e d by the 

e l e c t r o n beam. 

The disadvantage i s s i m i l a r t o the d i r e c t r e p l i c a method as 

the s u r f a c e o f .the specimen i s d e s t r o y e d on s t r i p p i n g the oxide 

r e p l i c a . See K e l l e r and G e i s l e r (19^7). 

( e ) T r i p l e R e p l i c a s . 

I f a m a t e r i a l w i l l not e t c h , or i f e t c h i n g i s u n d e s i r a b l e , 

s p e c i a l methods must be employed. 

One method i s t o prepare a p l a s t i c r e p l i c a o f the specimen 



specimen 

t o pump 

c o l l i m a t e d 
t o g i v e 
sharp 
shadow 

m e t a l 
( or carbon) 

vacuum 
(ld"''-10 mm. 
o f mercury) 

\ t u n g s t e n f i l a m e n t t o 
evaporate m e t a l 

F i g . 79. Shadow c a s t i n g apparatus, 
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s u r f a c e , and then evaporate a t h i n l a y e r o f aluminium onto the 

p l a s t i c r e p l i c a . F o l l o w i n g t h i s , an oxide r e p l i c a i s made from 

the aloifflinium f i l m . 

Another method would be t o evaporate a t h i n f i l m o f aluminium 

d i r e c t l y onto the specimen s u r f a c e . T h i s must be a continuous 

t h i n l a y e r about 10 A t h i c k . A carbon f i l m i s evaporated on t o p 

o f t h e aluminium, and the aluminium then d i s s o l v e d away. Some 

d e t a i l i s obscured by the i n t e r v e n i n g aluminium f i l m . 

9.5 SHADOWING. 

For the c o a r s e r s t r u c t u r e s , t h e methods considered p r o v i d e 

f a i r l y s a t i s f a c t o r y i n f o r m a t i o n . For a l l types o f s t r u c t u r e , 

however, shadowing a s s i s t s i n d e t e c t i n g d e t a i l . See F i g s . (79)1 (80) 

T h i s i s u s u a l l y a^ccomplished by s t r i p p i n g the r e p l i c a from 

th e specimen, t h e n p l a c i n g t h i s r e p l i c a i n a vacuum chamber, 

evacuated by a mercury pump, and e v a p o r a t i n g carbon onto the 

r e p l i c a . The r e p l i c a i s t i l t e d a t an angle to the source o f the 

e v a p o r a t i n g m e t a l so t h a t the vapour, t r a v e l l i n g i n s t r a i g h t l i n e s , 

i s d e p o s i t e d on the c o n t o u r s o f the r e p l i c a a t an o b l i q u e angle. 

When viewed, the shadowing i n d i c a t e s the geometry o f the s u r f a c e 

as i t would appear when o b l i q u e l y i l l u m i n a t e d , and so g i v e s a 

t h r e e d i m e n s i o n a l e f f e c t . I f the l e n g t h o f shadow and the angle 

of i l l u m i n a t i o n are measured, the s t e p h e i g h t s may be e s t i m a t e d . 

Shadow...casting a t an angle o f 45 deg. i s found t o be s u c c e s s f u l i n 

producing, s h o r t shadows which do not obscure too many o f the 



p l a s t i c r e p l i c a 

specimen 
^ s u r f a c e 

r e p l i c a s t r i p p e d from specimen 

shadow 
angle shadow 

appearance i n 
microscope g i v i n g 
3-dimensional 
e f f e c t 

F i g . 80. Shadowing. 
( A f t e r Teague, 1955). 
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s t r u c t u r a l f e a t u r e s , and i s much e a s i e r t o i n t e r p r e t . 

Shadowing can be a p p l i e d t o a l l the methods consid e r e d , and 

i s u s e f u l up t o a p o i n t , b ut i t does obscure some d e t a i l . 

9.k THE METHODS OF PREPARATION OF THE SPECIMENS. 

The s u r f a c e i s f i r s t o f a l l p o l i s h e d t o r e v e a l the t r u e 

s t r u c t u r e o f the m a t e r i a l . E l e c t r o p o l i s h i n g has proved 

s u c c e s s f u l i n many cases, but i t does sometimes g i v e a conto u r 

p a t t e r n c h a r a c t e r i s t i c , not o f t h e m e t a l , but o f the p a r t i c u l a r 

e l e c t r o l y t i c p o l i s h i n g t r e a t m e n t . Mechanical p o l i s h i n g i s not 

s a t i s f a c t o r y as one cannot e l i m i n a t e a t h i n s u r f a c e l a y e r o f 

fl o w e d m e t a l . 

For t h e be s t r e s u l t s w i t h oxide r e p l i c a s , chemical p o l i s h i n g 

i s employed. A v e r y s u c c e s s f u l method i s c a l l e d the Alcoa R5 

B r i g h t Dip, p a t e n t e d by the Aluminium Company o f America. This 

i n v o l v e s f i r s t l y g r i n d i n g , and p o l i s h i n g the specimen, and then 

d i p p i n g f o r between two and t h r e e minutes. This produces an 

e x c e l l e n t p o l i s h , and r e v e a l s many f i n e m i c r o s t r u c t u r a l l i n e s . 

A f t e r p o l i s h i n g , t h e aluminium specimen i s deformed. I t i s 

the n etched t o determine t h e s u r f a c e o r i e n t a t i o n . Etch p i t s 

appear on (100) p l a n e s . These, as w e l l as g i v i n g the 

o r i e n t a t i o n , can be used t o measure s l i p d i s t a n c e s . 

The m e t a l s u r f a c e i s next o x i d i z e d under c o n t r o l l e d 

c o n d i t i o n s . Films o f between 200 A and kOO A t h i c k n e s s are i d e a l . 

They are c u t t o s i z e f o r the e l e c t r o n microscope specimen h o l d e r . 



r e p l i c a 

i n t e n s i t y 

I o r i e n t a t i o n g i v e s h 
1 • from t h i s v a l u e 

F i g . 81. Measurement o f s t e p h e i g h t u s i n g r e p l i c a . 
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F i g . 82. E x t r a c t i o n r e p l i c a f o r t h e e x a m i n a t i o n o f 
c o n s t i t u e n t p a r t i c l e s . 
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9.5 APPLICATIONS OF THE REPLICA METHODS. 

A l l m e t a l specimens except t h i n f i l m s are opaque t o the 

e l e c t r o n beam. R e p l i c a s are used t o study s u r f a c e f e a t u r e s and 

p r o v i d e i n f o r m a t i o n r e g a r d i n g s l i p bands, g r a i n boundaries, 

f r a c t u r e s u r f a c e s , and o t h e r f e a t u r e s , see F i g . ( 8 l ) . They are 

v e r y u s e f u l when used i n c o n j u n c t i o n w i t h d i r e c t o b s e r v a t i o n o f the 

specimen, u s i n g t h e e l e c t r o n microscope. C o r r e l a t i o n between 

s u r f a c e f e a t u r e s and i n t e r n a l s t r u c t u r e may t h u s be observed. 

Both carbon and oxide r e p l i c a methods are u s e f u l as 

' e x t r a c t i o n r e p l i c a s ' t o exsimine f i n e c o n s t i t u e n t , and p r e c i p i t a t e 

p a r t i c l e s . These a r e u s u a l l y r e t a i n e d i n p l a c e i n the r e p l i c a , 

p e r m i t t i n g the d e t e r m i n a t i o n o f t h e i r s i z e and shape, and o f t h e i r 

d i s t r i b u t i o n . P r e c i p i t a t e p a r t i c l e s a t g r a i n boundaries, and 

w i t h i n g r a i n s , can be shown. 

An example o f t h i s i s i n t h e study o f t h e aging o f aluminium 

c o n t a i n i n g a s m a l l amount o f copper. Copper p a r t i c l e s i n the 

s u r f a c e are slow t o o x i d i s e and become a t t a c h e d t o the oxide f i l m 

w i t h t h e r e s u l t t h a t d i f f e r e n c e s i n d e n s i t y o f t h e image w i l l be 

produced depending upon the o p p o s i t i o n o f the p a r t i c u l a r p a r t i c l e s 

t o the e l e c t r o n beam. As shown i n F i g . (82) some p a r t i c l e s may 

be c o m p l e t e l y d i s s o l v e d . 

Thomas and N u t t i n g (1959) observed h e l i c a l d i s l o c a t i o n s i n 

aluminium 4% copper a l l o y s quenched from the s o l i d s o l u t i o n 

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

m icroscopy, and t o o k o x i d e r e p l i c a s from samples o f the a l l o y . 



P l a t e 57. T h i n f o i l o f 
, specimen quenched 
; from 540 aeg. C, 

( X 40,000) 
( A f t e r Thomas and 
N u t t i n g , 1959). 

P l a t e 58. Oxide r e p l i c a from 
specimen quenched 
from 540 deg. C. and 
aged 84 hours a t I65 
deg. C. ( X 40,000) 
( A f t e r Thomas and 
N u t t i n g , 1959). 

P l a t e 59. T h i n f o i l o f 
specimen quenched 
from 540 deg. C. 
( X 30,000) 
( A f t e r Thomas and 
N u t t i n g , 1959). 
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They found the h e l i c e s t o have axes p a r a l l e l t o [ l i o j d i r e c t i o n s . 
P l a t e (57) shows the d i s l o c a t i o n s i n a t h i n f o i l viewed along 
t h e i r l e n g t h . P l a t e (58) shows an oxide r e p l i c a w i t h the 
p r e f e r e n t i a l p r e c i p i t a t i o n o f copper atoms on the edge 
components o f t h e h e l i c a l d i s l o c a t i o n s . P l a t e (59) shows 
h e l i c e s i n a t h i n f o i l observed on i n c l i n e d s l i p planes. 
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X-RAY METHODS. 



x - r a y 
tube 

t a r g e t 

specimen 

- f i l m ( i ) Contact m i c r o r a d i o g r a p h y . 

specimen 

curved m i r r o r 

f i l m 
( i i ) R e f l e c t i o n from a curved s u r f a c e . 

specimen 

f i l m 

f i l m t a r g e t 

( i i i ) P r o j e c t i o n by a source 
(low m a g n i f i c a t i o n ) . 

( i v ) P r o j e c t i o n by an 
u l t r a - f i n e focus 
( h i g h d i r e c t 
m a g n i f i c a t i o n ) . 

F i g . 83. The types o f X-ray microscope. 
( A f t e r C o s s l e t t , 1957). 
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10.1 INTRODUCTION. 

X-rays have s e v e r a l p r o p e r t i e s which make them usefu l for 

m i c r o i n v e s t i g a t i o n . They have short wavelengths, i n the order of 
-4-

10 microns compared with O.k to 0.7 microns f o r v i s i b l e l i g h t rays. 

This promises a high r e s o l v i n g power, comparable with that a t t a i n e d 

using the e l e c t r o n microscope, as the r e s o l v i n g power of an o p t i c a l 

system i s proportional to the wavelength used. X-rays a l s o have 

great powers of penetration and may be passed through m a t e r i a l s 

opaque to l i g h t . 

A great advantage of X-rays, i n common with the e l e c t r o n 

microscope, i s that a n a l y s i s may be combined with microscopy. 

Unfortunately, the r e f r a c t i v e index of m a t e r i a l s for X-rays i s 

too c l o s e to unity for t h e i r use with lenses to be p r a c t i c a b l e . 

R e f l e c t i o n , contact, and shadow p r o j e c t i o n methods are used and 

d e s c r i p t i o n s of these, and t h e i r a p p l i c a t i o n s , may be found i n the 

book edited by C o s s l e t t , Engstrom, and Pattee (1957), and papers 

by C o s s l e t t and Nixon (1953), and Nixon (1955). See F i g . ( 8 3 ) . 

The shadow p r o j e c t i o n method allows higher r e s o l u t i o n and i s 

simpler than the other methods. The p r i n c i p l e of the microscope 

i s shown i n F i g . (.8k). 

A point source of X-rays i s used to p r o j e c t shadow images. 

The s i z e of the e l e c t r o n spot on the target governs the s i z e of 

the X-ray source, which i n turn controls the sharpness of the 

image and the r e s o l u t i o n a t t a i n a b l e . As the source decreases 

i n s i z e , longer exposure times are required. Using sources of 



e l e c t r o n beam X-rays 

F i g . 84. Shadow p r o j e c t i o n microscope, 
( A f t e r C o s s l e t t , 1957). 
C 
G 
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T 

cathode 
g r i d 
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t a r g e t 

S =.-specimen 
L = magnetic l e n s t o converge 

e l e c t r o n beam 
P = p h o t o g r a p h i c p l a t e 

F i g . 85. Two-mirror f o c u s i n g system o f a r e f l e c t i n g 
microscope. 
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diameter about 0.1|r, a r e s o l v i n g power o f 1^, which i s b e t t e r 

than t h a t o f o p t i c a l microscopes, has been achieved. C o s s l e t t 

and Nixon (1953) c o n s i d e r the best p o s s i b l e p r a c t i c a l r e s o l v i n g 

power t o be i n t h e r e g i o n o f 100 A. This i s governed by the 

f i n e n e s s o f t h e e l e c t r o n beam, and w i t h e x i s t i n g apparatus the 

exposure times would be o f the o r d e r o f hours. C o r r e c t i o n o f the 

s p h e r i c a l a b e r r a t i o n o f e l e c t r o n l enses w i l l enable an i n c r e a s e i n 

tube c u r r e n t , g i v i n g a more i n t e n s e source. A cathode o f h i g h e r 

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

R e f l e c t i o n microscopes use m i r r o r systems t o focus the X-rays, 

see F i g . (83). The X-rays are t o t a l l y r e f l e c t e d a t an a i r - s o l i d 

s u r f a c e , and the c r i t i c a l g l a n c i n g angle f o r X-rays o f wavelengths 

o f about 1 A i s o f the o r d e r o f 0.1 deg. f o r aluminimn, and 0.5 

deg. f o r g o l d or p l a t i n u m . Grazing i n c i d e n c e i s necessary f o r 

e f f i c i e n t r e f l e c t i o n , and f o c u s i n g takes place o n l y i n the plane 

o f i n c i d e n c e . Thus, t o focus rays from a p o i n t o b j e c t , a second 

m i r r o r normal t o t h e f i r s t must be used, as shown i n F i g . (85). 

The p r a c t i c a l r e s o l v i n g power i s about l ^ ^ , but w i t h more p e r f e c t 

' m i r r o r s a r e s o l u t i o n o f 500 A i s l i k e l y . The problem o f 

R e f l e c t i o n Microscopy i s t r e a t e d by P. K i r k p a t r i c k , (1957). 

The a v a i l a b i l i t y o f a p l a t e (Gevaert P l a t e s , ' S c i e n t i a ' 

s e r i e s , 9E 50 Lippmann emulsion type 400539) w i t h a very f i n e 

g r a i n s i z e has enabled Votava, Berghezan, and G i l l e t t e (1957), 

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

r a d i o g r a p h s . They s t u d i e d aluminium c o n t a i n i n g 10% s i l v e r , and 



Plate 60. Laue b a c k - r e f l e c t i o n photograph of an 
unstretched s i l v e r s i n g l e c r y s t a l . 
( A f t e r Andrade, 1950). 

Plate 61. Laue b a c k - r e f l e c t i o n photographs of a h i g h l y 
stretched s i l v e r s i n gle c r y s t a l . 
( A f t e r Andrade, 1950). 
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the r e s o l v i n g power a t t a i n e d was about O.^jy. P r e c i p i t a t i o n along 

grainboundaries, and p r e c i p i t a t i o n i n the matrix, may be c l e a r l y 

observed i n a published photograph, page 6o8 of t h e i r a r t i c l e . 

The thickness o f the f o i l s used i s about 0.0^ mm., and to 

take stereoradiomicrographs, the specimen and the f i l m are t i l t e d 

at k deg. to the X-ray besun. 

The X-ray methods already described use the selective 

transmission depending upon the d i f f e r e n t absorption c o e f f i c i e n t s 

of the c o n s t i t u e n t s . They reveal only differences i n chemical 

composition, and thus cannot be applied to pure metals. Selective 

(Bragg) r e f l e c t i o n may, however, be used w i t h pure metals. 

The e f f e c t s of d i s l o c a t i o n networks on d i f f r a c t i o n w i l l be 

considered, followed by a d e s c r i p t i o n of successful methods used 

to observe i n d i v i d u a l d i s l o c a t i o n s . 

10.2 X-RAY DIFFRACTION. 

Von Laue i n 1912 r e a l i z e d that the ordered arrangement of 

atomsjj. or molecules, i n c r y s t a l s f u l f i l l e d the conditions 

e s s e n t i a l f o r the d i f f r a c t i o n of the short wave X-rays. The 
- • 8 

spacing between the atoms was known to be of the order of 10 cm. 

Unlike an ordinary g r a t i n g , a c r y s t a l acts as a space g r a t i n g 

r a t h e r than a plane g r a t i n g . 

On allo w i n g a narrow p e n c i l of X-rays to pass through a t h i n 

c r y s t a l and to f a l l on a photographic p l a t e , the d i f f r a c t i o n 

p a t t e r n obtained consists of a series of spots arranged i n a 



x-ray 
tube 

Fig. 86. Von Laue's apparatus. 
A, B, and C = small apertures i n lead screens. 

S = specimen. 
P = photographic p l a t e . 

r e f l e c t i n g 
planes 

Fig. 87. R e f l e c t i o n of X-rays at close-packed planes. 
Reinforcement takes place when the path 
d i f f e r e n c e CB + BD - KI\ 

i . e . when 2d sinS =n\. 
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d e f i n i t e p a t t e r n . Plate (62) i s a photograph of the pattern 

produced by passing a f i n e beam of X-rays through a c r y s t a l of 

cubic s t r u c t u r e . The general arrangement o f the apparatus i s 

shown i n Fig. (86) . 

An i n t e r p r e t a t i o n of the d i f f r a c t i o n p a t tern was given by 

Bragg. He assumed that the d i f f r a c t i o n spots are produced by 

X-rays which are scattered from c e r t a i n close-packed planes of 

atoms w i t h i n the c r y s t a l . Bragg's equation n\= 2dSiV\8 gives 

the c o n d i t i o n f o r reinforcement of X-rays r e f l e c t e d from a series 

of atomic planes, where n i s the order of spectrum, N- the wave

length of the X-rays, d the separation of the planes, and B the 

angle between the planes and the i n c i d e n t beam. The Laue method 

uses 'white ' r a d i a t i o n so that the above co n d i t i o n may be 

f u l f i l l e d f o r several sets of planes at the same time. See Fig. (8?) 

Comparatively few sets of p a r a l l e l planes are s u f f i c i e n t l y r i c h , i n 

atoms t o produce intense d i f f r a c t i o n spots, and the number of 

spots i s usually small, see Plates (62), (63), and (6^+). 

10.3 THE EFFECT OF DEFORMATION ON THE DIFFRACTION PATTERN. 

An unstretched s i n g l e c r y s t a l gives d i s t i n c t Laue spots, see 

Plate (60) . When the single c r y s t a l i s stretched each of the 

spots becomes extended i n t o a l i n e as shown i n Plate ( 6 I ) . 

This extension of spots i s due to the existence i n the c r y s t a l of 

planes r o t a t e d through small angles w i t h respect to each other. 

The hardening of a s i n g l e c r y s t a l i s found to be pr o p o r t i o n a l to 



Plate 62. Fine beam of X-rays 
passing through a 
c r y s t a l of cubic 
s t r u c t u r e . 
( A f t e r Andrade, 1956). 

Plate 63. Fine beam of X-rays 
passing through a 
c r y s t a l of hexagonal 
s t r u c t u r e . 
( A f t e r Andrade, 19^6) 

Plate 64. Fine beam of X-rays 
r e f l e c t e d back from 
a s i n g l e c r y s t a l o f 
gold. 
( A f t e r Andrade, 1956). 

Plate 65. Fine beam of X-rays 
r e f l e c t e d back from 
a p o l y c r y s t a l l i n e 
specimen of gold. 
( A f t e r Andrade, I956) 
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the spread of angle i n d i c a t e d by the extension of the spots, 

Andrade (1950). 

I n a p o l y c r y s t a l l i n e specimen, consisting of many small 

c r y s t a l s , a l l angles are represented, r e s u l t i n g i n many spots 

which combine to give continuous clear c i r c l e s as shown i n 

Plate (65). 

1 0 . X - R A Y SCATTERING BY DISLOCATIONS. 

Sca t t e r i n g by s i n g l e d i s l o c a t i o n s can be determined 

t h e o r e t i c a l l y from expressions f o r the displacements associated 

w i t h them, see C o t t r e l l (1953), and Nabarro (1952). 

The dynamical theory of X-ray d i f f r a c t i o n applies to a large 

s i n g l e c r y s t a l . The e f f e c t s of m u l t i p l e s c a t t e r i n g and 

i n t e r f e r e n c e among waves r e f l e c t e d from a l l planes are taken i n t o 

account. The theory i n d i c a t e s that the perfect c r y s t a l w i l l be 

completely transparent t o X-rays except i n very small regions of 

r e f l e c t i o n angle corresponding to the ordinary Bragg r e f l e c t i o n s , 

where t o t a l r e f l e c t i o n occurs. The width of these regions i s a 

few seconds of arc. Generally, i n p r a c t i c e , t h i s so c a l l e d 

dynamical theory breaks down as l o c a l defects destroy the 

conditions necessary f o r the exacting phase r e l a t i o n s h i p s to hold. 

The simpler kinematical theory of d i f f r a c t i o n i s more 

applicable to such a case. I n t h i s theory, m u l t i p l e s c a t t e r i n g 

i s neglected, and the i n t e n s i t y of the mu l t i p l e beam i s assumed 

to be constant throughout the m a t e r i a l . This gives a smoothed-out 
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i n t e n s i t y p r o f i l e f o r each r e f l e c t i o n , and not the t o t a l r e f l e c t i o n 

of the dynamical theory. Nevertheless, i n most nearly perfect 

c r y s t a l s m u l t i p l e s c a t t e r i n g and in t e r f e r e n c e take place, and are 

most conspicuous i n the strong r e f l e c t i o n s . These are broad, 

t h e i r width depending upon the i n t e n s i t y . 

For weak r e f l e c t i o n s the e f f e c t of m u l t i p l e s c a t t e r i n g may be 

neglected, and the kinematical theory applies. I f the dynamical 

theory i s to break down, the c r y s t a l must contain imperfections 

so close together t h a t the regions of perfect c r y s t a l are too 

small f o r the theory to apply. Darwin (1914) proposed that 

n a t u r a l c r y s t a l s have perfect regions with widths of the order of 

up t o 10 cm., and t h a t the c r y s t a l has a mosaic s t r u c t u r e . 

Bragg, James, and Bosanquet (1921) explained that secondary 

e x t i n c t i o n i s very important where there i s a mosaic s t r u c t u r e 

c o n s i s t i n g of d i f f e r e n t l y o rientated blocks. The i n t e n s i t y 

i n c i d e n t on a p a r t i c u l a r block w i l l not be equal to'the i n t e n s i t y 

on the surface due to r e f l e c t i o n s above and below the block. H a l l 

and Williamson (1951) found that i n annealed and cold-worked metals 

only secondary e x t i n c t i o n appears. They calculated the apparent 

p a r t i c l e size from the width of the l i n e s , and found i t to be 
-4 

of the order of 10 cm. i n most annealed metals. 

The 'apparent p a r t i c l e ' has been i d e n t i f i e d w i t h d i s l o c a t i o n 

networks and i t has proved possible to f i n d the density of 

p a r a l l e l d i s l o c a t i o n s necessary to give the secondary e x t i n c t i o n . 

The 'apparent p a r t i c l e s i z e ' associated w i t h d i s l o c a t i o n s i s 
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rougly equal to t h e i r separation. Thus an apparent p a r t i c l e 

size of 10 cm. suggests a d i s l o c a t i o n density of 10 /cm. Seeger 

(195^) disagrees w i t h t h i s value on the grounds that the random 

d i s t r i b u t i o n of d i s l o c a t i o n s i s not r e a l i z e d , and t h i s would lead 

to the above numbers being wrong by a f a c t o r of 10. 

10.5 THE OBSERVATION OF INDIVIDUAL DISLOCATIONS BY X-RAY 

EXTINCTION CONTRAST. 

10.5 (a) INTRODUCTION. 

Newkirk (1958 a and b, and 1959) revealed i n d i v i d u a l 

undecorated d i s l o c a t i o n s i n c r y s t a l s of s i l i c o n and l i t h i u m 

f l u o r i d e . The p o s i t i o n s of the di s l o c a t i o n s can be seen w i t h 

respect to the topography of the c r y s t a l , and also the d i r e c t i o n , 

but not the sign, of t h e i r Burgers vector can be simply determined. 

He used an X-ray d i f f r a c t i o n method c a l l e d the Berg-Barrett 

(B.B.) technique to observe subgrains, d i s l o c a t i o n c l u s t e r s , and 

i n d i v i d u a l d i s l o c a t i o n s . The technique i s simple, and makes use 

of inexpensive apparatus. B a r r e t t (19^5) described the 

observation of subgrains i n i r o n - s i l i c o n c r y s t a l s and of defects 

w i t h i n the subgrains. I n some specimens s l i p bands were seen ' 

with respect to the topography of the rest of the specimen. Now, 

the a c t u a l s i t e s of i n d i v i d u a l d i s l o c a t i o n s which emerge upon the 

c r y s t a l surface, and extend i n t o the body of the c r y s t a l , have 

been located. The means of determining the d i r e c t i o n s of the 

Burgers vector was suggested by Wilson (1952). 
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Fig. 88. The Camera. 
( A f t e r Newkirk, 1959). 



X-RAYS 

Fig. 89. D i f f r a c t i o n of X-rays. 
( A f t e r Newkirk, 1959). 
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10.5 (b) EXPERIMENTAL METHOD. 

1. The Camera. 

The camera i s shown diagramatically i n Fig. (88). I n 

pr a c t i c e the specimen i s held much closer to the photographic 

p l a t e than t h i s diagram suggests. The distance between the X-ray 

source and the specimen i s about 13 cm., and from the specimen to 

the p l a t e about 0.1 mm. The r e s o l u t i o n of micrographs depends 

upon the closeness of the plate to the specimen. The plate i s 

held almost p a r a l l e l to the i n c i d e n t beam so that the distance from 

the specimen to the p l a t e i s small f o r as large an area of the 

specimen as possible. The pl a t e i s shielded from the d i r e c t X-ray 

beam, and the primary beam permitted to f a l l only on the c r y s t a l . 

For h i s experiments Newkirk used one of the side ports of a 

standard CA-7 d i f f r a c t i n g tube w i t h the target on a l i n e making 

an angle about 7 deg. w i t h the tar g e t plane. 

2. Formation of the Image. 

The e f f e c t s due to primary e x t i n c t i o n are of most i n t e r e s t i n 

t h i s work. Conditions necessary to produce primary e x t i n c t i o n 

are described by James (1950). Fig. (89) shows X-rays i n c i d e n t 

on a c r y s t a l l a t t i c e . The l a t t i c e planes w i l l d i f f r a c t coherently 

i f the Bragg r e l a t i o n s h i p i s s a t i s f i e d . Part of the energy of 

the d i f f r a c t e d ray CEF w i l l be again d i f f r a c t e d at F i n t o the 

d i r e c t i o n of the o r i g i n a l l y i n c i d e n t beam. Due to a phase s h i f t 

of at each r e f l e c t i o n , the twice d i f f r a c t e d ray at F w i l l be 

exactly out of phase w i t h the primary ray g i v i n g destructive 



X - R A Y 
SOURCE 

IMAGE OF 
POINT P 

P L A T E 
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CONE S E M I - A P E X ANGLE AT P 
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Fig. 90. Radiation p e r m i t t i n g Bragg d i f f r a c t i o n a t a 
p o i n t P on the specimen can issue from an arc 
on the X-ray source area. Thus, the image of 
p o i n t P i s an arc. Resolution i s l o s t as the 
plate-to-specimen distance D', i s increased. 
( A f t e r Newkirk, 1959). 
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i n t e r f e r e n c e . The primary ray i s thus r a p i d l y extinguished as i t 

passes through the c r y s t a l . 

I f , f o r any reason, the separation (d) of the l a t t i c e planes i s 

reduced so that the Bragg conditions are not f u l f i l l e d , the emerging 

once d i f f r a c t e d rays w i l l be more intense, and the primary rays 

s u f f e r i n g less a t t e n u a t i o n , w i l l penetrate f u r t h e r i n t o the c r y s t a l 

g i v i n g more Bragg d i f f r a c t i o n . Primary e x t i n c t i o n i s reduced by 

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

d i r e c t i o n normal to the d i f f r a c t i n g planes. D i f f r a c t e d i n t e n s i t y 

may be increased as a r e s u l t of l o c a l e l a s t i c s t r a i n , and the 

d i f f r a c t i n g beam i s of extra i n t e n s i t y where i t emerges at 

d i s l o c a t i o n s i t e s . .The e f f e c t i s r e v e r s i b l e , the d i f f r a c t e d 

i n t e n s i t y r e t u r n i n g to i t s low value when the s t r a i n i s removed. 

I f the extra d i f f r a c t e d i n t e n s i t y at a d i s l o c a t i o n i s caused 

by a l o c a l reduction of e x t i n c t i o n , the extra i n t e n s i t y above 

background should depend upon the e l a s t i c s t r a i n component which i s 

normal to the d i f f r a c t i n g planes. Thus d i s l o c a t i o n s w i t h t h e i r 

Burgers vector normal to the d i f f r a c t i n g planes w i l l give the 

greatest contrast, and those w i t h t h e i r Burgers vectors p a r a l l e l 

to the d i f f r a c t i n g planes w i l l give l e a s t contrast. 

Preliminary r e s u l t s show that the longer the wavelength of the 

X-rays, the b e t t e r the contrast obtained. Newkirk used a chromium 

ta r g e t tube. 

The v e r t i c a l divergence of the incident r a d i a t i o n causes a 

r eduction i n r e s o l u t i o n , as may be seen from Fig. (90). The 
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r e s o l u t i o n could probably be improved by using h o r i z o n t a l s l i t s . 

Improved r e s o l u t i o n i s obtained by making the distance between the 

pla^e and the specimen as small as possible compared with the 

distance from the specimen to the source. The r a t i o of these 

distances i s i n pr a c t i c e about O.OO5. The greater the distance 

between the specimen and the source, the longer the exposure time, 

must be, and so the best way to increase r e s o l u t i o n i s by having 

the specimen as close as possible to the p l a t e . Exposure times, 

using Eastman High Resolution p l a t e s , were from four minutes to one 

and a h a l f hours. 

A small t e l e v i s i o n camera tube, s e n s i t i v e to X-rays, may be 

used instead.of the photographic p l a t e , enabling movement of 

di s l o c a t i o n s to be followed. 

10.5 (c) OBSERVATIONS OF DISLOCATIONS IN A SILICON CRYSTAL. 

The c r y s t a l was grown by the Czochralski technique with i t s 

long d i r e c t i o n p a r a l l e l w i t h 111 . From t h i s was cut a specimen 

25 mm. long, using a disimond saw. The specimen was i n the form 

of a p a r a l l e l e p i p e d . I t s sides were approximately p a r a l l e l w i t h 

(111), (112), and (110). 
Whilst maintained at 900 deg. C. f o r about f i v e minutes, the 

specimen was chemically polished and twisted about i t s long axis. 

I t was then etched using Dash's etch (1 h y d r o f l u o r i c acid, 3 n i t r i c 

a c i d , and 10 g l a c i a l acetic acid) and t h i s produced s t r a i g h t rows 

of etch p i t s on the (110) and (112) surfaces. The specimen was 

cut i n t o rods w i t h t h e i r axis p a r a l l e l with the ( i l l ] a xis. The 
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Plate 66. ( a ) D i f f r a c t i o n micrograph of unetched 
s i l i c o n c r y s t a l shown i n Fig. 91c; 

(b) l i g h t micrograph of same area, etched. 



(a) 

ETCH PITS 

ACTIVE SOURCE FORMER SOURCE 

ORIGINAL 
ETCHED 
SURFACE 

EDGE a SCREW 

POLISHED 
SURFACE 

(01 

EMERGENT 
SCREWS 

Fig. 91. A s i l i c o n c r y s t a l was cut through new 
d i s l o c a t i o n loops as shown i n (a) and (b) 
One of the new surfaces, containing two 
rows of emergent screw d i s l o c a t i o n s , was 
polished and etched to render the screws 
v i s i b l e as p i t s , ( c ) . 
( A l t e r Newkirk, 1959). 



R. D. 

• 010 • 001 

F i g . 92. The O i l r e f l e c t i o n plane makes an angle of 
about 15 deg. with the s u r f a c e of the 
specimen. 
( A f t e r Newkirk, 1958b) . 
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method used by Dash (see s e c t i o n 6.^ ) enabled Newkirk to observe 

the d i s l o c a t i o n s i n the rod shown i n F i g . ( 9 1 ) . He then cut the 

rod as shown, and by p o l i s h i n g and treatment i n Dash's etch, 

revealed rows of etch p i t s on the new (112) surface, see F i g . (91b). 

These etch p i t s were obviously a s s o c i a t e d with those on the (110) 

s u r f a c e . 

The etch p i t s on the (112) surface were photographed, and t h i s 

s u r f a c e was then c a r e f u l l y ground to completely remove the etch 

p i t s . An X-ray d i f f r a c t i o n micrograph was then made from t h i s 

s u r f a c e . The image of the surface was formed on a high r e s o l u t i o n 

spectrographic p l a t e , by the (022) r e f l e c t i o n of CrKk r a d i a t i o n . 

The photograph showed spots corresponding to the etch p i t s on the 

previous photograph, see P l a t e ( 6 6 ) . 

By repeating the above procedure using the (220) r e f l e c t i o n s , 

which gave a l e s s d i s t i n c t pattern, Newkirk deduced that the best 

c o n t r a s t i s obtained when a r e f l e c t i o n i s used which has a l a r g e 

component of the d i s l o c a t i o n ' s Burgers vector normal to the 

r e f l e c t i n g planes. 

10 .5 (d) OBSERVATION OF SUBGfiAIN STRUCTURE IN AN IRON-SILICON 

CRYSTAL. 

Newkirk (1958 b) used the B.B. technique on a s i n g l e c r y s t a l 

of i r o n containing 5% s i l i c o n . F i g . (92) shows the o r i e n t a t i o n 

of the c r y s t a l , the b a s i c c i r c l e representing the specimen surface. 

A f t e r being i n a c a r b u r i z i n g atmosphere of low pressure 

acetylene, and at 9 8 O deg. C. for h a l f an hour, the c r y s t a l was 



P l a t e 67. When etched with conventional reagents, the 
specimen shows no su b s t r u c t u r e ; when etched by 
the Morris method t h i s s t r u c t u r e appears. ( x 50) 
( A f t e r Newkirk, 1958b) . 

fb) (d) 

P l a t e 68. Berg-Barrett photographs made at 3̂  deg. 
i n t e r v a l s show that adjacent subgrains are 
misoriented by the order of )^ deg. 
Eastman V-0 p l a t e s ; image o p t i c a l l y 
enlarged 12 x; p o s i t i v e p r i n t . 
( A f t e r Newkirk, 1958b) . 



(c) 

P l a t e 69. ( a ) , ( b ) , and (d) are X-ray r e f l e c t i o n 
micrographs. ( c ) i s a l i g h t micrograph of 
the same region a f t e r etching. 
( A f t e r Newkirk, 195ob). 
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cooled. I t s surface was then mechanically abraided, e l e c t r o -

polished, and etched by the Morris (19^9) method. The subgrains 

and low angled boundaries, and i n d i v i d u a l etch p i t s were c l e a r l y 

seen, as shown i n P l a t e ( 6 7 ) . 

Newkirk used t h i s specimen, s t i l l i n the etched condition, to 

make a number of B.B. photographs with u n f i l t e r e d Co-radiation. 

The d i s t a n c e apart of the target and the specimen was 11 cm., and 

between the specimen and the p l a t e , 5 nim. Using t h i s arrangement 

he took s t a t i o n a r y photographs with the c r y s t a l rotated i n )it deg. 

steps about an a x i s i n the surface plane, and normal to the r o l l i n g 

d i r e c t i o n of the X-ray besun. The photographs are shown i n Plate 

( 6 8 ) , and correspondence can c l e a r l y be seen with Plate ( 6 7 ) . 

The subgrains r e f l e c t i n g on one photograph do not do so on the 

next, i n d i c a t i n g the s l i g h t l y d i f f e r e n t o r i e n t a t i o n s of the 

subgrains, and showing that the t i l t between adjacent g r a i n s must 

be of the order of 3̂  deg. The gre a t e s t p o s s i b l e r e s o l u t i o n of 

about 10 was obtained by holding the photographic plate 5 mm. 

from the specimen for one hour exposure. 

P l a t e (69) shows the B.B. photograph (a) a c t u a l s i z e and 

o p t i c a l l y enlarged, (b) 20 x and (d) I 9 0 x. These may be compared 

with a l i g h t micrograph of the etched specimen, P l a t e ( 6 9 c ) . 

Considering that the etching was done a f t e r taking the B.B. 

photographs, correspondence i s remarkably good. The c o r r e l a t i o n 

i n d i c a t e s that each B.B. spot marks one, or a c l u s t e r , of carbon 

decorated d i s l o c a t i o n s which emerge to give etch p i t s . 
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PUf-e 70 
Fig. 8(a) A reconstructed 

lithium fluoride crystal, 
as seen by x-ray m i 
croscopy, shows sub-
grain boundaries, slip 
planes, grown-in dislo
cations, and other 
structural details. 

^3 
Fig. &fh)- In a lithium 

fluoride crystal slip 
occurs by the motion 
of dislocation loops 
lying on 1110 j planes. 
Diagonal < 100 > lines 
on a 1100 ! surface 
consist mostly of edge 
dislocations; horizon
tal and vertical < 100 > 
lines consist mostly 
of screws. 

(110) 

^ ( O i l ) 

(101) 
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I t i s remarkable that although the above observation of 

d i s l o c a t i o n s was so s u c c e s s f u l , Newkirk found i t extremely 

d i f f i c u l t to repeat the method with other s i m i l a r c r y s t a l s . He 

considers c r i t i c a l decoration to be necessary. 

10 .5 (e) STUDY OF LITHIUM FLUORIDE CRYSTALS. 

Newkirk studied d i s l o c a t i o n s i n a f r e s h l y cleaved l i t h i u m 

f l u o r i d e c r y s t a l with dimensions 2 x 2 x 10 mm. The c r y s t a l was 

compressed s l i g h t l y i n the long [lOO^ d i r e c t i o n i A portion about 

k mm, long was cleaved from one end. D i f f r a c t i o n micrographs were 

then taken of three s u r f a c e s , the end, and two adjoining s i d e s of 

the c r y s t a l . The micrographs were printed to the same magnification 

and glued onto a wooden block. The reconstructed l i t h i u m f l u o r i d e 

c r y s t a l , as seen by X-ray microscopy, i s shown i n Plate ( 7 0 ) , 

and subgrain boundaries, s l i p planes, and other s t r u c t u r a l d e t a i l s 

can be observed. (110) g l i d e bands appear as dark s t r a i g h t l i n e s . 

These are made up of edge and screw d i s l o c a t i o n s forming loops on 

the (110) s l i p planes. S l i p i n l i t h i u m f l u o r i d e occurs by motion 

of d i s l o c a t i o n loops l y i n g on the (110) planes. Diagonal Cuol 

l i n e s on (100) s u r f a c e c o n s i s t mostly of edge d i s l o c a t i o n s . The 

h o r i z o n t a l and v e r t i c a l l i n e s c o n s i s t mostly of screws. The 

d e t a i l s are i n d i c a t e d i n F i g . ( 93 ) • 

The d i f f r a c t i o n micrographs i n P l a t e s (71 a,b,c,d, and;e) 

show that d i s l o c a t i o n s with t h e i r Burgers vectors normal to the 

d i f f r a c t i n g planes produce the g r e a t e s t contrast, and those with 

t h e i r Burgers vectors i n the d i f f r a c t i n g planes give l e a s t 
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e x t i n c t i o n reduction. The (220) r e f l e c t i o n was used for P l a t e s 

(71 a to d) and the (200) r e f l e c t i o n for P l a t e ( 7 1 e ) . The edge 

d i s l o c a t i o n s are seen as diagonal l i n e s , and the screws as 

h o r i z o n t a l l i n e s . The edge d i s l o c a t i o n s are c l e a r l y seen on a l l 

the (220) micrographs i n P l a t e s (71 a to d) as expected, as they 

have t h e i r Burgers vector at 60 degrees to the d i f f r a c t i n g planes. 

I n P l a t e (71e) the edge d i s l o c a t i o n s are not v i s i b l e as t h e i r 

Burgers vectors are p a r a l l e l with the d i f f r a c t i n g planes. I t i s 

thus p o s s i b l e to determine the d i r e c t i o n of the Burgers vectors 

from the d i f f e r e n t s p e c i f i c r e f l e c t i o n s used. 

The depth to which observation i s pos s i b l e depends upon X-ray 

penetration, which v a r i e s with the density of the specimen. Using 

CrKoL r a d i a t i o n s t r u c t u r a l d e t a i l i n l i t h i u m f l u o r i d e can be seen 

to a depth of about 100p-. I n denser m a t e r i a l s penetration i s much 

l e s s . I n s i l i c o n , for example, penetration i s l e s s than a 

micron. 

10 .5 ( f ) EXTENSIONS OF THE TECHNIQUE. 

P a i r s of d i f f r a c t i o n micrographs have been used to give 

s t e r e o s c o p i c viewing of a p a r t i c u l a r region. The three 

dimensional e f f e c t can be used to f i n d the depth of a defect below 

the c r y s t a l s u r f a c e . D i f f r a c t i o n micrographs may be taiken i n 

trans m i s s i o n as w e l l as r e f l e c t i o n . The same general features 

are observed, but not nearly so c l e a r l y . 

Newkirk has made d i f f r a c t i o n micrographs of the metals z i n c , 

i r o n , and tungsten. Subgrains and s l i p bands were observed, but 
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not the direction-dependent i n t e n s i t y e f f e c t s seen i n c r y s t a l s of 

s i l i c o n and l i t h i u m f l u o r i d e . 

10.6 THE STUDY OF INDIVIDUAL DISLOCATIONS IN CRYSTALS BY- X-RAY 

DIFFRACTION MICRORADIOGRAPHY. 

10.6 ( a ) INTRODUCTION. 

Lang's e a r l y experiments (1957 and 1958) were made using the 

method of 'section topographs' to observe i n d i v i d u a l d i s l o c a t i o n s 

i n s i l i c o n . L a t e r he found the method of 'projection topographs' 

more convenient, and i n d i v i d u a l d i s l o c a t i o n s i n s i n g l e c r y s t a l s of 

diaunond, s i l i c o n , germanium, l i t h i u m f l u o r i d e , sodium chlo r i d e , 

s i l v e r c h l o r i d e , magnesium oxide, c a l c i t e , quartz, and aluminium 

have been observed, (1959)* 

As described i n s e c t i o n 10.5 ( b ) , primary e x t i n c t i o n causes 

atte n u a t i o n of the d i r e c t X-ray beam as i t passes through a perfect 

c r y s t a l . D e s t r u c t i v e i n t e r f e r e n c e a l s o tends to reduce the 

i n t e n s i t y of the in t e g r a t e d r e f l e c t i o n . The integrated r e f l e c t i o n 

may change by one or two orders of magnitude, depending upon the 

p e r f e c t i o n of the c r y s t a l . The angular range of r e f l e c t i o n from 

p e r f e c t c r y s t a l s i s l i m i t e d to a few seconds of a r c . 

Any imperfections such as low angle boundaries, stacking 

f a u l t s , and the v a r i a t i o n s of l a t t i c e parameter around p r e c i p i t a t e s 

and d i s l o c a t i o n s , produce i n t e n s i f i e d r e f l e c t i n g power. Using (111) 

and (220) r e f l e c t i o n s of AgKoc. r a d i a t i o n from nearly perfect s i l i c o n , 

Lang found i n c r e a s e d X-ray r e f l e c t i o n to extend to about 10^ 



c o l l i m a t e d X-ray beam 

fi l m 

c r y s t a l 

s t a t i o n a r y s c r e e n 

F i g . 95. P r i n c i p l e of p r o j e c t i o n topograph technique. 
( A f t e r Lang, 1 9 5 9 ) . 
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from the core of a d i s l o c a t i o n . A d i s l o c a t i o n may thus be 

regarded as a c y l i n d e r of diameter about 20p- at which increased 

r e f l e c t i o n takes place. So long as the d i s l o c a t i o n density i s 

low, the large s i z e of t h i s c y l i n d e r enables i n d i v i d u a l d i s l o c a t i o n s 

to be made c l e a r l y v i s i b l e . The s i z e of the c y l i n d e r a l s o l i m i t s 

the r e s o l u t i o n i n c r y s t a l s where the d i s l o c a t i o n density i s greater. 

However, as the d i s l o c a t i o n density i n c r e a s e s , the s i z e of the 

r e l a t i v e l y imperfect region around a d i s l o c a t i o n decreases, and i t 

i f found that the apparent width of the d i s l o c a t i o n image decreases. 

At the l i m i t of r e s o l u t i o n of i n d i v i d u a l d i s l o c a t i o n s , the diameter 

of the c y l i n d e r reduces to about 5p". 

10.6 (b) EXPERIMENTAL METHOD. 

Lang used the f l u c t u a t i o n i n i n t e n s i t y on X-ray. topographs 

to l o c a t e i n d i v i d u a l p r o j e c t i o n topograph d i s l o c a t i o n s . The 

p r i n c i p l e of h i s p r o j e c t i o n topograph technique i s shown i n 

F i g . (95). 

The collimated X-ray beam of MoKoi , AgKot , or WKot r a d i a t i o n 

i s i n c i d e n t upon the c r y s t a l , and r e f l e c t i o n i s taking place from 

the l a t t i c e planes roughly normal to the c r y s t a l faces of the 

specimen. The rays f a l l on a f i l m placed close to the specimen. 

I n order to scan an area, the c r y s t a l and the film are moved back 

and f o r t h together during the exposure, the d i r e c t i o n of motion 

being p a r a l l e l to the c r y s t a l s l i c e . The screen remains s t a t i o n a r y 

to prevent the d i r e c t beam from reaching the f i l m . An area of 

c r y s t a l about 1 inch square may be scanned at each operation. 



a 

\ ^' 

c 

a' 

F i g . 96. P r i n c i p l e of d i f f r a c t i o n stereomicroradiograph. 
( A f t e r Lang, 1 9 5 9 ) . 







P l a t e 72a and b. D i s l o c a t i o n s i n s i l i c o n due to s l i p . 
(a) 111 X-ray r e f l e c t i o n , 
(b) 220 X-ray r e f l e c t i o n . 
( A f t e r Lang, 1959). 
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The t h i c k n e s s of the s l i c e used i s l i m i t e d by two f a c t o r s . 

F i r s t l y by the absorption of the r a d i a t i o n by the specimen, and 

secondly by the d e n s i t y of the d i s l o c a t i o n s . The higher the 

density of the d i s l o c a t i o n s , the thinner the specimen must be to 

enable r e s o l u t i o n of i n d i v i d u a l d i s l o c a t i o n s . To study 

d i s l o c a t i o n s w i t h i n subgrains, the thickness must be l e s s than 

the average subgrain diameter. 

D i f f r a c t i o n stereomicroradiographs have made i t possible to 

determine the depth of d i s l o c a t i o n s below the surface of a 

specimen. The p a i r s of p r o j e c t i o n topographs are prepared from 

the p a i r of r e f l e c t i o n s h k l and h k l as shown i n F i g . (96). 

10.6 ( c ) OBSERVATIONS OF DISLOCATIONS IN SILICON AND ALUMINIUM. 

Lang has observed d i s l o c a t i o n s i n s i n g l e c r y s t a l s of s e v e r a l 

substances, see s e c t i o n 10.6 ( a ) . His studies using s i l i c o n and 

aluminium w i l l be considered b r i e f l y . S i l i c o n i s p a r t i c u l a r l y 

s u i t a b l e as i t s X-ray absorption i s low, allowing r e l a t i v e l y t h i c k 

specimens to be used. Also v e r i f i c a t i o n of d i s l o c a t i o n 

c o n f i g u r a t i o n s seen by X-ray d i f f r a c t i o n i s possible by Dash's 

decoration technique. The two methods show absolute agreement. 

I t i s found that edge d i s l o c a t i o n s are most c l e a r l y v i s i b l e when 

the Burgers vector makes a l a r g e angle with the net plane. I t i s 

thus p o s s i b l e to f i n d the s l i p planes of d i s l o c a t i o n s i f s l i p has 

taken p l a c e . 

P l a t e s (72a) and (72b) show d i s l o c a t i o n s i n s i l i c o n due to 

s l i p . The topographs cover an area about >̂  cm. square. The 





P l a t e 73» D i s l o c a t i o n s i n s i l i c o n due to s l i p , 111 
r e f l e c t i o n , AgKot r a d i a t i o n , f i e l d 12 x 8 mm. 
( A f t e r Lang, 1959). 
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c r y s t a l s l i c e was cut p a r a l l e l to a ( i l l ) plane which makes an 

angle 19)^ deg. with the [lllj d i r e c t i o n , which i s the growth 

d i r e c t i o n . S l i p , due to thermal s t r e s s e s produced by cooling has 

taken place i n the three (111) planes i n c l i n e d to the growth a x i s . 

P l a t e (72a) i s due to the (111) r e f l e c t i o n from the planes 

normal to the growth a x i s . P l a t e (72b) i s the (220) r e f l e c t i o n 

from the planes normal to the surface of the c r y s t a l s l i c e , and 

containing the growth a x i s . The s l i c e was 1)4 mm. thick and AgKo( 

r a d i a t i o n was used. Some of the loops v i s i b l e i n Plate (72b) 

cannot be seen i n (72a). Their Burgers vector i s i n the LHO, 

d i r e c t i o n and p a r a l l e l to the r e f l e c t i n g planes used to give 

P l a t e ( 7 2 a ) . 

P l a t e (75) i s a p r o j e c t i o n topograph of another part of the 

c r y s t a l s l i c e used for P l a t e ( 7 2 ) . I t uses the (111) r e f l e c t i o n . 

The Burgers vectors of the d i s l o c a t i o n s v i s i b l e make an angle of 

55 deg. with the ( i l l ) r e f l e c t i n g plane. The arrow shows the 

d i r e c t i o n of the normal to the Bragg r e f l e c t i o n plane. 

Lang and Meyrick (1959) studied d i s l o c a t i o n s t r u c t u r e s i n 

high-purity r e c r y s t a l l i z e d aluminium using the sajne X-ray 

d i f f r a c t i o n method. The d i s l o c a t i o n density was between 10 and 

10^ l i n e s per cc. w i t h i n the subgrains. 

Portions from the purest region of zone r e f i n e d o r i g i n a l l y 

99.999% pure aluminium were taken and rolled, i n t o approximately 

5 cm. x 1 cm. x 2 mm. s t r i p s . These were etched and washed, and, 

r e s t i n g on a bed of alumina powder, allowed to anneal overnight i n 
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a i r at 495 cleg. C. They were then extended 2%, re-annealed 

overnight at 495 deg. C., and e l e c t r o p o l i s h e d . The r e s u l t i n g 

g r a i n s had an area about 1 sq. cm. 

I l l and 111 r e f l e c t i o n s of AgKot r a d i a t i o n revealed i n t e r e s t i n g 

d i s l o c a t i o n c o n f i g u r a t i o n s . Many regular and i r r e g u l a r h e l i c a l 

d i s l o c a t i o n s are seen, t h e i r p i t c h varying with about 50p- an; 

average value. Also loops are v i s i b l e . The configurations 

are s i m i l a r to those described by Jones and M i t c h e l l (I958), and 

Pa r a s n i s and M i t c h e l l (1959). The smallest diameter of loop i t 

i s p o s s i b l e to r e s o l v e i s 5p. A v a r i a t i o n from the mean l a t t i c e 

parameter of the order of 1 part i n 10 causes a detectable 

i n c r e a s e i n X-ray r e f l e c t i n g power. 

10.7 CONCLUSION. 

The methods used by Lang and Newkirk o f f e r very promising 

means of observation of d i s l o c a t i o n s . U l t r a t h i n specimens, as 

required for electron-microscope methods need not be used, and thus 

su r f a c e e f f e c t s a s s o c i a t e d with t h i n films are avoided. The 

methods are not r e s t r i c t e d to observation of d i s l o c a t i o n s c l o s e 

to the su r f a c e , but give information about the i n t e r i o r of the 

c r y s t a l . They do not require decoration, and are non-destructive. 

The e f f i c i e n c y of the method has been checked by older e s t a b l i s h e d 

methods. Repeated X-ray examinations of the same specimen can 

thus be made, and the movement of d i s l o c a t i o n s followed. The 

methods enable the d i r e c t i o n s of Burgers vectors to be determined. 
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The r e s o l v i n g power at t a i n e d i s not so good as that of the 

e l e c t r o n microscope, and the d i s l o c a t i o n density must be 

correspondingly small i f i n d i v i d u a l d i s l o c a t i o n s are to be 

d i s t i n g u i s h e d . I n order to observe i n d i v i d u a l d i s l o c a t i o n s , 

l a r g e s i n g l e c r y s t a l s must be used. 



PART 11. 

THE STUDY OF METAL SURFACES USING 

THE FIELD ION MICROSCOPE. 
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i n c h es 

F i g . 97 Low temperature f i e l d - i o n microscope. 
( A f t e r MUller, 1957). 

Tip surface 

F i g . 98 Motion of atoms clo s e to the t i p s u r f a c e . 
At room temperature the p o l a r i z e d atom A w i l l be 
e l a s t i c a l l y r e f l e c t e d ( B ) . 
At low su r f a c e temperature atom C hops through 
i o n i z a t i o n zone u n t i l i t i s i o n i z e d at D, and then 
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11.1 INTRODUCTION. 

The f i e l d ion microscope i s a simple piece of apparatus, 

see F i g . (97), with a r e s o l u t i o n of better than 3 A, which 

MUller (1957) has used to observe s i n g l e atoms. He operated 

the microscope at low t i p temperature, and with helium ions. 

11.2 THE FORMATION OF THE IMAGE. 

When a helium atom approaches a low temperature metal surface 

i t encounters conditions shown i n F i g . (98). The v e l o c i t y of the 

atom i s found by adding i t s v e l o c i t y obtained using the k i n e t i c 

theory of gases, and the a t t r a c t i o n of the induced dipole. 

V = Vgas + Vdip. 

Where k = Boltzmann constant T = gas temperature 

m = mass of atoms F = f i e l d at the point considered 

cL = p o l a r i z a b i l i t y 

As the atom approaches the surface there i s an increase i n the 

p r o b a b i l i t y of a u t o i o n i z a t i o n due to i n c r e a s i n g f i e l d and image 

force e f f e c t . The i o n i z a t i o n p r o b a b i l i t y , however, disappears 

when below a minimixm distance Z = (V, - tj) ) , where = the 
F 

i o n i z a t i o n p o t e n t i a l of the atom and ̂  = work function of the 

su r f a c e . At t h i s d istance, the e l e c t r o n at the ground l e v e l of 

the helium atom s i n k s below the Fermi l e v e l . Using helium and 

tungsten, Z i s about 5 A. 
The ion image on the screen i s produced by the v a r i a t i o n i n 
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i o n i z a t i o n p r o b a b i l i t y at d i f f e r e n t points at the surface. The 

i o n i z a t i o n p r o b a b i l i t y i s highest above protruding atoms, or 

l a t t i c e steps, because of l o c a l f i e l d enhancement. This l a t e r a l 

p r o b a b i l i t y i s r e s p o n s i b l e for the formation of the ion image on 

the s c r e e n . 

The f i e l d s trength must be c a r e f u l l y adjusted, and the applied 

voltage must be w i t h i n a range of 1% for best r e s u l t s . With a 

f i e l d i n the region of ^50 MV./cm., only a small percentage of the 

i n c i d e n t helium atoms w i l l be i o n i z e d . At room temperature 

e l a s t i c a l l y rebounding atoms w i l l have a large l a t e r a l v e l o c i t y , 

and w i l l pass through the i o n i z a t i o n zone. The ions produced 

w i l l r e t a i n l a t e r a l v e l o c i t y and the image of a protrusion w i l l be 

b l u r r e d . At lower temperatures the t i p surface accommodates the 

helium atoms completely to t i p temperature before evaporation, thus 

reducing the l a t e r a l v e l o c i t y of the atoms and the ions to about 

^2KTtip^"J At the temperature of l i q u i d hydrogen t h i s promises a 

r e s o l v i n g power gr e a t e r than 1 A. The distance from the surface 

at which i o n i z a t i o n takes place has an influence upon r e s o l u t i o n . 

This i s p a r t l y overcome by working at low temperatures. The atoms, 

i n s t e a d of rebounding away from the surface, are a t t r a c t e d back 

to the s u r f a c e by the induced dipole and, once an atom has touched 

the s u r f a c e , i t i s r e s t r i c t e d to small hops through the i o n i z a t i o n 

zone u n t i l i t becomes ionized and moves to the screen. For t i p s 

at l i q u i d hydrogen temperatures, and a t i p radius of 1000 A, the 

hopping height i s a few angstrom u n i t s . This means that the ions 
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w i l l o r i g i n a t e very close to the surface, g i v i n g high r e s o l u t i o n 

of s u r f a c e d e t a i l s . 

The temperature has a great e f f e c t upon the sharpness of the 

image, and 'focusing' may be c a r r i e d out by ad j u s t i n g the 

temperature. For a l a r g e r t i p radius the temperature must be 

lower. MUller used tungsten and rhenium t i p s . 

11.3 APPLICATIONS OF THE MICROSCOPE. 

The most prominent d e t a i l i s produced by protruding atoms 

where i o n i z a t i o n p r o h i b i t i o n i s enhanced. On an otherwise 

a t o m i c a l l y smooth su r f a c e t h i s i s provided by atoms which 

s l i g h t l y protrude on the edges of low index net planes, such as 

the ( O i l ) and (112) planes i n tungsten. 

The f i e l d needed to i o n i z e helium i s as high as 450 MV/cm., 

and t h i s l i m i t s the use of t h i s ion microscope to the r e f r a c t o r y 

metals. In the case of tungsten there i s a wide margin between 

the image f i e l d and evaporation f i e l d . The evaporation rate i s 

about one monolayer per second at 570 MV/cm. at 21 deg. K. 

Rhenium has a s i m i l a r margin, but tantalum and molybdenum d i s s o l v e 

more r e a d i l y . Long photographic exposures may be used 

s u c c e s s f u l l y for tungsten and tantalum s u r f a c e s , and there i s 

found to be very l i t t l e change i n arrangement of surface atoms 

over time i n t e r v a l s of about an hour. 

F i e l d evaporation i s u s e f u l as by slowly i n c r e a s i n g the f i e l d , 

s i n g l e protruding atoms may be removed, giving the d i s t r i b u t i o n of 



P l a t e 7^. (a) 

(a) 

C e n t r a l part of 
tunsten t i p of 
r a d i u s 7C0 A, l6,500 
v o l t s , a f t e r annealing 
at 2200 deg.K, with 
incomplete(Oll) net 
plane edge. 

(b) Same t i p a f t e r 
exposing t i p to 
18,000 v o l t s for 
r a i s i n g c e n t r a l 
net plane edge. 

(A f t e r MUller, 1957) 

• ̂  wT* • • • 

P l a t e 7 5 . D i s l o c a t i o n near 
(oil) plane on 
tungsten t i p of 
radiu s 400 A, 
11 ,300 v o l t s , 15 
microns helium 
pressure, t i p 
temperature 60 deg.K. 
(A f t e r MUller, 1 9 5 7 ) . 
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binding forces over the metal su r f a c e . This works p a r t i c u l a r l y 

w e l l f o r tungsten. P l a t e (74a) shows the c e n t r a l part of a 

tungsten t i p of ra d i u s 700 A, exposed to l6,500 v o l t s a f t e r 

annealing a t 2,200 deg. K. The horseshoe shaped edge of the ( O i l ) 

plane i n d i c a t e s a d i s l o c a t i o n . The ends of the edge of the top 

plane presumably s i n k i n t o the next lower plane. When a higher 

p o t e n t i a l i s applied the s t r e s s due to the f i e l d removes the 

d i s l o c a t i o n , and the complete edge of the f i r s t plane i s seen, 

as i n P l a t e (74b). 

P l a t e (75) shows a complex edge d i s l o c a t i o n near the(Oil) plane 

on a tungsten t i p at 60 deg. K. The radius of t h i s t i p i s 400 A, 

the p o t e n t i a l 11,300 v o l t s , at 15 microns helium pressure. 

D r e c h s l e r , Pankow, and Vanselow (1955) have observed screw 

d i s l o c a t i o n s on tungsten t i p s using hydrogen ions a t room 

temperature. ' The r e s o l v i n g power of t h e i r instrument was about 

6 A. 

The f i e l d i on microscope has been used to study metal 

s u r f a c e s p r e v i o u s l y bombarded by ion s . MUller observed a double 

s p i r a l of 70 A diameter, produced when an ion impinged on the 

c e n t r a l ( 0 4 l ) plane of a tungsten t i p . By f i e l d desorption ( i . e . 

evaporation) at 60 deg. K., he found the disturbance reached a 

depth of 10 planes of atoms. 

11.4 CONCLUSION. 

Any method capable of a r e s o l v i n g power of 3 A i s u s e f u l to 
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study d i s l o c a t i o n s . Although confined to observation of the 

surface features of a very l i m i t e d number of metals, the a b i l i t y 

of high desorption to manipulate the surface and to remove a 

known number of l a y e r s of atoms, could y i e l d valuable information 

about the nature ^nd depth of deformation produced by impact of 

high energy ions with a top s u r f a c e . 



PART 12. 

CONCLUSION. 
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When the theory of d i s l o c a t i o n s was introduced i n order to 

account for the p l a s t i c behaviour of c r y s t a l s there was no means 

of observing and studying d i s l o c a t i o n s . I t was necessary f i r s t 

of a l l to e s t a b l i s h the existence of d i s l o c a t i o n s and l a t e r to 

i n v e s t i g a t e the v a l i d i t y of the t h e o r e t i c a l p r e d i c t i o n s . U n t i l 

r e c e n t l y the p r o p e r t i e s of d i s l o c a t i o n s could only be i n f e r r e d 

from the macroscopic behaviour of c r y s t a l s . The methods now 

a v a i l a b l e for the study of i n d i v i d u a l d i s l o c a t i o n s have been 

described i n d e t a i l , and t h e i r contribution towards an under

standing of d i s l o c a t i o n s w i l l be considered b r i e f l y . 

The bubble r a f t was of value i n showing that p l a s t i c 

deformation may be explained i n terms of s l i p and movement of 

d i s l o c a t i o n s . The great assumption was that atoms i n a three 

dimensional l a t t i c e behaved i n a s i m i l a r way to the bubbles, i n 

t h e i r two-dimensional r a f t s . Not u n t i l methods of d i r e c t 

observation of a c t u a l d i s l o c a t i o n s were developed could the degree 

of s i m i l a r i t y be confirmed. I t i s now r e a l i s e d that the bubble 

r a f t s provide a very much o v e r - s i m p l i f i e d p i c t u r e . 

Information gained from the study of c r y s t a l growth has been 

h e l p f u l i n e s t a b l i s h i n g some of the properties of d i s l o c a t i o n s . 

D i s l o c a t i o n s were proved necessary to c r y s t a l growth, and 

the movement of d i s l o c a t i o n s was shown to be p o s s i b l e . 

Observations of etch p i t s and of decorated d i s l o c a t i o n s 

e n t a i l the use of o p t i c a l microscopes. Thus, these methods may 

be applied s u c c e s s f u l l y only to c r y s t a l s i n which the d i s l o c a t i o n s 
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are s u f f i c i e n t l y f a r apart to be resolved. The l i m i t of 

r e s o l u t i o n using u l t r a - v i o l e t l i g h t i s about 1 0 0 0 A. Decoration 

methods must u t i l i z e transparent c r y s t a l s of simple s t r u c t u r e , 

such as the s i l v e r h a l i d e s and i o n i c s a l t s . The improvement i n 

the techniques of growing s i n g l e c r y s t a l s has g r e a t l y aided 

development i n t h i s f i e l d . Where decoration i s effected by 

p r e c i p i t a t i o n of l a r g e p a r t i c l e s at d i s l o c a t i o n l i n e s , as i n the 

case of the decoration of d i s l o c a t i o n s i n sodium chloride with 

sodium, the d i s l o c a t i o n arrangements must be in t e r p r e t e d bearing 

i n mind that the decorating p a r t i c l e s themselves could produce 

s t r a i n s p o s s i b l y g i v i n g r i s e to prisma t i c d i s l o c a t i o n s , and 

s e r i o u s l y a f f e c t the d i s l o c a t i o n pattern. C e r t a i n l y , i n the 

case of l i t h i u m f l u o r i d e , excess l i t h i u m g r e a t l y i n c r e a s e s the 

d i s l o c a t i o n density. T h i s method of decorating i o n i c c r y s t a l s 

uses d i f f u s i o n of the decorating medium to the imperfections at 

elevated temperatures, and at such temperatures considerable 

movement of d i s l o c a t i o n s w i l l take place. When the specimen 

cools , the decorating p a r t i c l e s w i l l probably pin the d i s l o c a t i o n s 

and prevent them from a t t a i n i n g an equilibrium arrangement. The 

decoration of d i s l o c a t i o n s i n the s i l v e r h a l i d e s with photolytic 

s i l v e r does not s u f f e r from these disadvantages, as the method 

does not depend upon the introduction of foreign p a r t i c l e s , nor 

upon treatment at high temperatures. The depth to which 

decoration takes place below the surface of the c r y s t a l s i s , 

however, l i m i t e d , and the method i s r e s t r i c t e d to the s i l v e r 
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h a l i d e s . 

The study of etch p i t s on c r y s t a l s of l i t h i u m fluoride by 

Gilman and Johnson has made pos s i b l e a c r i t i c a l evaluation of 

d i s l o c a t i o n - t h e o r y , but doubt has been cast upon some of t h e i r 

c o n c l u s i o n s . Only d i s l o c a t i o n s reachirig the surface can be 

etched, and a c l e a r p i c t u r e of arrangements below the surface i s 

not provided. For example, the d i s l o c a t i o n networks seen by 

transmission e l e c t r o n microscopy, and by decoration methods, 

could not be observed, nor i n f e r r e d , from etch p i t s alone. A 

combination of the etch p i t and decoration methods by Dash using 

s i l i c o n c r y s t a l s , has proved s u c c e s s f u l , but here, as i n s i m i l a r 

decoration methods, the c r y s t a l s must be transparent, i n t h i s case 

to i n f r a - r e d r a y s , and of simple s t r u c t u r e . I n addition 

treatment at elevated temperatures i s required. 

An understanding of the p l a s t i c deformation of metals i s of 

great p r a c t i c a l importance, but the above methods only suggest 

what probably happens i n metals. To observe d i s l o c a t i o n s i n 

complex, opaque specimens such as metals, a d i f f e r e n t type of 

microscope with a higher r e s o l u t i o n i s necessary. This need 

has i n part been s a t i s f i e d by the e l e c t r o n and f i e l d - i o n 

microscopes, and by X-ray d i f f r a c t i o n . The e l e c t r o n microscope 

i s a very powerful t o o l for observation, and i t has enabled 

undecorated d i s l o c a t i o n l i n e s i n t h i n f o i l s to be seen, and t h e i r 

movements to be followed. The present r e s o l v i n g power using the 

transmission technique i s about 5 A, and i t i s expected that with 
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I 

e x i s t i n g l e n s e s a r e s o l v i n g power of 2 to 3 A could be a t t a i n e d . 
The l i m i t i n g f a c t o r s are the displacement and contamination of 
the specimen due to the impact of the e l e c t r o n beam on the 
specimen. When the r e s o l u t i o n of 2 A i s a t t a i n e d , i t should be 
p o s s i b l e to make v i s i b l e a l l c r y s t a l l a t t i c e s and i n d i v i d u a l 
atoms of high atomic number. 

For use with the transmission e l e c t r o n microscope, the 

specimens must be very t h i n , and the e l e c t r o n beam causes 

considerable heating of the specimen. These two f a c t o r s could 

modify the arrangements and lengths of the d i s l o c a t i o n l i n e s as 

compared with those i n the bulk m a t e r i a l . These possible e f f e c t s 

have been c a r e f u l l y considered by Hirsch and h i s c o l l a b o r a t o r s , 

and are not thought to be s e r i o u s . 

Higher r e s o l v i n g powers of up to 1 A have been attained using 

Moire patterns and the e l e c t r o n microscope, and again using the 

f i e l d - i o n microscope, but t h e i r range of a p p l i c a t i o n i s not so 

great as that of the transmission e l e c t r o n microscope. The use 

of Moire patterns makes i t possible to detect and estimate the 

density of d i s l o c a t i o n s i n t h i n f i l m s . The r e s t r i c t i o n to t h e i r 

a p p l i c a t i o n l i e s i n the preparation and manipulation of the 

specimens. The two t h i n f i l m s , prepared i n contact, must be i n 

f a i r l y w e l l defined r e l a t i v e o r i e n t a t i o n , and consequently i t i s 

d i f f i c u l t to study p o l y c r y s t a l l i n e f o i l s . I f a specimen i s 

subjected to treatment then the i n t e r p r e t a t i o n of observations 

must allow for the f a c t that both the films are treated 
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simultaneously. The f i e l d - i o n microscope has been used to study 

tungsten and rhenium s u r f a c e s . Surface atoms may be resolved 

and any displaced atoms detected. 

I t i s l i k e l y that X-ray d i f f r a c t i o n methods w i l l be 

considerably developed i n the near future, as these avoid some of 

the disadvantages of transmission e l e c t r o n microscopy. Thin 

f o i l s are not necessary, and the beam does not cause heating of 

the specimen. I n d i v i d u a l d i s l o c a t i o n l i n e s have been made 

c l e a r l y v i s i b l e i n l a r g e s i n g l e c r y s t a l s by Newkirk and Lang, and 

information obtained agrees with that gained by other methods of 

observation. Observations of d i s l o c a t i o n s i n metals have not 

been so s u c c e s s f u l , and r e s u l t s as yet do not compare with those 

from e l e c t r o n microscopy. As with the e l e c t r o n microscope, 

continuous observation of moving d i s l o c a t i o n s i s p o s s i b l e . I t 

must be s t r e s s e d , however, that the r e s o l v i n g power of the X-ray 

d i f f r a c t i o n method i s not as good as that of the e l e c t r o n 

microscope, and to observe s i n g l e d i s l o c a t i o n s the use of large 

s i n g l e c r y s t a l s i s necessary. 

A l l methods described contribute towards a c l e a r e r 

understanding of d i s l o c a t i o n s , and provide experimental proof of 

d i s l o c a t i o n theory. An example of t h i s i s given by considering 

experimental evidence that g l i d e occurs. The d i s l o c a t i o n loops 

produced by the presence of h y s i l g l a s s spheres i n c r y s t a l s of 

s i l v e r c h l o r i d e i n experiments by Jones and M i t c h e l l ( 1 9 5 8 ) , 

were due to g l i d e movements. Gilman and Johnston, using the 
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m u l t i p l e etching technique, were able to follow the movement of 

d i s l o c a t i o n s due to the a p p l i c a t i o n of high s t r e s s e s . They were 

a l s o able to measure the v e l o c i t y of the d i s l o c a t i o n s . The cine 

camera used with bubble r a f t s , and with the transmission e l e c t r o n 

microscope has enabled the movement of d i s l o c a t i o n s to be studied, 

and sequence photographs of images produced by X-ray d i f f r a c t i o n 

have provided information about d i s l o c a t i o n movements. 

Many of the p r e d i c t i o n s of d i s l o c a t i o n theory have been 

v e r i f i e d . I t has been shown, using the e l e c t r o n microscope, that 

extended d i s l o c a t i o n s c l e a r l y e x i s t , and c r o s s - s l i p and climb 

occur. D i s l o c a t i o n s have been observed to cut each other. 

Attempts to p r e d i c t processes with large numbers of d i s l o c a t i o n s 

involved, such as work hardening and fatigue, have been shown to 

be f a l s e . Progress i n the understanding of p l a s t i c deformation 

i s very r a p i d , and g r e a t l y a s s i s t e d by observation methods. 

Undoubtedly, with the expected i n c r e a s e i n r e s o l v i n g power of the 

t r a n s m i s s i o n e l e c t r o n microscope perhaps to 2 A, and a cine camera 

taki n g 1 0 0 frames per second, to follow the more rapid d i s l o c a t i o n 

movements i n metals, much more valuable information w i l l be 

forthcoming. 
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