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Abstract

The diffusion of Ca, Be and Ba in MgO single crystals 
has been studied in the temperature range 1000°C and 1700°C.
In the case of Ca, a single experiment was conducted using a 
previously described autoradiographic technique as a check on 
earlier results. Be and Ba diffusion was investigated using 
a sectioning method. The temperature dependence of measured 
diffusion coefficients is given by the Arrhenius Equation

D = Dq exp (-Q/kT)

where k is Boltzmanns constant in eV/°K and T is the absolute 
temperature.

For Be, the activation energy Q was found to be 
1.6 eV and Dq, 1.4-1 x 10~^ cm^/sec. For Ba, the diffusion 
profiles consisted of two parts and two Arrhenius equations 
were required to describe the results. The diffusion para- 
meters in this case were (i) 3«38 eV and 0.07 cm /sec and 
(ii) 1.85 eV and 6.3 x 10~^ cm^/sec, respectively. These 
results do not agree with the predictions of a previously 
proposed correlation between the activation energy and the 
ratio of the radius to the electronic polarisability of the 
diffusing ion.

The Ba results indicate that dislocations can have a 
strong influence on measured diffusion coefficients. This
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conclusion is supported "by the results of early experiments on 
the diffusion of Ni in MgO and recent results of measurements 
of Ca diffusion in MgO. Further evidence has been derived 
from photomicrography and general considerations drawn from 
established results of diffusion studies in metals.
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I . INTRODUCTION

1*1« General Comments on Diffusion in Solids
1.1« 1. "Normal11 Diffusion, with Reference to Metals 
Diffusion studies until recent years have "been conduc

ted almost exclusively on metals. Atomic defects in metal 
lattices are fairly well understood and various diffusion 
mechanisms have "been shown to be possible. With the use of 
radio-active tracers of high purity and careful sectioning 
techniques, it has become possible to make reproducible 
measurements of diffusion coefficients for a large number of 
systems. Many of the apparently anomalous results of twenty 
years ago have been corrected and many of the mechanisms 
invoked to explain them are no longer necessary. The lattice 
vacancy has emerged as the defect most commonly responsible 
for "lattice” diffusion in pure monatomic materials. Diffu
sion by an interstitial mechanism is less common but has been 
shown to apply, for example, to the diffusion of C in a-Fe 
(Wert, 1950), C in Ta (Powers and Doyle, 1959) and 0 in G-e and 
Si (Haas, 1960). The parameters characteristic of "normal” 
diffusion in metals fit well-known empirical correlations. 
Activation energies (Q cals) for self-diffusion are related to 
the melting point of the metal, Tm , and the latent heat of 
fusion, L , by the following equations

34 T J mQ = (1-1)
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and Q = l6.5Lm .....  (1 —2)

The temperature dependence of "Doth self-diffusion coeffi
cients and impurity diffusion coefficients is described by 
the Arrhenius equation

D = Dq exp (- Q/RT) .....  (1-3)

where T is the absolute temperature and R is the gas constant. 
Activation energies are usually of the order of 50 K cals

__ -jmole and D , the "frequency" or "pre-exponential" factor,
2 -ilies within an order of magnitude of 0.5 cm sec

The justification of equation (1—3) is derived from 
models based on the Y/igner-Eyring theory of absolute reaction 
rates. The diffusion coefficient is expressed as

D = ya pd Vj .....  (1-4)

where y is a constant of about unity, a is the lattice para
meter, p^ is the probability that a defect exists adjacent to
a diffusing atom and v. is the jump frequency. Eor a randomJ
distribution of defects, p^ is equal to their relative con
centration. Then

p^ = exp (- AG-^/RT) .....  (1-5)

where AG^ is the increase in Gibbs free energy required to
form a mole of defects. In the Wert and Zener treatment,
(1949)*v . is derived from a simplified model for the jump 0
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process. The jump is considered to he equivalent to the 

reversible motion of an atom across a potential harrier of 

height W, in thermal equilibrium, while the atom, vibrating 

with a constant frequency vQ, is constrained to a plane per

pendicular to the direction of motion. Then the barrier 

height W is the isothermal, isobaric work required for 

traversal and can be equated to an increment in G-ibbs free

energy AG^. Thus

= v q exp (- AGm/RT) .....  (1-6)

Combining equations (1-4), (1-5) and (1-6) we obtain

D = Y a2 vQ exp [- (AGf + A G J / R t] .....  (1-7)

and using the thermodynamic relation AG = AH - TAS where H is 

enthalpy and S entropy, we arrive at

D = ya2vQ exp [(ASf+ASm)/Rj exp[-(AHf +AHm )/Rlj ...... (1-8)

Comparing this with equation (1-3) we see that

Do = y &2 vo exp [3ASf + ASm ^ E ]

and Q (AHf + AHm ) .....  (1-9)

If is assumed to be the Debye frequency, say 5 x 10 sec , 

the "normal” values of Dq lead to a positive value of 

(AS^ + ASm ). This derivation cannot be regarded as 
rigorous. A far more acceptable approach has been given by 
Vineyard (l957), but this will not be detailed here.
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1 .1 .2 #  D i f f u s io n  i n  I o n i c  S o l i d s

I n  th e  s tu d y  o f  i o n i c  s o l i d s ,  th e  a l k a l i  h a l i d e s  have  

been  th e  s u b j e c t  o f  many i n v e s t i g a t i o n s .  I n  p a r t i c u l a r ,  t h e  

r e l a t i o n  be tw een  e l e c t r i c a l  c o n d u c t i v i t y  and  d i f f u s i o n  i s  

f a i r l y  w e l l  u n d e rs to o d  and h a s  b e en  a p p l i e d  s u c c e s s f u l l y  t o  a 

number o f  sy s tem s  (Shewmon, 1963, p .1 4 0 ) .  T h is  r e l a t i o n  i s  

u s u a l l y  e x p r e s s e d  i n  th e  fo rm  o f  t h e  N e r n s t - E i n s t e i n  e q u a t io n

a * Na e' A ( 1- 10)

where a  i s  th e  c o n t r i b u t i o n  o f  i o n  ty p e  A to  th e  e l e c t r i c a l  

c o n d u c t i v i t y ,  i s  th e  number o f  A i o n s  p e r  c m \  e i s  th e  i o n  

ch a rg e  and  DA i s  th e  s e l f - d i f f u s i o n  c o e f f i c i e n t  f o r  A. 

A c t u a l ly ,  a  f a c t o r  f  sh o u ld  be i n t r o d u c e d  t o  a c c o u n t  f o r  th e  

c o r r e l a t i o n  be tw een  th e  d i r e c t i o n s  o f  s u c c e s s iv e  jumps o f  t h e  

d i f f u s i n g  i o n  ( B a r r  and Le C l a i r e ,  1964)#

An im p o r ta n t  f a c t o r  i n f l u e n c i n g  d i f f u s i o n  i n  p u r e l y  

i o n i c  s o l i d s  i s  th e  im p u r i ty  c o n c e n t r a t i o n .  T h is  can  be 

i l l u s t r a t e d  by q u o t in g  th e  r e s u l t s  o f  M a p o th e r ,  C rooks and 

M aurer ( i 9 5 0 )  f o r  th e  s e l f  d i f f u s i o n  o f  Na i n  NaCl. I t  was 

found  t h a t  t h e  A rrh e n iu s  p l o t  ( l o g  D v s  1 /T ) showed a  d i s c o n 

t i n u i t y  a t  a  te m p e ra tu re  o f  a b o u t  550°C. I n  t h e  h ig h  temp

e r a t u r e  r e g i o n ,  th e  v a lu e s  o f  Q and  Dq w ere  g iv e n  a s  1 .8  eV 

( 4 1 .6  K c a l s )  and 3*1 cm sec  r e s p e c t i v e l y ,  and f o r  low

t e m p e r a t u r e s ,  th e y  were found  to  be  0 .7 7  eV ( 1 7 .8  K c a l s )
—6 2 —  1and 1 .6  x 10" cm se c "  . The p r e s e n c e  o f  d i v a l e n t  im p u r i ty
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ions can explain these results. In order to preserve 
electrical neutrality, every divalent impurity on an Na+ site 
gives rise to a cation vacancy. At high temperatures, in 
the intrinsic region", thermally produced vacancies dominate 
and the activation energy includes the enthalpy of formation 
of the defect and the enthalpy of movement of the diffusing 
ion. At low temperatures, the concentration of vacancies is 
nearly constant and equal to the concentration of divalent 
impurities. The activation energy then only consists of 
the enthalpy of motion of the ion and hence is less than the 
Q for the intrinsic range. This region is called the 
"extrinsic range". That this theory is correct is indicated 
hy the work done with "doped" crystals (e.g. Kelting and Witt, 
1949). It is found that increasing the mole fraction of 
impurity causes the diffusion coefficients in the extrinsic 
region to increase, hut the activation energy for diffusion 
in a given crystal is unaltered. Above a certain tempera
ture, which increases slowly with impurity content, the same 
intrinsic diffusion parameters are obtained for all samples 
irrespective of impurity concentration. It has also been 
concluded that neutral vacancy-impurity complexes are formed 
to some extent, since the diffusion coefficients calculated 
from conductivity measurements are too low compared with 
measured values of D, indicating that species are taking part 
in diffusion which do not contribute to conduction.
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So f a r ,  l i t t l e  h a s  been  a c c o m p l ish e d  i n  t h e  s tu d y  o f  

d i f f u s i o n  i n  o x id e s .  A p e r u s a l  o f a  b i b l i o g r a p h i c a l  r e v ie w  

o f  s e l f - d i f f u s i o n  i n  m e ta l  o x id e s  (Cumming and  H a r ro p ,  1965) 

i n d i c a t e s  t h a t  much o f  th e  e a r l y  work c o v e re d  v e r y  s m a l l  

t e m p e r a tu re  r a n g e s .  No a t t e m p t  seems to  have  b e en  made to  

c o - o r d i n a t e  r e s u l t s ,  and o f t e n  t h e r e  a r e  w ide d i s c r e p a n c i e s  

be tw een  d a t a  o b ta in e d  by v a r i o u s  a u t h o r s .  I n t e r e s t  i n  d i f 

f u s i o n  p r o c e s s e s  i n  o x id e s  was f o s t e r e d  by t h e i r  u s e  i n  a to m ic  

r e a c t o r s .  Uranium and Thorium o x id e s  a r e  o f  i n t e r e s t  b e c a u se  

o f  t h e i r  u se  a s  f u e l  f o r  r e a c t o r s ,  and  b e r y l l i u m  o x id e ,  

b e c a u se  o f  i t s  a t t r a c t i v e  n u c l e a r  p r o p e r t i e s  such  a s  low 

a b s o r p t io n  c r o s s  s e c t i o n  f o r  n e u t r o n s ,  h a s  b e en  s t u d i e d  w i th  

th e  i n t e n t i o n  o f  u s i n g  i t  a s  a  m o d e r a to r ,  and  a s  a  m a t r i x  i n  

which t o  su sp en d  f u e l  p a r t i c l e s .  D i f f u s i o n  o f  f i s s i o n  p r o 

d u c ts  such  a s  Xe, E r  and I  i n  p o l y - c r y s t a l l i n e  com pacts  o f  BeO 

i s  o f  im p o r ta n c e  b e ca u se  by  t h i s  p r o c e s s  th e  r e a c t o r  c o o l a n t  

c o u ld  become c o n ta m in a te d .  Such s o u r c e s  a s  N u c le a r  S c ie n c e  

A b s t r a c t s  r e v e a l  many r e f e r e n c e s  to  t h e s e  s t u d i e s  ( e . g .  

M o r r iso n ,  1 9 6 3 /4 ) .

As i n  th e  c a s e  o f  th e  a l k a l i  h a l i d e s ,  i t  m ig h t  be  

e x p e c te d  t h a t  i m p u r i t i e s  would e f f e c t  l a t t i c e  d i f f u s i o n  i n  

o x id e s ,  b u t  so f a r  a s  i s  known, no s y s t e m a t i c  s tu d y  o f  t h i s  

a s p e c t  h a s  b e en  made. M i t o f f  ( l 959) p ro p o s e d  t h a t  i r o n  

p la y e d  a  c o n s i d e r a b le  p a r t  i n  d e te r m in in g  c o n d u c t i v i t y  i n  MgO 

and i n  a  l a t e r  p a p e r  ( M i t o f f ,  1962) s t u d i e d  th e  e f f e c t  o f
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lithium doping in the same material* Wuensch and Vasilos 
(1962) measured the coefficients for Ni^+ diffusing in two MgO 
samples containing 35 ppm and 75 ppm of iron respectively*
The more impure specimen showed an increase of 20$ in the 
diffusion coefficient and the authors state that within the 
accuracy of their analyses, this is the increase to he 
expected if the presence of impurities with valence greater 
than two caused additional cation vacancies.

Other factors that can effect diffusion in oxides are 
the atmosphere in which annealing is carried out, and the 
departure of the crystal from stochiometry. A well-studied 
example of the latter effect is the FeO phase of the iron- 
oxygen system (Himmel, Mehl and Birchenall, 1953)* An 
example of the effect of the annealing atmosphere on diffusion 
is found in the work on Co self-diffusion in CoO (Carter and 
Richardson, 1954). The variation of vacancy concentration 
with oxygen partial pressure can he obtained from the equation

2Co2+ + i 0g < - 2Co3+ + VCo + 02“ .....  (1-1 1 )

where Vq q is a cation vacancy. Introducing the concept of an 
"electron hole” (@) to describe an electron deficit, this 
equation can he written as

i o2 <----> 2® + vCo + o2" ..... (1-12)

Applying chemical thermodynamics to equation (l-l2), it can he
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deduced th a t  th i s  system g ives r i s e  to  a  p re s su re  dependence 

of the  d if fu s io n  c o e f f ic ie n t  g iven by

1/6
D <x P0 ............ (1 -13)

u2

In  f a c t ,  th e  d if fu s io n  c o e f f ic ie n t  was found to  in c re a se  w ith

approx im ately  th e  l / 3rd  power o f Pn and i t  was su g g ested  th a t
u2

some degree of in te r a c t io n  between v acan c ies  and e le c tro n  

h o le s  would account fo r  t h i s  d ep a rtu re  from sim ple th e o ry . 

Pappis and K ingery ( 1961) found th a t  Al^O^ was a p -ty p e  sem i

conducto r, and th a t  the co n d u c tiv ity  depended on oxygen 

p a r t i a l  p re s s u re . P aladino  and K ingery (i9 6 2 ) n o ted  th a t  

d if fu s io n  c o e f f ic ie n ts  could  be s im ila r ly  dependent due to  th e  

n o n -s to ch io m e tric  fo rm ation  of l a t t i c e  v a c a n c ie s , and suggested  

a r e a c t io n  such a s : -

{  0o = ^  02“ ( l a t t i c e )  + A l^+(v a c .)  + 3 9 ............ (1 —14)

C o n d u c tiv ity  measurements on MgO (M ito ff , 1959, 1962, 1964-) 

have in d ic a te d  th a t  s im ila r  r e s u l t s  cou ld  be expected  in  t h i s  

m a te r ia l ,  b u t Wuensch and V asilo s  (1962) c la im  th a t  no d i f f e r 

ence was n o ted  between im p u rity  d if fu s io n  c o e f f ic ie n ts  

measured in  two d i f f e r e n t  atm ospheres.

1 .2 . D iffu s io n  in  MgO

1.2*1. S e lf -D iffu s io n  and E le c t r i c a l  C o n d u c tiv ity  

Because i t s  s t r u c tu re  i s  s im ila r  to  th a t  o f s e v e ra l 

o f th e  a l k a l i  h a l id e s ,  MgO p ro v id es a good s t a r t i n g  p o in t  f o r
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a  s y s te m a t ic  s tu d y  o f d i f f u s i o n  i n  o x id e s .  B e fo re  c o m p a ri

so n s b e tw een  im p u r i ty  d i f f u s i o n  r a t e s  in  d i f f e r e n t  s o lv e n ts  

can  be m ade, th e  r e l a t i v e  d i f f u s i o n  r a t e s  o f  a  ra n g e  o f  impu

r i t i e s  i n  a  s in g le  s o lv e n t  sh o u ld  be  m ea su re d  i n  an  a t te m p t  to  

r e v e a l  th e  f a c t o r s  g o v e rn in g  d i f f u s i o n  m echanism s i n  th e  

s im p le r  c a s e .  As f a r  a s  i s  known, o n ly  MgO h a s  b e e n  s tu d i e d  

w ith  t h i s  o b je c t  in  m ind. C a tio n  s e l f - d i f f u s i o n  was m easu red  

o v e r th e  te m p e ra tu re  ran g e  1400-1600°C u s in g  ^M g  a s  t r a c e r  

(L in d n e r  and  P a r f i t t ,  1957). B o th  ’’s u r f a c e  a c t i v i t y  d e c r e a s e ” 

and s e c t i o n in g  te c h n iq u e s  w ere u s e d , b u t  th e  s h o r t  h a l f  l i f e  

o f  th e  i s o to p e  r e s t r i c t e d  th e  te m p e ra tu re  r a n g e .  To o b ta in  a  

m e a su ra b le  p e n e t r a t i o n  below  1400°C w ould  have  r e q u i r e d  to o

lo n g  an  a n n e a l in g  tim e . The a c t i v a t i o n  e n e rg y  was q u o te d  a s
2 -13 .4 3  eV and  Dq was found  to  be 0 .2 4 9  cm se c  . T here  was 

a ls o  some e v id e n c e  t h a t  a t  te m p e ra tu re s  be low  1400°C th e  lo g  

D v s .  1 /T  p l o t  showed a  d i s c o n t i n u i t y  w ith  a  lo w e r a c t i v a t i o n  

e n e rg y  o c c u r in g  a t  low te m p e r a tu re s .  T h is  was n o t  c o n firm e d  

and no f u r t h e r  work h a s  b een  p u b l is h e d .  A nion s e l f - d i f f u s i o n  

was m easu red  by O ish i and E in g e ry  (1960 ) by d e te rm in in g  th e  

r a t e  o f  exchange betw een  a  l im i t e d  volum e g as  p h a se  e n r ic h e d  

w ith  th e  s t a b l e  i s o to p e  ° 0 , and  MgO g r a i n s .  T here  a p p e a re d  

to  be v e ry  l i t t l e  d i f f e r e n c e  in  c o e f f i c i e n t s  f o r  g r a in  bound

a ry  and l a t t i c e  d i f f u s i o n .  V a lu es  f o r  Dq and Q w ere o f  th e
f .  O  4

o rd e r  o f  10“ cm s e c "  and 2 .7  eV r e s p e c t i v e l y ,  o v e r  th e  

te m p e ra tu re  ra n g e  1300-1750°C. The o x id e  p u r i t y  was a b o u t
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99*9$. I t  was concluded th a t  oxygen d if fu s io n  was e i th e r  

im p u r ity -c o n tro l le d  or s t r u c tu r e - s e n s i t iv e  under the  

c o n d itio n s  of the  experim ents.

C o n d u c tiv ity  measurements (M ito ff , 1959, 1962, 1964) 

have le d  to  somewhat confusing  r e s u l t s .  However, i t  now 

seems th a t  MgO i s  predom inantly  an io n ic  conductor a t  tem per

a tu re s  around 1000°C and predom inan tly  e le c t ro n ic  above 

1500°C. The io n ic  c o n tr ib u tio n  d ec reases  as th e  tem p era tu re  

i s  in c re a se d , th e  tra n s p o r t  number f a l l i n g  from 0 .88  a t  1016°C 

to  0 .33 a t  1510°C. A p p lica tio n  o f the  N e rn s t-E in s te in  

eq u a tio n  to  s e l f - d i f f u s io n  r e s u l t s  in d ic a te s  th a t  th e  magnesium 

io n  i s  th e  main c a r r i e r  a t  low te m p e ra tu re s , s in ce  v a lu e s  of a 

d e riv ed  from K in g ery 's  oxygen d if fu s io n  d a ta  a re  10^ tim es too 

sm all compared to  the  observed v a lu e s . However, m otion seems 

to  proceed  w ith  a lower a c t iv a t io n  energy than  th a t  g iven  by 

L indner & P a r f i t t  ( l9 5 7 ), namely 2 .17 eV as a g a in s t  3 .43 eV, a 

r e s u l t  which tends to  confirm  su sp ic io n s  o f th e  e x is te n c e  of a 

low er a c t iv a t io n  energy p ro cess  fo r  d if fu s io n  a t  low tem per

a tu r e s .  At s u f f i c ie n t ly  h igh  te m p e ra tu re s , M ito ff  f in d s  th a t  

a l l  c r y s ta l s  show an a c t iv a t io n  energy o f 3 .5  eV. I f  in  t h i s  

re g io n , MgO i s  an e le c tro n ic  conductor as M ito ff  c la im s , t h i s  

agreem ent w ith  the a c t iv a t io n  energy fo r  d if fu s io n  may be 

f o r tu i to u s .

1 .2 .2 . Im purity  D iffu s io n

Turning now to  im p u rity  d i f fu s io n ,  th e  f i r s t  in te n s 

iv e  study  was c a r r ie d  out by Wuensch and V as ilo s  ( l 9 6 l ,  1962,
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1965). These w orkers have made a number of m easurements of 

the d if fu s io n  of Fe^+, Co^+, N i^+ and Zn^+ in  s in g le  c r y s ta l s  

of MgO. The tem perature range covered  was 1000-1700°C and 

th e  d i s t r ib u t io n  of t r a c e r  a f t e r  an n ea lin g  was m easured u s in g  

e le c tro n  microbeam probe sp ec tro sco p y . The d iam eter o f th e  

30-KV e le c tro n  beam was l-2 |i .  However, in  th e  course of 

l a t e r  work (Wuensch and V as ilo s , 1966a) i t  was found t h a t ,  

because of th e  l i g h t  MgO m a trix , f lu o re sc e n c e  e f f e c t s  

d ecrease  the  re s o lu t io n  of t h i s  tech n iq u e  to  approx im ately  

lOji. D iffu s io n  couples were made b o th  as Msandw iches,, and 

by “vapour d e p o s it io n ”, th e  most s a t i s f a c to r y  method depending 

on th e  p ro p e r t ie s  o f the system  concerned . The r e s u l t s  of 

t h i s  work can be summarised by the  fo llo w in g  A rrhenius 

e q u a tio n s :-

N i^+ : D * 1.80 x 10~^ exp (-2 .1 0 /k T ) cm^/sec

Co^+ : D = 5.78 x IO“ 5 exp (-2 .0 6 /k T ) cm2/s e c
o ,  r  p ...........  (1 -15)

Fe^+ : D = 8.83 x 10 5 exp ( -1 .8 i /k T )  cm v sec

Zn2+ : D = 1.48 x 10~^ exp (-1 .8 5 /k T ) cm ^/sec

Rungis and M ortlock (1966) have r e c e n t ly  p u b lish ed  work on
p.

th e  d i f fu s io n  of Ca in  MgO. They used  an au to ra d io g ra p h ic

method to  re co rd  d if fu s io n  p r o f i l e s ,  over th e  same tem p era tu re
-5ran g e , and f in d  v a lu es of Q and Dq o f 2.13 eV and 2 .95 x 10

2 —1cm sec r e s p e c t iv e ly .
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All the above results are characterised by low Dq 
values, but the authors (Wuensch and Vasilos, Rungis and 
Mortlock) considered them to apply to lattice diffusion, 
particularly when it was found that the activation energies 
could be correlated empirically to the ratio of the radius 
(r), of the diffusing cation to its electronic polarisability 
(a)* This is simply expressed in the following equation

Q = k1 ^ + k2 ..... (1-i6)
“\ owhere k^ = 0.37 x 10 eV.cm'- and = 1*20 eV. A graph of 

Q vs. r/a is shown in fig 1.1. This correlation makes use 
of the Lindner and Parfitt value of 3.43 eV for the activation 
energy for cation self-diffusion, and has been regarded as 
applying to divalent ions diffusing in MgO by the same 
mechanism.

Brief mention should be made here of measurements of
diffusion in polycrystalline MgO. Wuensch and Vasilos (1961)

2+reported the grain-boundary diffusion of Ni in MgO, and
using a micrographic technique, Zaplatynsky (1962) noted simi-

2+ 2+lar results for Co and repeated the Ni study successfully.
However, Shelly et al (1962) found no enhanced grain boundary

2+ 2+diffusion for either Co or Pe • Further work by Wuensch 
and Vasilos (1964) confirmed their original findings, but this
time Zaplatynsky (1964), again using a photomicrographic method,

2+ 2+was unable to detect any enhanced diffusion of Co and Ni
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along grain ‘boundaries. No explanation of this contradiction 
was offered.

In an attempt to resolve this disagreement, recent
work by Wuensch and Yasilos (1966b) has proved the preferen-

2+ 2+tial diffusion of Ni and Co along grain boundaries in MgO 
bicrystals, and indicates that this enhancement is due to 
impurity segregation at the boundary. The impurities respon
sible are Ca, Si and Fe. No enhancement has been observed in 
bicrystals prepared above 1300°C, at which temperature it is 
thought that impurity precipitates are re-absorbed into solid 
solution. Therefore enhanced grain boundary diffusion of 
cations in MgO is an extrinsic, rather than an intrinsic, 
property of the boundary and this could provide the explana
tion for the variety of results obtained by different workers.

One interesting aspect which Wuensch and Vasilos have 
found is that, unlike metal systems where the grain boundary 
width, 6, is only a few atomic spacings, in MgO it appears to 
be of the order of microns. In the work of Laurent and 
Benard (1955, 1958) grain boundary diffusion in alkali halides 
was clearly indicated but the concentration distribution of 
diffusant suggested that the kinetics of lattice diffusion 
applied. Wuensch and Vasilos (l964) suggested that extended 
grain boundaries in these crystals could explain this result.

It should be remarked at this point that grain
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b o u n d a ry  d i f f u s i o n  u s u a l ly  l e a d s  to  a p p a re n t  v a lu e s  f o r  DQ 

w hich  a re  v e ry  low com pared w ith  th o s e  f o r  l a t t i c e  d i f f u s i o n .  

A c t iv a t io n  e n e rg ie s  a re  a l s o  s m a l l e r .  T h is  i s  i l l u s t r a t e d  by 

th e  r e s u l t s  f o r  s e l f - d i f f u s i o n  i n  s i l v e r  (H offm an and T u rn b u ll  

1951; S l i f k i n ,  L azaru s  and T om izuka, 1952)

P o l y c r y s t a l  Ag: D = 2 .3  x 10~^ exp ( -1 .1 4 /k T )  cm^/sec 

S in g le  c r y s t a l  Ag: I) = 0 .8 9 5  exp ( -1 .9 9 /k T )  cm /  sec

............  (1 -1 7 )

The same r e l a t i o n  betw een  p a ra m e te r s  i s  fo u n d  f o r  d i s l o c a t i o n  

in f lu e n c e d  d i f f u s i o n .  In d e e d , g r a in  b o u n d a r ie s  can  be d e s 

c r ib e d  by  a  d i s l o c a t i o n  m odel u n d e r  c e r t a i n  c o n d i t io n s  ( e . g .  

G i r i f a l c o ,  1964 p .1 2 4 ) .  K eep ing  t h i s  i n  m ind , i t  i s  i n t e r e s 

t i n g  to  n o te  t h a t  d i f f u s io n  i n  some p o l y c r y s t a l l i n e  i o n ic  

s o l i d s  i s  d e s c r ib e d  by p a ra m e te rs  s i m i l a r  to  th o s e  w hich  

a p p e a r  to  a p p ly  to  s in g le  c r y s t a l  m a t e r i a l .  I n  a d d i t i o n  to  

th e  r e s u l t s  f o r  oxygen d i f f u s i o n  i n  MgO a l r e a d y  q u o te d , Hi 

d i f f u s i o n  i n  NiO (Shim and M oore, 1957) p r o v id e s  an  exam ple o f  

t h i s : -

P o l y c r y s t a l  NiO: D = 5 .0  x 10-4  exp ( - 1 .9 1 /k T )  cm2/ s e c  

S in g le  c r y s t a l  NiO: D = 3*9 x 10-4  exp ( —1 .9 l /k T )  cm2/ s e c

............  ( 1 - 1 8 )

L u rin g  th e  c o u rse  o f  t h e i r  s tu d y  o f  g r a in  bo u n d ary  

d i f f u s i o n  i n  MgO, Wuensch and V a s i lo s  ( 1966a )  r e p e a te d  th e  

m easu rem en t o f  Ca2+ d i f f u s i o n  i n  s in g l e  c r y s t a l  MgO o v e r  th e
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same tem peratu re range as th a t  s tu d ie d  by Rungis and M ortlock .

They have quoted only te n ta t iv e  r e s u l t s  as y e t ,  b u t th ey  do

n o t agree w ith  those p rev io u s ly  o b ta in ed . The a c t iv a t io n

energy i s  re p o r te d  to  be 3»3 eV and the  p re -e x p o n e n tia l f a c to r  
2 —1i s  0.025 cm sec . These f ig u re s  do n o t ag ree  w ith  th e  co r

r e l a t io n ,  equation  ( l - l 6 ) ,  bu t no comment was made on t h i s .

1 .3 . Aim o f the P re sen t Study

The aim of the  p re se n t work i s  to  t e s t  eq u a tio n  

(1 — 16) to  i t s  l im i t s ,  and th e  two im p u r i t ie s  s e le c te d , Be 

(Harding and M ortlock, 1966) and Ba (H arding , 1967), have 

v a lu es of r / a  (P au ling , 1960; Mott and Gurney, 1940) which 

le a d  to  p re d ic te d  a c t iv a t io n  en e rg ies  of 15.7 eV and 1.53 eV 

r e s p e c t iv e ly .  The form er i s  unreasonably  h ig h , b u t th e  

l a t t e r  i s  w ith in  the realm s of p o s s i b i l i t y  a lthough  i t  would 

appear to  be r a th e r  low fo r  such a  la rg e  io n . However, p a s t  

work has in d ic a te d  th a t  the  p o l a r i s a b i l i t y ,  a , p lay s  an impor

ta n t  p a r t  in  determ ining  a c t iv a t io n  e n e rg ie s . A r e la t io n s h ip  

such as eq u a tio n  ( 1 - i 6) could be the  f i r s t  s te p  in  u n d ers tan d 

in g  oxide system s in  g e n e ra l, b u t as a r e s u l t  o f the work 

d escrib ed  in  th i s  th e s i s ,  an o th er e x p lan a tio n  w i l l  be advanced 

fo r  th e  d if fu s io n  param eters observed in  experim ents on MgO.
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I I .  THEORY AND GENERAL METHOD

2 .1 .  S o lu t io n s  to  th e  D if fu s io n  E q u a tio n

I n  e x p e r im e n ta l m ethods u s u a l ly  u se d  to  m easu re  d i f 

f u s io n  i n  s o l i d s ,  a  t h in  d e p o s i t  o f  im p u r i ty  i s  p la c e d  on th e  

s u r f a c e  o f th e  s o lv e n t  c o n ce rn ed  and d u r in g  a n n e a l in g s  a t  a  

te m p e ra tu re  T f o r  a p e r io d  o f t  s e c o n d s , t h i s  im p u r i ty  con

t a i n i n g  r a d i o - a c t iv e  t r a c e r  a to m s, d i f f u s e s  i n to  th e  h o s t  

l a t t i c e .  The s t a r t i n g  p o in t  f o r  d e te rm in in g  th e  t h e o r e t i c a l  

d i s t r i b u t i o n  o f  th e  im p u r i ty  a f t e r  a n n e a l in g ,  i s  F ic k * s  Second 

Law o f D i f f u s io n  ( e .g .  Shewmon, 1963 p . 5 ) .  C o n s id e r in g  d i f 

f u s io n  i n  th e  x d i r e c t i o n  o n ly , we have  -

I f  D ( th e  d i f f u s io n  c o e f f i c i e n t )  i s  n o t  a  f u n c t io n  o f  th e  con 

c e n t r a t i o n  C, t h i s  e q u a tio n  re d u c e s  to

T here a r e  two s e t s  o f boundary  c o n d i t io n s  w hich  m ust be  con

s id e r e d  i n  s o lv in g  t h i s  e q u a t io n  f o r  C. F o r  a  t h i n  s u r f a c e  

so u rc e  d i f f u s i n g  in  th e  x d i r e c t i o n ,  th e  s e t  o f  c o n d i t io n s  can  

be  w r i t t e n

(2-1)

( 2- 2 )

F o r x > 0 , C ---- > 0 a s  t  — > 0

and  f o r  x = 0 , C ----->  00 a s  t  — >  0

The s o l u t i o n  to  e q u a tio n  (2 -2 )  i s  th e n

C = —j ; —  . exp ( -  x ^ /4 D t) (2 -3 )
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w here M i s  th e  t o t a l  amount o f  t r a c e r - b e a r i n g  im p u r i ty  d ep o s

i t e d  on th e  s u r f a c e .  T h is may be r e f e r r e d  to  a s  th e  "G a u ss ia n  

s o l u t i o n " .  S in c e  th e  p r e - e x p o n e n t i a l  te rm  can  be assum ed

c o n s ta n t  f o r  a  g iv e n  a n n e a l in g  t im e ,  th e  im p u r i ty  d i s t r i b u t i o n
2

i s  su ch  t h a t  a  p l o t  o f l n  C v s .x  w i l l  y i e l d  a  s t r a i g h t  l i n e  

o f  s lo p e  - i / 4 D t .  The d e p o s i te d  l a y e r  m ust be  t h i n ,  t h a t  i s ,  

n e g l i g i b l e  i n  com parison  w ith  VÖt, b e c a u se  i t  h a s  b e en  assum ed 

t h a t  th e  w hole d e p o s i t  M, can  ta k e  p a r t  i n  d i f f u s i o n  -  t h a t  

i s ,  th e  q u a n t i t y  o f s u r f a c e  m a t e r i a l  d e p o s i te d  m ust go i n to  

s o l u t i o n  i n  a  tim e  t h a t  i s  s h o r t  com pared w ith  th e  a n n e a l in g  

t im e , o f t e n  a r b i t r a r i l y  s e t  a t  0 .0 1  t .

I f  th e  s o l u b i l i t y  i s  sm a ll  o r  th e  d e p o s i te d  l a y e r  

t h i c k ,  th e  above c o n d i t io n s  a re  no lo n g e r  a p p l i c a b l e .  The 

o n ly  im p u r i ty  ta k in g  p a r t  i n  d i f f u s i o n  i s  t h a t  i n  s o l u t i o n  a t  

any  p a r t i c u l a r  moment and a s  th e  s o l u t e  d i f f u s e s  i n t o  th e  s o l 

v e n t ,  f u r t h e r  q u a n t i t i e s  o f th e  d e p o s i t  can  go i n to  s o l u t io n  

a t  th e  s u r f a c e .  I f  th e  s u r f a c e  c o n c e n t r a t io n  does n o t  f a l l  

b e low  th e  s o l u b i l i t y  l i m i t  a t  a l l  d u r in g  a n n e a l in g ,  th e  a p p ro 

p r i a t e  bo im dary  c o n d i t io n s  a r e  g iv e n  by

C = 0 a t  t  = 0 f o r  0 < x < °°

and C = C a t  x = x„ f o r  0 < t  < oo s s

and  th e  s o l u t io n  to  e q u a t io n  (2 -2 )  i s
x -  x

C = C e r f  c — — =§■ ............. ( 2 - 4 )
3 2VdiT
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where C is the solubility limit of the primary phase and xo S
is the thickness of the zone of surface phases where the 
solute concentration is greater than C . The application of 
this solution, v/hich can be referred to as the "error function 
solution", assumes that x is independent of time. In many 
cases, it is small compared with the penetration x and can be 
assumed to be zero. Experimental difficulties sometimes en
countered in the application of this solution have been treat
ed by Mortloek (1964) and are briefly described in paragraph 
2.2.2.

The minimum surface deposit required for the error 
function solution to apply can be calculated as follows. The 
total amount of impurity which has gone into solution during 
an annealing of duration t is given by

S erfc - ■ 2VDt dx (2-5)

If M is the amount deposited, it must be greater than S.
Putting u = — — z we have

2VDt
. 00

S = 2 C .TÖt I erfc u.du ...... (2-6)s J0

Now, J erfc.(x)dx = x.erf(x) + exp(-x2) 

and erfc.(x) = 1 - erf(x)

Applying these two identities, the integral in equation (2-6) 
can be evaluated and we arrive at
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S = 2 C 3 * I ?  ......  (2- 7 >

With a knowledge of the solubility of the impurity in MgO 
(e.g. Levine, Robbins and McMurdie, 1964) S can be calculated 
for a given value of VDt and compared with M, which is obtain
able from the specific activity of the tracer solution used.
In some cases C is not known, but under certain circumstanceso

S can be measured directly. This situation occurred in the 
case of barium diffusing in MgO, and will be considered later.

2.2. Radioactive Tracer Techniques

2.2.1. General Comments
The use of radioactive isotopes is a convenient method 

of studying diffusion in solids, and it has been used exten
sively for many years. The variety of tracer materials avail
able increased rapidly with the expansion of reactor technol
ogy. In addition to the techniques to be described in this 
work, a number of absorption techniques have been described 
(Cadek and Janda, 1957, 1959)* Even though the ratio of the 
diffusion coefficients for different isotopes of the same 
chemical species can be as great as the ratio of the square 
roots of their mass numbers, (Mullen, 1961) this variation is 
usually well within the limits of precision to which measure
ments can be made. Thus it is permissible to take the diffu
sion coefficients found using isotopes as applicable to other 
atoms of the same element. In recent years, however,



-  21

e x p e rim e n t h a s  in d ic a t e d  t h a t  t h i s  " i s o to p e  e f f e c t "  can  he  a  

u s e f u l  t o o l  i n  th e  d e te rm in a t io n  o f  c o r r e l a t i o n  f a c t o r s  (B a r r  

and  Le C l a i r e ,  1964 ; B a rr  and Mundy, 1965 ; Be C l a i r e ,  1966 ) 

and hence  can  som etim es g iv e  an  i n d i c a t i o n  o f  th e  d i f f u s i o n  

m echanism  o p e r a t in g  in  a  p a r t i c u l a r  sy s te m . The p ro b lem  o f  

m e a su rin g  D to  th e  n e c e s s a ry  p r e c i s i o n  can  be overcom e by d i f 

f u s in g  th e  two i s o to p e s  c o n c e rn e d  s im u l ta n e o u s ly .

Some a d v a n ta g e s  o f  th e  te c h n iq u e  a r e  t h a t  th e  

im p u r i ty  can  be e a s i l y  d e te c te d  u s in g  G -e ig e r-M u lle r o r  s c i n 

t i l l a t i o n  c o u n tin g ,  o r  a u to r a d io g ra p h y , and  th e s e  m ethods a r e  

e x tre m e ly  s e n s i t i v e  a llo w in g  s t u d i e s  to  be  made a t  n e a r - z e r o  

c o n c e n t r a t i o n s .  A lso , e ach  i s o to p e  h a s  a  c h a r a c t e r i s t i c  

r a d i a t i o n  so  t h a t  i t  can  be fo l lo w e d  w ith o u t  a m b ig u ity .

C e r ta in  p r o p e r t i e s  a re  r e q u i r e d  i f  an i s o to p e  i s  to  be  u s e f u l  

i n  d i f f u s i o n  w ork . These can  be  l i s t e d  b r i e f l y  a s  fo l lo w s

( a )  i t s  h a l f - l i f e  sh o u ld  be  s u f f i c i e n t l y  lo n g  b e c a u se  a n n e a l 

in g  can  ta k e  s e v e r a l  w eeks, o r  even  m o n th s , to  c o m p le te , 

i n  p a r t i c u l a r  where m easu rem en ts a r e  made a t  low  te m p e ra 

t u r e s ,  ( t h a t  i s ,  f o r  T l e s s  th a n  h a l f  th e  m e l t in g  p o in t  

te m p e r a tu r e ) ;  and

(b )  i t s  s p e c i f i c  a c t i v i t y  sh o u ld  be  a s  h ig h  a s  p o s s i b l e ,  so 

t h a t  s m a ll  q u a n t i t i e s  can  be  d e te c t e d  e a s i l y  and a  s u f f i 

c i e n t l y  l a r g e  number o f  c o u n ts  c an  be  o b ta in e d  to  m in im ise  

s t a t i s t i c a l  e r r o r s .
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The method used in any given case for following the 
diffusing tracer depends on the system being studied, and the 
tracer used. Autoradiography requires a tracer with "soft11 
radiation which is easily stopped by photographic emulsions in 
order to obtain satisfactory resolution of the profile image. 
Sectioning techniques are best employed when radiations invol
ved are ••hard”. For intermediate and low values of the 
absorption coefficient of the radiation in the material 
studied, the Hsurface activity decrease” method can be applied. 
In this case, the volatility of the tracer material must be 
very low at the temperatures concerned. Autoradiography has 
the advantage that individual coefficients for different 
regions of the same crystal can be measured, whereas serial 
sectioning in addition to being destructive, yields only an 
average coefficient for the whole crystal. This advantage, 
however, tends to be partly cancelled by possible errors 
arising from the analysis of the autoradiographic image. The 
extent of these errors depends on the isotope employed. The 
following paragraphs describe in more detail the application of 
the above theory to the systems examined in this project.

2.2.2. Calcium Diffusion
45The tracer used in this case, Ca, is suitable for 

the application of autoradiography. The radiation, 0.25 MeV 
ß“, is soft and therefore has a short range in MgO and in the
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photographic emulsion used. If the diffusion couple is 

suitably sectioned and X-ray film placed in contact with it, 

then each point along the penetration profile gives a corres

ponding point image on the film, under ideal conditions. In 

practice, a "resolution" correction has to he applied. A 
full treatment of this correction is described elsewhere 

(Rungis and Mortlock, 1966; Brown and Blackburn, 1963)* 

Briefly, an undiffused "sandwich" does not give a line image 

on the film and an apparent value of the product Dt can be 

derived by assuming that the density of the image obtained has 

a distribution described by the Gaussian solution to the diffu

sion equation. For the appropriate annealing time t, a cor

rection can be calculated which is subtracted from the appar

ent diffusion coefficients obtained from annealed couples.

For an annealed couple, a concentration vs. penetra

tion curve is derived from the intensity of the photographic 

image in the following manner. Using a microdensitometer, 

the image is scanned and the variation of density with dis

tance perpendicular to the diffusion interface is traced on a 

chart recorder. The concentration of diffusant at a given 

penetration x is then proportional to log (I /i ), where I is 

the intensity of light transmitted through the unexposed part 

of the film and I is that transmitted through the exposedA
part at a distance x along the profile from the diffusion
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interface, provided that log (I /I ) does not exceed a valueU
which is characteristic of the film employed.

The error function solution, equation (2-4), applies 
to Ca diffusion in MgO due to the small solubility of CaO in 
MgO. Rewriting equation (2-4) as

-1 C _ x(erfc)
2Wt

and provided C can he obtained by extrapolating the profile s
— 1 Cback to x = 0, a plot of (erfc)” q —  vs. x will yield a

s
straight line the slope of which gives D, the apparent diffu
sion coefficient. Prom this, the resolution correction is 
subtracted to give the true diffusion coefficient.

However, sometimes it is not possible to derive C bys
extrapolation with sufficient accuracy and in this event the 
following analysis (Mortlock, 1964; Rungis and Mortlock,

p1966) can be used. If a plot is made of ln C vs x , a curve
results, but a straight line can be fitted to this curve over
a limited range of x and an apparent diffusion coefficient
D can be found from its slope as if the Gaussian solution £1
applied. D is related to the correct value of D, (D ) whichcl C
operates in equation (2-4) by:-

This indicates that

2 exp(- x2/4Dct) 
x . erfc (x/2ÜD t)

D / D Q is constant providing D isC 3» d

(2-8)
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p
e v a lu a te d  a t  th e  same e f f e c t i v e  v a lu e  o f x /D  t  i n  eachc
e x p e r im e n t. The p r o p o r t i o n a l i t y  f a c t o r  i s  b e s t  e v a lu a te d  

e m p i r ic a l ly  by com paring  th e  v a lu e s  o f  3) and c a l c u l a t e d  

s e p a r a t e ly  i n  a  ru n  in  w hich  th e  d a ta  i s  s u f f i c i e n t l y  sm ooth 

t h a t  n o t  o n ly  e q u a tio n  (2 -3 )  may be  u s e d  to  e v a lu a te  D b u t  

a ls o  th e  d i f f e r e n t i a l  o f e q u a t io n  (2 -4 )  to  y i e l d  D . I n  t h i s
V

way, th e  n e e d  to  know th e  s o l u b i l i t y  o f th e  d i f f u s a n t  i n  th e  

MgO i s  e l im in a te d .

th e  m ost c o n v e n ie n t  m ethod to  u se  i s  t h a t  o f s e c t i o n in g ,

0 .4 8  MeV. I t  i s  n o t  e asy  e x p e r im e n ta l ly  how ever to  d e te rm in e  

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

s in c e  th e  s e c t io n s  rem oved a re  v e ry  t h i n  and th e  c o u n t r a t e  

o b ta in e d  from  them v e ry  s m a l l .  T here  i s  a l s o  th e  p ro b lem  o f  

c o l l e c t i n g  th e  m a te r i a l  rem oved. I t  i s  b e t t e r  t h e r e f o r e ,  to  

m easu re  th e  a c t i v i t y  re m a in in g  i n  th e  b u lk  o f  th e  c r y s t a l  

a f t e r  th e  rem oval o f  each  s e c t i o n .  T h is  l e a d s  to  an  i n t e 

g r a te d  p r o f i l e .  At any d e p th  x* from  th e  o r i g i n a l  s u r f a c e ,  

we can  w r i t e  f o r  th e  a c t i v i t y  re m a in in g

2 .2 .3 «  B e ry lliu m  D if f u s io n

F o r  a  s tu d y  o f th e  im p u r i ty  d i f f u s i o n  o f  Be i n  MgO

7
b e c a u se  th e  t r a c e r  a v a i l a b l e ,  B e, e m its  a  y r a y  o f  e n e rg y

C (x) dx (2 -9 )

T h is  i s  v a l i d  f o r  a  g iv e n  a n n e a l in g  tim e  t  when th e  c o n s ta n t  

o f  p r o p o r t i o n a l i t y  be tw een  co u n t r a t e  and c o n c e n t r a t io n  h a s
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b e en  o m i t t e d .  At x 1 = 0 , we h a v e : -

A(0) C(x) dx ( 2- 10 )

The " f r a c t i o n a l  a c t i v i t y  r e m a in in g "  F ( x ' ) i s  th e n  g iv e n  by

P ( x '  ) TW
r0 vl C (x) dx
«00

C (x)
( 2- 1 1 )

F o r  BeO, i t  was found  t h a t  th e  s o l u b i l i t y  i n  MgO i s  h ig h  from

th e  p o i n t  o f  v iew  o f  d i f f u s i o n ,  b e in g  o f  t h e  o r d e r  o f  2 mole $

a t  1000°C and  i n c r e a s i n g  w i th  t e m p e r a tu r e  (L e v in e ,  R obbins and

McMurdie, 1964). The "G au ss ian  s o l u t i o n "  to  th e  d i f f u s i o n

e q u a t io n  i s  t h e r e f o r e  a p p l i c a b l e  and  s u b s t i t u t i n g  f o r  C(x)

g iv e s  «00

J , exp ( -  x 2/4 D t )  dx .
F(x* ) = - £ ■ .................................................  ............  (2 -1 2 )

exp ( -  x 2/ 4 L t )  dx 
*Jo

Now th e  d e n o m in a to r  i s  a  s t a n d a r d  i n t e g r a l  o f  t h e  form

J  e x p ( -  a 2 x 2 ) dx = . f T  ............. ( 2 - 1 3 )

U s in g  t h i s  i d e n t i t y  i n  e q u a t io n  ( 2 -1 2 )  g iv e s

F(x* ) = - ~  r 00 exp ( -  -to t) . ■ -v* J t 4 D t  2m
Making a  change o f  v a r i a b l e  and p u t t i n g  u

(2 -1 4 )

2Y5t
we a r r i v e  a t

F ( x ' )  = —2_ poo

v* L e - u  du (2 - 1 5 )
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T his  e q u a t io n  can he w r i t t e n  u s in g  s t a n d a r d  n o t a t i o n  f o r  th e  

e r r o r  f u n c t i o n  complement a s

Thus i f  th e  f r a c t i o n s  F (x )  a r e  m easu red  f o r  v a r i o u s  v a lu e s  o f  

x ,  t h e n  th e  c o r re s p o n d in g  v a lu e s  o f  u ,  th e  l i m i t  o f  th e  

i n t e g r a l  i n  e q u a t io n  ( k : - l5 ) ,  can  he o b ta in e d  from  m a th e m a t ic a l  

t a b l e s  ( e . g .  C arslaw  and J a e g e r ,  1959)•

same t e c h n iq u e s  were employed a s  i n  th e  s tu d y  o f  Be d i f f u s i o n  

i n  MgO. I n  t h i s  work, how ever, th e  e x p e r im e n ta l  p r o f i l e s  

a lw ays showed th e  p re s e n c e  o f  e x c e s s  u n d i s s o l v e d  t r a c e r  on th e  

s u r f a c e  o f  th e  c r y s t a l  b e in g  s e c t i o n e d .  T h is  i n d i c a t e d  t h a t  

th e  s o l u b i l i t y  o f  BaO i n  MgO i s  v e r y  s m a l l  and  th e  ’’e r r o r  

f u n c t i o n  s o l u t i o n ” to  th e  d i f f u s i o n  e q u a t io n  i s  a p p l i c a b l e  to  

t h i s  sy s te m . S u b s t i t u t i n g  e q u a t io n  ( 2 -4 )  i n t o  e q u a t io n  ( 2 -1 1 )  

and a ssu m in g  x i s  e s s e n t i a l l y  z e ro  g iv e s
O

F (x )  = e r f c  (u ) ( 2 - 1 6 )

—  1I n  e f f e c t ,  p l o t t i n g  ( e r f c ) “ F (x )  a g a i n s t  x g iv e s  a
■1

s t r a i g h t  l i n e  o f  s lo p e  ■—=== from  w hich  D can  be c a l c u l a t e d .
2VDt

2 . 2 . 4 .  Barium D i f f u s i o n

A s i m i l a r  c a l c u l a t i o n  to  t h a t  c a r r i e d  o u t  above can  

be p e r fo rm e d  i n  t h i s  c a s e .  The t r a c e r  u se d  was ^ ^ B a  and  th e

(2 -1 7 )
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I t  m ust Toe p o i n t e d  ou t t h a t  A(0) i s  n o t  th e  i n i t i a l  a c t i v i t y -  

r e c o r d e d  from  th e  c r y s t a l  "before s e c t i o n i n g  "begins as  was th e  

c a se  f o r  Be* A(0) h e re  i s  th e  p o i n t  where th e  e x t r a p o l a t e d  

e x p e r im e n ta l  p l o t  o f  A(x) v s .  x c u t s  th e  x = 0 a x i s ,  and 

r e p r e s e n t s  th e  co u n t r a t e  from  th e  t o t a l  amount o f  m a t e r i a l  i n  

s o l i d  s o l u t i o n  a f t e r  the  a n n e a l in g  o f  th e  c o u p le .  P u t t i n g  

u  = ——— a g a in  and e v a lu a t in g  th e  d e n o m in a to r  from  a  s t a n d a r d
2 Yin

i n t e g r a l  l e a d s  t o  the  e q u a t io n

F (x » )  = e r f c . ( u )  du ( 2 - 1 8 )

U s in g  th e  n o t a t i o n , i e r f c ( a ) e r f c  y dy v/e can  w r i t e

F (x )  = 1.772 . i e r f c ( u ) (2 -1 9 )

A gain , f o r  s e v e r a l  m easurem ents o f  F (x )  we can  p l o t  a  g rap h  o f

( i e r f c ) ~  F (x )  a g a i n s t  th e  p e n e t r a t i o n  (x )  and  o b t a i n  a
1s t r a i g h t  l i n e ,  th e  s lo p e  o f  which i s  

be  c a l c u l a t e d  a s  b e f o r e .
2m  *

From t h i s  I) can

I n  b o th  th e  a n a ly s e s  i n  th e  above p a r a g r a p h s ,  th e  

a b s o r p t io n  o f  th e  r a d i a t i o n s  i n  MgO h a s  b e en  assum ed to  be 

n e g l i g i b l e .  T h is  a ssu m p tio n  h as  been  shown to  be j u s t i f i e d  

and a b s o r p t i o n  m easurem ents a re  d e s c r i b e d  i n  t h e  n e x t  c h a p t e r .
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I I I ,  APPARATUS AND MATERIALS

3 , 'I* Magnesium Oxide S in g le  C r y s t a l s  

3*1*1» G enera l  P r o p e r t i e s

The s i n g l e  c r y s t a l s  u se d  i n  t h i s  s tu d y  w ere s u p p l i e d  

by  th e  M o n o c ry s ta ls  Company, C le v e la n d ,  O hio , U .S .A . ,  i n  th e  

fo rm  o f  r i g h t  c j^ l in d e r s ,  i n  d ia m e te r  and i "  i n  l e n g t h .

They were s u p p l i e d  c u t  such  t h a t  a  [lOO] p la n e  was p e r p e n d i c u 

l a r  to  th e  c y l i n d e r  a x i s  and c o u ld  t h e r e f o r e  be e a s i l y  c l e a v e d  

to  form  two c y l i n d e r s  o f  a p p ro x im a te ly  e q u a l  s iz e *  MgO 

c o n s i s t s  o f  two f a c e - c e n t r e d  c u b ic  s u b - l a t t i c e s  and  t h i s  

s t r u c t u r e  i s  shown d ia g r a m m a t ic a l ly  i n  P ig  3*1* O th e r  

p h y s i c a l  p r o p e r t i e s  a re  s e t  o u t  i n  T ab le  (3*1)#

3*1.2»  I m p u r i t i e s

The r a t e s  o f  d i f f u s i o n  i n  i o n i c  s o l i d s  have  b e e n

shown to  be  s t r o n g l y  d ep en d en t  on im p u r i ty  c o n t e n t ,  due to  th e

n e ed  to  m a i n t a i n  e l e c t r i c a l  n e u t r a l i t y  i n  t h e  l a t t i c e  ( s e e

I n t r o d u c t i o n ) *  The m ain i m p u r i t i e s  i n  MgO a r e  Ca, Pe and  A l.

Ca sh o u ld  h av e  no e f f e c t  on m easu red  d i f f u s i o n  c o e f f i c i e n t s

b u t  Al and  Pe c o u ld  be o f  im p o r ta n c e .  To p r e s e r v e  th e

r e q u i r e d  e l e c t r i c a l  n e u t r a l i t y ,  e v e ry  two t r i v a l e n t  i o n s  
2+p r e s e n t  on Mg s i t e s  would g iv e  r i s e  t o  a  c a t i o n  vacancy*

T h is  would l e a d  to  an e x t r i n s i c  r e g i o n  f o r  w hich  t h e  a c t i v a 

t i o n  e n e rg y  i s  low er  th a n  would  be e x p e c te d  f o r  i n t r i n s i c  

l a t t i c e  d i f f u s i o n  a s  was d i s c u s s e d  i n  r e l a t i o n  t o  t h e  a l k a l i
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TABLE 3 .1

P r o p e r ty

M o le c u la r  w e ig h t 

D e n s i ty

R e f r a c t iv e  in d e x  

C o lo u r

M .p.

C o e f f i c i e n t  o f  e x p a n s io n  

( l i n e a r )

H a rd n e ss  (M oh 's s c a l e )  

T herm al c o n d u c t iv i ty  

S p e c i f i c  h e a t  (2 8 -i0 0 0 °C ) 

C r y s t a l  s t r u c t u r e  

C leav ag e

L a t t i c e  c o n s ta n t  a Ä

V alue

4 0 .3 2

3*65 gm cm~^

1.736

C o lo u r le s s  and t r a n s p a r e n t  

2800°C

13 .5  x 10"6 °C_1

6 . 0

0 .0 1 4  c . g . s .  u n i t s  a t  1100°C

0 .2 8  c a l/g m /°C

f . c . c .  (NaCl ty p e )

< 1 0 0 >
o

2 .1  A
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halides. In order to reduce the effects of these trivalent 
ions, the highest purity crystals available were used in this 
work. The present source of supply seems to be superior to 
any previously cited in the literature and details of the 
levels of various impurities present are shown in Table 3.2. 
The overall purity claimed by the supplier is 99*99$ and this 
appears to have been confirmed qualitatively by the Defence 
Standards Laboratory, (D.S.L.), Melbourne. Only the major 
impurity elements are quoted here. Several others whose 
presence may have been suspected, were not detected.

3. 1.3* Crystallographic Defects
Another factor which can greatly influence diffusion 

in single crystals is the defect concentration. In addition 
to Schottky and Frenkel defects giving rise to anion and 
cation vacancies and interstitials ("point defects"), other 
more extensive disorder occurs.

A "dislocation" is formed when one part of a perfect 
lattice is displaced relative to an adjacent part. At the 
dislocation core, the atomic misfit can be quite large and the 
resulting disorder and looseness can greatly enhance diffusion 
in this region. In addition to this "pipe" diffusion, 
another effect operates in ionic solids. It has been found 
that in magnesium oxide, dislocations are positively charged 
(Rueda and Dekeyser, i96l) and therefore there must be a
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table 3.2

Impurity Analysis (p.p.m.)

Monocrystals D.S.L.
Ca 10 Trace
Pe 25 Paint trace
A1 25 Paint trace
Si 10 Not detected
PL 10 Trace
In 15 Not detected
Others, total <30 -
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c o r re s p o n d in g ly  l a r g e  c o n c e n tr a t io n  o f  c a t io n  v a c a n c ie s  i n  

th e  r e g io n  o f  th e  d i s l o c a t i o n  l in e *  I t  can  t h e r e f o r e  be s a i d  

t h a t  i f  th e s e  f e a t u r e s  e x i s t  i n  any g r e a t  num bers, th e  p a r a 

m e te rs  f o r  d i f f u s i o n  in  magnesium o x id e  w i l l  be  m ark ed ly  

a f f e c t e d .  In  an a tte m p t to  d e t e c t  t h e i r  e x is te n c e  i n  th e  

c r y s t a l s  u se d  in  t h i s  s tu d y , a  num ber o f  p h o to m ic ro g ra p h s  w ere 

ta k e n  o f MgO s u r f a c e s  i n  th e  e x p e c ta t io n  t h a t  im p u r i ty  p r e c i p 

i t a t e s  d e c o r a t in g  th e s e  f e a t u r e s  w ould i n d i c a t e  an  o rd e r  o f 

m ag n itu d e  f i g u r e  f o r  th e  d i s l o c a t i o n  d e n s i ty .

F o u r MgO c r y s t a l s  w ere s e l e c t e d  f o r  a  p h o to m ic ro 

g ra p h ic  s tu d y .  Two were embedded i n  no rm al ( i . e .  i n a c t i v e )  

BaO pow der i n  an a lu m in a  c r u c i b le  and h e a te d  a t  1240°C f o r  a  

p e r io d  o f  48 h o u r s .  These c r y s t a l s  w ere th e n  c le a v e d  p e rp e n 

d i c u l a r l y  to  th e  c y l in d e r  a x is  to  expose  [1 0 0 ] s u r f a c e s .

These s u r f a c e s  w ere exam ined u s in g  a  V ic k e rs  P r o j e c t io n  

M ic ro sco p e  c a p a b le  of m a g n i f ic a t io n s  o f  up to  4500 X. T hese 

and two o th e r  c r y s t a l s  s e l e c te d  l a t e r  from  th o s e  u se d  i n  d i f 

f u s io n  e x p e r im e n ts  were s u b s e q u e n tly  m ounted  i n  m e t a l l u r g i c a l  

m oun ting  p l a s t i c ,  and p o l is h e d  f i r s t l y  w ith  diam ond p a s t e  down 

to  1)i g ra d e ,  th e n  w ith  a -a lu m in a  ( p a r t i c l e  s i z e  0 .3 |i)*  The 

s u r f a c e s  th u s  p ro d u ced  were e tc h e d  u s in g  1:1 h y d r o c h lo r ic  a c id  

o r c o n c e n tr a te d  n i t r i c  a c id .  A num ber o f  p h o to m ic ro g ra p h s  

w ere th e n  ta k e n .

E xam ples o f s u r f a c e  s t e p s  on th e  c le a v e d  s u r f a c e s  o f



-  35 -

th e  c r y s t a l s  a re  shown in  F ig s  3*2, 3*3. I t  h a s  b een  su g g e s 

t e d  t h a t  th e s e  s te p s  s t a r t  a t  p o in t s  w here d i s l o c a t i o n s  c u t  

th e  exposed  s u r f a c e  and co n v erg e  i n t o  l a r g e r  s t e p s  w hich b u i l d  

up c h a r a c t e r i s t i c  r i v e r  p a t t e r n s  ( F i e d e l ,  1 9 6 4 ). Numerous 

l a r g e  s te p s  a re  a ls o  p ro d u ced  by p l a s t i c  s t r a i n i n g  and th e s e  

" s l i p  l i n e s ” have B u rg e rs  v e c to r s  w hich can  r e a c h  th o u sa n d s  o f  

A ngstrom s. At a  much h ig h e r  m a g n i f ic a t io n ,  th e  p h o to m ic ro 

g ra p h s  o b ta in e d  a re  shown in  F ig s  3 .4 ,  3 .5 .  These show row s 

o f  p y ra m id - l ik e  s t r u c t u r e s  n e a r  th e  s u r f a c e  o f  a  c le a v e d  

c r y s t a l .  Bowen and C la rk e  (1963) fo und  s i m i l a r  s t r u c t u r e s  i n  

MgO and  su g g e s te d  t h a t  th e y  a re  a s s o c i a t e d  w ith  im p u r i ty  p r e 

c i p i t a t e s  a lo n g  d i s l o c a t i o n s .  I n  v iew  o f th e  work o f 

V e n ab le s  (1963) who was a b le  to  i d e n t i f y  ZrO^ p r e c i p i t a t e s  and 

u se  them  to  e s t im a te  a  d i f f u s i o n  c o e f f i c i e n t  f o r  Z r in  MgO, i t  

w ould seem re a s o n a b le  to  s u g g e s t  t h a t  th e  p y ram id s  i n  th e  p r e 

s e n t  w ork a re  in d e e d  a s s o c ia t e d  w ith  b a riu m  o x id e  p r e c i p i t a t e s .

The d e n s i ty  o f th e  pyram ids was co m parab le  w ith  t h a t  fo u n d  by
5 7 - 2Bowen and C la rk e , nam ely 10 - 1 0  cm . The f a c t  t h a t  th e y

show up on a  c le a v e d  s u r f a c e  can  be e x p la in e d  by  th e  p re s e n c e  

o f  a  s t r e s s  f i e l d  c a u s in g  th e  l a t t i c e  to  c ra c k  a ro u n d , r a t h e r  

th a n  th ro u g h , th e  p r e c i p i t a t e s .  The a v e ra g e  d i s t a n c e  b e tw een  

th e  row s o f  py ram ids i s  3*5p. T h is  a g re e s  w ith  th e  v a lu e  o f  

2 -5p  f o r  th e  mean d is ta n c e  b e tw een  d i s l o c a t i o n s  fo u n d  by Lang 

and  M ile s  (1965) i n  an X -ra y  to p o g ra p h ic  s tu d y  o f  MgO c r y s t a l s .

The d i s l o c a t i o n  d e n s i ty  th e n ,  f o r  th e  c r y s t a l s  to  be
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F i g  3 . 2  S t e p s  on a  c l e a v e d  MgO s u r f a c e  (X 570)

F i g  3 .3  S t e p s  on a  c l e a v e d  MgO s u r f a c e  (X 100)
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Fig 3*5 Pyramid structures near the edge of a 
cleaved MgO surface (X 2000)
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studied here can be said to be of the order of 10^ cm” .̂ It 
will be seen later that a density of this magnitude strongly 
influences measured diffusion coefficients.

3.2. Radioisotopes Used
All the isotopes used were supplied by the Radio

chemical Centre, Amersham, England. As mentioned previously, 
45 -Ca emits a ß particle of 0.25 MeV and has no other radia
tions. Its half-life is 164 days, and it was obtained as 
chloride in solution with a specific activity of 2.5 curie 
per gm of Ca.

For the experiments on beryllium diffusion in MgO,
7Be was employed. This tracer emits a y ray at 0.48 MeV and
soft X-rays. It was supplied "carrier free" in dilute HC1
solution with an initial activity of 1 me. Its half-life is 

13353 d. JJBa has several y peaks in its spectrum with the 
strongest at 0.358 MeV. The half-life of this isotope is 10 
years and its specific activity as supplied was 1.6 curie per 
gram of Ba in HC1 solution.

The equipment used for counting included an ECKO type 
H664 A preamplifier with a 13 dynode E.M.I. photomultiplier 
tube, and a 1" thallium-activated sodium iodide crystal was 
used as a scintillator. The settings of the gain, and 
window width of the amplifier/analyser were those which gave 
an optimum for the count rate to background ratio with 750
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volt H.T. on the photomultiplier* The y peaks of interest
here for ^Be and 1 were identified using several standard
sources available in the laboratory, and the calibration of
threshold volts against y energy is plotted in fig 3*6. The
commercially supplied ’’castle'* enabled a geometry to be used
v/hich could be reproduced accurately for every count* Pig
3*7 shows the absorption of the y rays of both isotopes in
magnesium oxide. Log (I /i ) is plotted against the thick-

X- o
ness of MgO traversed, where I is the y ray count for no 
absorber and I is the count with MgO thickness x interposed

A

between the source and detector. It can be seen that over 
the diffusion distances involved, practically no error was 
introduced by assuming zero absorption.

3.3* Furnaces and Temperature Measurement
Platinum-rhodium wound resistance furnaces were used 

for annealing diffusion couples. One was controlled by a 
Cambridge 5" two-step indicator-controller using a Pt-Pt/10$ 
Rh thermocouple. A second, manufactured by A.D.A.M.E.L. 
Paris, was controlled mechanically by the expansion of the 
ceramic former on which the element wire was wound. This 
proved very satisfactory for operation up to 1400°C but the 
life of the element itself was rather short. For tempera
tures up to 1700°C, a vertical Johnson-Matthey furnace (type 
TK2) was used and it was controlled by a Leeds and Northrop
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"R ayo tube"  t o t a l  r a d i a t i o n  p y ro m e te r  c o u p le d  to  a  L eeds and 

N o rth ru p  "H11 ty p e  c o n t r o l l e r - r e c o r d e r .  The fu rn a c e  gave 

e x c e l l e n t  s e r v ic e  and e lem en t l i f e  was o f  th e  o rd e r  o f  tw e lv e  

m onths w ith  f a i r l y  f r e q u e n t  u s a g e .

T em p era tu re s  w ere m easu red , in d e p e n d e n t ly  o f  th e  f u r 

n a c e  c o n t r o l  u n i t s ,  v /ith  a  L eeds and N o rth ru p  p o te n t io m e te r  

ty p e  K -3 an d  P t - P t /1 0 $  Rh th e rm o c o u p le s  up to  1500°C, and  a  

P t - P t /1 8 $  Rh co u p le  f o r  r e a d in g s  up to  1700°C. A c o n tin u o u s  

r e c o r d  was a l s o  k ep t u s in g  a  m u lt ic h a n n e l  r e c o r d e r  (L eed s and 

N o rth ru p  ty p e  W). Sunvic  CJ1 e l e c t r i c  c o ld  j u n c t io n s  w ere 

em ployed to  e l im in a te  th e  e f f e c t s  o f am b ien t te m p e ra tu re  

v a r i a t i o n s .  A ll  th e rm o co u p le s  and th e  p o te n t io m e te r  w ere 

c a l i b r a t e d  by  th e  N a t io n a l  S ta n d a rd s  L a b o ra to ry , S ydney . The 

a c c u r a c ie s  q u o te d  were g e n e r a l ly  0 .2 $  f o r  th e  th e rm o c o u p le s  

and  0 .0 i $  f o r  th e  p o te n t io m e te r  r e a d in g s .  T h is ,  o f  c o u r s e ,  

i s  n o t  th e  a c c u ra c y  to  w hich th e  te m p e ra tu re  f o r  th e  t o t a l  

d i f f u s i o n  ru n  can  be m easured  and t h i s  w i l l  be  d i s c u s s e d  

l a t e r ,  a lo n g  w ith  o th e r  so u rc e s  o f  e r r o r .

B e fo re  any a n n e a lin g  was c a r r i e d  o u t ,  th e  te m p e ra tu re  

g r a d i e n t s  i n  th e  fu rn a c e s  were c h e c k e d . The le n g th  o f  th e  

h o t  zone i n  th e  fu rn a c e s  o v e r w hich th e  te m p e ra tu re  c o u ld  be 

r e g a rd e d  a s  u n ifo rm  was l im i t e d .  A t y p i c a l  l i m i t  a t  1400°C 

was i5°C  o v e r  a  le n g th  of 2 " . O ver th e  d im e n s io n s  o f  th e  

d i f f u s i o n  c o u p le s  (-J-") th e  g r a d ie n t  was n e g l i g i b l e .  The
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m easu red  te m p e ra tu re  w ith  a  th e rm o co u p le  i n  c o n ta c t  w ith  th e  

d i f f u s i o n  c o u p le s  c o u ld  he re g a rd e d  a s  b e in g  th e  same a s  t h a t  

a t  th e  d i f f u s i o n  i n t e r f a c e  to  w e ll  w i th in  th e  l i m i t s  o f  

c o n tro l*

3*4* P r e c i s io n  G rin d e rs

Many p r e c i s i o n  g r in d e r s  have b een  d e s c r ib e d  i n  th e  

l i t e r a t u r e ,  some b e in g  v e ry  com plex in s t r u m e n ts  ( e . g .  L e b la n s  

and  V e rh e i jk e ,  1963/64? L etaw , S l i f k i n  and P o r tn o y , 1 9 5 4 ).

I n  t h i s  work i t  was found t h a t  th e  s im p le s t  d e s ig n  p o s s ib l e  

gave s a t i s f a c t o r y  r e s u l t s .  F o r th e  s t u d i e s  w ith  b e r y l l iu m , a  

g r in d e r  d e s c r ib e d  by de B ru in  and C la rk  (1 9 6 4 ) was u s e d .

T h is  i s  shown i n  f i g  3*8. However i t  was found  t h a t  th e  

m ic ro m e te r  s c a le  on th e  body o f th e  in s t ru m e n t  was n o t  v e ry  

p r a c t i c a b l e  a s  i t  was d i f f i c u l t  to  d e t e c t  a t  w hich  p o in t  

g r in d in g  o f th e  c r y s t a l  s u r f a c e  a c t u a l l y  b e g a n . A c o m p a ra to r  

was t h e r e f o r e  u se d  to  m easure  s e c t io n  th ic k n e s s e s  ( S t a r r e t t ,  

m odel 2 5 -5 1 1 ) . The g r in d e r  i t s e l f  s l i d e s  on s h o r t  " r a i l s " ,  

th e  u p p e r  s u r f a c e s  o f  v/hich had  b een  m ach ined  f l a t  and  

a l ig n e d  p a r a l l e l  to  1p. I n  th e  tro u g h  b e tw een  th e  r a i l s  was 

f i x e d  a  s t r i p  o f 600 g r i t  carborundum  p a p e r  s u p p o r te d  w ith  a  

p ie c e  of p l a t e  g l a s s .  T h is m ethod o f  rem ov ing  l a y e r s  from  

th e  sam p le , m ounted in  a n y lo n  c o l l e t  w hich  c o u ld  be a t t a c h e d  

to  th e  g r in d e r  w ith  a  sc rew  c o l l a r ,  p ro v ed  a d e q u a te  f o r  

m e a su r in g  Be d i f f u s i o n  a s  th e  p e n e t r a t i o n s  in v o lv e d  w ere
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commonly in  th e  100-200^ r a n g e .  S e c t io n s  c o u ld  he  ta k e n  as 

t h i n  a s  5{i. The d is a d v a n ta g e  o f  u s in g  carborundum  p a p e r  f o r  

g r in d in g  i s  t h a t  i t  g iv e s  r i s e  t o  "c ro w n in g ” . T h is  i s  i l l u s 

t r a t e d  i n  f i g  3 .9* The i n i t i a l  d i f f u s i o n  s u r f a c e  i s  e s s e n t i 

a l l y  f l a t  (c le a v a g e  was u s e d  to  d iv id e  th e  a s - r e c e i v e d  

c r y s t a l s  h e re )  h u t  th e  s u r f a c e  p ro d u ce d  hy  g r in d in g  was fo u n d  

to  he  v e ry  s l i g h t l y  co n v ex . The d i s t a n c e  B ’ P was m easu red  

and  fo u n d  to  he  a b o u t The m easu red  p e n e t r a t i o n  d i s t a n c e s

w ere o b ta in e d  from  a  mean o f  s e v e r a l  c o m p a ra to r  r e a d in g s ,  one 

o r  two from  th e  c e n t r e  o f  th e  s u r f a c e  and  up to  t e n  a ro u n d  th e

Initial
di f fus i on

surface

Surf ace  s 
produced by
the gr i nder

0- 5  cm.

P ig 3.9 "Crowning" of a c r y s ta l  du ring  s e c tio n in g  ( v e r t i c a l

s c a le  g r e a t ly  exaggerated)
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perimeter region. The mean was therefore biased towards A3 
as the penetration distance corresponding to the first count 
of the tracer remaining, A(x), instead of A1®1. Subsequent 
sectioning using the same method of measurement introduced no 
further error since 3*0* is eq_ual to BC and so on. The 
effect of this on the results will be referred to later*

For the analysis of Ba diffusion profiles, the above 
instrument was not suitable because the penetrations involved 
here were normally between 10p and 20p. For low temperatures, 
Yüt was less than 3p* The grinder shown in fig 3.10 was used 
for these experiments. It consists of an accurately machined 
cylinder and a close fitting piston held in place by a guide 
pin running in a groove along its length. The cylinder was 
about 6.5 cm in diameter and its end faces were parallel to 
within 1p over this distance. The sample being sectioned was 
fixed to one end of the piston with metallurgical mounting 
plastic (North Hill Plastics, London, N.16, Powder No.
NHP 2031/19, liquid No. NHP 1844) which was soluble in acetone. 
Sections were removed by lapping with 1p diamond paste on 
plate glass. With a crystal diameter of 0.5 cm, sections 
could be taken perpendicular to the diffusion direction with 
an accuracy of better than 0.2/, and as thin as 0.5p. These 
limits were obtained using the comparator, and taking a mean 
of ten readings around the sample surface.
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IV. EXPERIMENTAL PROCEDURE

4.1. Preparation of the Diffusion Couples
Magnesium oxide cleaves very readily in the <100> 

directions* In the first few experiments, crystals v/ere 
cleaved using a very sharp knife, but in several cases they not 
only split perpendicularly to the cylinder axis but also 
parallel to it. In order to produce two near equal pieces, 
it was found that cutting with a 0.006" diamond wheel was more 
satisfactory. The crystal was waxed into a jig with its axis 
perpendicular to the plane of the wheel which was advanced 
very slowly, about 10 minutes being taken to complete the cut. 
After cutting, grooves were made in the sides of the cylinders 
parallel to their axes using a triangular section abrasive 
stick. This facilitated binding the sandwich together later. 
The faces exposed by cutting were then polished after any 
small misalignment with the (cleaved) end faces had been cor
rected using the precision grinders described. Diamond pastes 
in grain sizes ranging from 9|i to were used, producing a 
good surface for diffusion. (For photomicrographic studies, 
0.3[i a-alumina was used on some samples.) For beryllium 
work, where sections were much coarser, 600 grit carborundum 
paper backed with plate glass produced a sufficiently smooth 
surface (-1|i).

The tracer (0.02 ml) in the form of chloride solution
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was deposited on each prepared face using a microsyringe. It 
was found that in using the barium tracer, the addition of a 
drop of NH^OH solution facilitated the production of barium 
oxide when the couple was heated, and greatly reduced the loss 
of tracer experienced when the more volatile chloride was used 
alone. The other chlorides, those of calcium and beryllium, 
convert to the oxides much more readily than barium chloride 
and there was no need to use chemical means in these cases. 
Gentle warming was needed to dry the deposits, particularly in 
the case of the deliquescent beryllium compound. When dry, 
the two halves of the original crystal were butted tightly 
together with the aid of another simple jig and held in place 
with a loop of Pt-131° Rh wire. This helped reduce tracer 
loss and kept it in intimate contact with the magnesium oxide 
surface during annealing.

4.2. Annealing the Couples
A couple prepared as described above was slid into a 

high purity alumina tube and the temperature measuring thermo
couple tip placed in contact with it. A brass seal was made 
to fit over the open end of the tube to hold the thermocouple 
in place and to prevent the possible escape of radioactive 
material. This seal was not completely air-tight, so that 
the pressure remained at one atmosphere throughout the anneal
ing. There was some loss of tracer during the diffusion run,
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but it condensed on cooler parts of the tube, its presence 
being detected by a radiation monitor. There was always suf
ficient tracer remaining on the crystal surfaces to fulfill 
the required boundary conditions. In order to avoid possible 
contamination effects, a new tube was used for each run.

Couples were annealed between 1000°C and 1700°C for 
periods ranging from one hour to several weeks. Temperatures 
were controllable to -5°C at 1400°C with the Cambridge control
ler and to slightly better limits with the other instruments.
In one or two cases, there was a tendency to drift over the 
duration of the experiment where this was lengthy, but with 
regular checking using the potentiometer, this could be cor
rected before it reached serious proportions. The error in 
the annealing time was negligible as couples could be inserted 
into furnaces which were already at operating temperature, and 
only two minutes was required for them to reach 95$ of the 
final temperature. Cooling on withdrawal from the furnaces 
was very rapid also.

4.3« Determination of Diffusion Profiles
4«3»1. Autoradiography

45On withdrawal from the furnace, the Ca couple was 
mounted in metallurgical mounting plastic with its axis paral
lel to the face of the mount. Grinding then removed material 
until a section in the diffusion direction perpendicular to
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t h e  o r i g i n a l  d i f f u s i o n  i n t e r f a c e  was o b t a i n e d .  C a r e f u l  p o l 

i s h i n g  p ro d u c e d  a  smooth s u r f a c e  w hich  was th e n  p l a c e d  i n  

c o n t a c t  w i th  Kodak "M ic ro tex "  X - ra y  f i l m  i n  th e  d a rk  room.

The s im p le  p ro c e d u re  was to  u se  a  s m a l l  p i e c e  o f  p e r s p e x  a s  a  

b a c k in g  f o r  th e  f i lm  and an e l a s t i c  b and  to  h o ld  th e  mount 

f i r m l y  i n  p o s i t i o n  on th e  f i l m .  T h is  a r ra n g e m e n t  was l e f t  

f o r  s e v e r a l  days in  a  s a f e  p l a c e  t o  o b t a i n  an e x p o su re  o f  th e  

r e q u i r e d  d e n s i t y ,  t h i s  h a v in g  b e en  d e te rm in e d  i n  a  s e r i e s  o f  

t e s t s  t o  e s t a b l i s h  th e  ra n g e  o v e r  w hich  p h o to g r a p h ic  d e n s i t y  

v a r i e d  l i n e a r l y  w ith  ex p o su re  t im e .  A f t e r  d e v e lo p m e n t , th e  

image was t r a n s l a t e d  i n t o  a  c o n c e n t r a t i o n  v s .  p e n e t r a t i o n  

g rap h  v i a  a  m ic r o d e n s i to m e te r  s c a n .  The r e c o r d e r  c h a r t  sp e e d  

was n o m in a l ly  1" p e r  m in u te  and  th e  f i l m  was sc an n e d  a t  0 .2 5  

mm p e r  m in u te .  These two sp e ed s  w ere ch ec k ed  and i t  was 

fo u n d  t h a t  th e  r a t i o  o f  th e  d i s t a n c e  on th e  f i l m  to  th e  d i s 

ta n c e  on t h e  c h a r t  was 0 .009962  w i t h in  an  a c c u ra c y  o f  0 . 16$ .  

H av ing  a p p l i e d  a  c o r r e c t i o n  f o r  f i l m  s h r i n k a g e ,  th e  d i f f u s i o n  

p r o f i l e  c o u ld  be a n a ly s e d  a s  d e s c r i b e d  i n  p a ra g ra p h  2 . 2 . 2 .

4 . 3 . 2 .  S e c t io n in g

The m ethods u se d  f o r  th e  d e t e r m i n a t i o n  o f  p r o f i l e s  

f o r  b e r y l l i u m  and ba r ium  Y/ere s i m i l a r ,  d i f f e r i n g  o n ly  i n  th e  

d e g re e  o f  p r e c i s i o n  r e q u i r e d .

A san d w ich ,  on b e in g  removed from  th e  f u r n a c e ,  was 

c o o le d  and s e p a r a t e d  i n t o  i t s  two p a r t s .  The c u rv e d  s u r f a c e
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and th e  end fa c e  o p p o s i te  to  th e  d i f f u s i o n  i n t e r f a c e  w ere th e n  

g round  away u s in g  400 g r i t  and 600 g r i t  carborundum  p a p e r  to  a  

d e p th  g r e a t e r  th a n  th e  e x p e c te d  v a lu e  o f 3Y5t* T h is  p ro c e 

du re  was in te n d e d  to  e n su re  t h a t  t h e r e  was no s u r f a c e  con tam 

i n a t i o n  a d d in g  to  th e  c o u n t r a t e  o b ta in e d  from  m a t e r i a l  w hich  

h ad  d i f f u s e d  i n to  th e  c r y s t a l  i n  th e  a x i a l  d i r e c t i o n  from  th e  

o r i g i n a l  d e p o s i t .  A f te r  c le a n in g  th e  s u r f a c e s ,  i n c lu d in g  th e  

g ro o v es  u se d  i n  b in d in g  th e  sandw ich t o g e t h e r ,  th e  c r y s t a l  was 

m ounted on th e  g r in d e r  to  be u se d , e i t h e r  by  g r ip p in g  i t  i n  a  

n y lo n  c o l l e t  f o r  th e  b e ry l l iu m  a n a l y s i s ,  o r  by  th e  u se  o f 

m oun ting  p l a s t i c  f o r  b a riu m  w ork . I n  th e  l a t t e r  c a s e ,  th e  

g r in d e r  was p la c e d  such t h a t  th e  c r y s t a l  was p r e s s e d  to  a  

p l a t e  g l a s s  s u r f a c e  by th e  w e ig h t o f th e  p i s t o n .  T h is  e n su re d  

t h a t  i t  s e t  i n  th e  p l a s t i c  w ith  i t s  a c t i v e  f a c e  p a r a l l e l  to  

th e  la p p in g  s u r f a c e .  The b e ry l l iu m  sa m p le s , h e ld  i n  th e  

n y lo n  by a  th re a d e d  b r a s s  r i n g  w hich t ig h t e n e d  on to  i t ,  c o u ld  

be dem ounted from  th e  g r in d e r  f o r  c o u n tin g  a f t e r  th e  rem o v a l 

o f  each  l a y e r .  T h is in tro d u c e d  an e r r o r  on re m o u n tin g  o f 

a b o u t -1 p , w hich was sm a ll  com pared to  th e  p e n e t r a t i o n s  

in v o lv e d .  The much s m a l le r  p e n e t r a t i o n s  h a n d le d  i n  th e  b a riu m  

d i f f u s i o n  work r e q u i r e d  g r e a t e r  p r e c i s i o n  and th e  c r y s t a l s  

w ere n e v e r  rem oved from  th e  g r in d e r  f o r  c o u n t in g .  A n o th e r 

so u rc e  o f  e r r o r  was th e  e x p an s io n  o f th e  g r in d e r  c y l in d e r  from  

th e  h e a t  o f  th e  hand w h ile  p o l i s h in g  was b e in g  d o n e . T h is  

was c o r r e c t e d  by im m ersing  th e  c y l in d e r  i n  a  w a te r  b a th  a t
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room te m p e ra tu re  a f t e r  each  s e c t i o n  h ad  b e en  rem oved and  p r i o r  

to  m e a su rin g  th e  amount rem oved.

The c r y s t a l  was f i r s t  c o u n te d  to  d e te rm in e  i t s  t o t a l  

a c t i v i t y .  A t h in  l a y e r  was th e n  rem oved , th e  g r in d e r  c y l i n 

d e r  h o ld in g  th e  c r y s t a l  im m ersed i n  a  w a te r  h a th ,  th e  amount 

rem oved m easu red  u s in g  a  c o m p a ra to r and th e n  th e  c r y s t a l  a c t 

i v i t y  d e te rm in e d  a g a in . The l i m i t s  o f  m easurem ent have  

a l r e a d y  b e en  m en tio n ed  in  d e s c r ib in g  th e  p r e c i s i o n  g r in d e r s  

(p a ra g ra p h  3 .4 ) .  When u s in g  th e  co m p ara to r, a  mean o f a t  

l e a s t  t e n  m easurem ents o v e r th e  s u r f a c e  o f  th e  c r y s t a l  was 

ta k e n .  The c o u n tin g  p ro c e d u re  was a s  f o l l o w s : -

( a )  th e  b ack g ro u n d  was c o u n te d  t o ,  say, 300 c o u n ts  ( a t  a  r a t e  

o f 1 5 /m in ) ,

(b )  a  s ta n d a r d  so u rc e  (made up w ith  a  d rop  o f  th e  a p p r o p r i a te  

t r a c e r  s o l u t io n  w hich was d r i e d  and s e a le d )  was c o u n te d  to  

a t  l e a s t  3 0 ,0 0 0 ,

( c )  th e  d i f f u s i o n  sam ple was c o u n te d  f o r  a s  lo n g  a s  p o s s i b l e .  

N ear th e  end o f  th e  p r o f i l e ,  c o u n t r a t e s  became r a t h e r  low  

and a  t o t a l  o f o n ly  3 ,0 0 0  c o u n ts  c o u ld  be ta k e n ,

(d )  th e  s ta n d a r d  so u rc e  v/as a g a in  c o u n te d , and

( e )  th e  b ack g ro u n d  was re -m e a s u re d .

From th e s e  m easu rem en ts , th e  a c t i v i t y  re m a in in g  A (x) a t  a  

p e n e t r a t i o n  x , c o u ld  be c a l c u l a t e d  i n  te rm s  o f  th e  r a t i o  o f  

th e  sam ple c o u n t to  th e  s ta n d a r d  c o u n t.  T h is  re d u c e d  th e
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e f f e c t  o f  d r i f t  i n  th e  c i r c u i t s  o f  th e  c o u n t in g  equ ipm en t t o  a  

minimum. D c o u ld  th e n  he c a l c u l a t e d  from  th e  A(x) v s .  x 

c u rv e .
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V. RESULTS 

5.1* Calcium Diffusion
Only one measurement was made with calcium as the 

impurity in order to check that the crystals were not radical
ly different from those used in previous work* Annealing 
time for this sample was 853 hours and the temperature was 
1308°C. The microdensitometer scan of the autoradiograph 
obtained from this sample is shown in fig 5.1* This scan was 
converted to a concentration vs. penetration curve, one half 
of which is shown in fig 5*2. The slope of the corresponding
(erfc)~ C/C vs x line, fig 5*3, gave an apparent value for s
the diffusion coefficient and subtracting a resolution correc-

mm"\ O O H Otion resulted in values of 2 .6 x 10” cm /sec and 3*4 x 10"
p

cm /sec for the coefficients from the two sides of the scan* 
The resolution correction amounted to 25$ of the measured D* 
These figures fall between the value of 4*5 x 10" cm /sec 
derived from the results of Rungis and Mortlock (1966) and the 
result for 1300°C of 1.44 x 10"12 cm2/sec obtained recently by 
Wuensch and Vasilos (1966a).

5*2. Beryllium Diffusion
An example of an integrated diffusion profile where 

the activity remaining, A(x), is plotted against the penetra
tion distance, x, is shown in fig 5*4. It was noticed in 
several experiments that A(x) did not fall to zero as would be
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F ig  5.3 Analysis of ^ C a  diffusion profile
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3 6 9
Be7 -  PENETRATION ( OOl")  into MgO

7Fig 5*4 An integrated diffusion profile for Be
in MgO.
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e x p e c te d  from  th e o ry *  The back g ro u n d  l e v e l  i s  c o n s id e r e d  to  

he  due to  a  v e r y  s m a l l  amount o f  s u r f a c e  c o n ta m in a t io n ,  th e  

e f f e c t  o f  w hich  i s  g r e a t l y  m a g n i f ie d  b e c a u se  o f  th e  i n t e g r a 

t i n g  t e c h n iq u e  u s e d .  F o r  exam ple , sam ples  were u s u a l l y  a b o u t  

2500{i t h i c k  i n  t h e  d i f f u s i o n  d i r e c t i o n  and hence  o n ly  one 

c o u n t  p e r  m in u te  ( a b o u t  10" c u r i e s  o f  c o n ta m in a t io n ,  com pared 

w i th  an  o r i g i n a l  d e p o s i t  o f  a b o u t  10" c u r i e s )  p e r  2 5 P d e p th  

c o u ld  g iv e  r i s e  t o  a  b a ck g ro u n d  o f  100 c o u n ts  p e r  m in u te ,  a  

f i g u r e  s e v e r a l  t im e s  g r e a t e r  th a n  th e  e l e c t r o n i c  b a c k g ro u n d .  

A llo w in g  f o r  t h i s  b a c k g ro u n d ,  th e  f r a c t i o n a l  a c t i v i t y  r e m a in -  

i n g ,  F ( x ) ,  can  be  d e te rm in e d ,  and a  g rap h  o f  ( e r f c ) ~  F (x )  v s .  

x p l o t t e d *  T h is  i s  a  s t r a i g h t  l i n e  a s  can  be se e n  i n  

f i g  5 .5 ,  b u t  i n  s e v e r a l  c a s e s  i t  does n o t  p a s s  th ro u g h  th e  

o r i g i n .  T h is  i s  due to  a  s m a l l  z e ro  e r r o r  i n  x a r i s i n g  from  

th e  " c ro w n in g 11 o f  th e  s e c t i o n ,  to  which r e f e r e n c e  was made i n  

p a ra g r a p h  3 . 4 .  The d i s t a n c e  B 'P  ( i n  f i g  3*9) i s  sm a l l  

com pared w i th  th e  t o t a l  p e n e t r a t i o n s  i n v o l v e d ,b u t  i t  c a u se s  

t h e  m ea su re d  t h i c k n e s s  o f  th e  f i r s t  s e c t i o n  to  be  to o  l a r g e .  

T h is  e r r o r  re m a in s  c o n s t a n t  i n  each  p e n e t r a t i o n  d i s t a n c e  

m easu red  and  h e n c e ,  a l th o u g h  th e  s lo p e  o f  th e  ( e r f c )  F (x )  

v s .  x l i n e  i s  u n a f f e c t e d ,  th e  l i n e  no l o n g e r  p a s s e s  th ro u g h

th e  o r i g i n .  The s lo p e  o f  t h i s  l i n e  i s  -------  and D can  be
2fD t

e v a l u a t e d .  C o e f f i c i e n t s  o b t a in e d  i n  t h i s  way a r e  l i s t e d  i n  

T ab le  5 .1 ,  and a  p l o t  o f  l o g  D v s .  1/T where T i s  t h e  a b s o l 

u t e  t e m p e r a tu r e  g iv e s  a  s t r a i g h t  l i n e ,  f i g  5 .6 .  T h is  l i n e
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^ 0  5
,-9 2• -  D = 16 x 10 c m / s e c

T = 1714 °C.  
t = 4 hour s .

D = 6 5 x 10 err 
T = 1 0 0 0  °C 
t = 7 6 8  h o u r s

-  o -

Be7 - PENETRATION (xlÖ3cm.) into MgO

7
A n a l y s i s  o f  i n t e g r a t e d  Be d i f f u s i o n  

p r o f i l e s .

P i g  5 .5
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Di f fusion of Be in MqO

P i g  5 .6  A r r h e n iu s  p l o t  f o r  ^Be d i f f u s i o n  i n  MgO
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TABLE 5.1

Diffusion of Beryllium in MgO

Temperature (°C) Annealing time (hr) Diffusion Coefficient
(cm /sec)

999 768 6.47 x 10-1 2

1016 145 8.39 x 10"12
1105 336 1.73 x 1 0 -11

1151 70 3.72 x 1 0 -11

1151 222i 2.80 x 1 0 -11

1158 70 2.60 x 1 0 -11

1223 165-j 6.08 x 10~11

1252 46 7.55 x 10-11
1304 63-j 1.15 x 10-10
1306 202 1.27 x 10-10
1388 122 1.69 x 1 0 "10

1460 498 2.60 x 10“10
1501 100 3.04 x 10-1 0

1604 45 8.43 x 1 0 -10

1693 23 1.01 x 10-9
1714 4 1.60 x 10-9
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h a s  b e en  t r e a t e d  by means o f  th e  " l e a s t  s q u a re s "  m ethod o f 

c a l c u l a t i o n  and can be d e s c r ib e d  by  th e  fo l lo w in g  e q u a t io n

D = (1 .4 1 ^ 0 * 2 ^ )  x 1 (T 5 exp £ - (1 .6 0  - 0 .0 4 ) / k T j  cm ^/sec  . . ( 5 - 1 )

w here k i s  B o ltz m a n n 's  c o n s ta n t  i n  eV /°E  and th e  l i m i t s  a r e  

s ta n d a r d  e r r o r s  from  l e a s t  s q u a re s  th e o r y .

6 .3 .  B arium  D if f u s io n

An exam ple o f  an  i n t e g r a t e d  a v e ra g e  p r o f i l e  i s  shown 

in  f i g  5 .7  f o r  a  sam ple  a n n e a le d  a t  1124°C. The m ean ing  o f 

th e  word "a v e ra g e "  w i l l  become a p p a re n t  l a t e r .  A gain  th e  

a c t i v i t y  re m a in in g , A (x ) , d id  n o t  f a l l  to  z e ro  a t  l a r g e  

v a lu e s  o f  x and th e  same e x p la n a t io n  can  be  p u t  fo rw a rd  h e re  

a s  was s u g g e s te d  i n  th e  l a s t  p a ra g ra p h  i n  r e l a t i o n  to  th e  

b e ry l l iu m  e x p e r im e n ts .  F u r th e rm o re , t h i s  c u rv e  sh o u ld  be a  

sm ooth l i n e  d e s c r ib e d  by an  i n t e g r a t e d  e r r o r - f u n c t i o n  com ple

m ent i n  a c c o rd a n c e  w ith  th e  c a l c u l a t i o n s  i n  p a ra g ra p h  2 .2 .4 .  

How ever, i f  a  p l o t  o f ( i e r f c ) ” 1 F (x )  vs x i s  made from  th e  

e x p e r im e n ta l  p o i n t s ,  h a v in g  f i r s t  s u b t r a c t e d  th e  b a ck g ro u n d  

l i n e ,  th e  g ra p h  shown i n  f i g  5 .8  r e s u l t s .  From t h i s  i t  i s  

e v id e n t  t h a t  th e  e x p e r im e n ta l  c u rv e  can  b e  d iv id e d  i n t o  two 

r e g io n s ,  i n  a d d i t i o n  to  th e  r e g io n  o f  s u r f a c e  p h a s e s ,  th e  

l i m i t  o f w hich  i s  d e f in e d  by  th e  v e ry  s h a rp  f a l l  i n  c o u n t 

r a t e  o v e r  th e  v a lu e s  o f x  from  Op to  8 . Op. The two r e g io n s  

o f  d i f f u s i o n  a re  m arked  by  an a b ru p t  change o f  s lo p e  ( a t  20p
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■ ( micron s )

Fig 5.8 Analysis of an "averageM ^^Ba diffusion

profile



-  68 -

—  1i n  t h i s  sam p le )  i n  t h e  ( i e r f c )  F (x )  v s .  x p l o t .  The c o r 

r e s p o n d in g  p o i n t  i n  th e  e x p e r im e n ta l  c u rv e  i s  i n d i c a t e d  by  an  

arrow  i n  f i g  5 . 7 .

I t  i s  a p p a r e n t  t h e n ,  t h a t  t h e r e  a r e  two p r o c e s s e s  

i n v o lv e d  i n  th e  d i f f u s i o n  o f  Ba i n  MgO and t h a t  t h e  d i f f u s i o n  

c o e f f i c i e n t  d e r iv e d  from  th e  f u l l  e x p e r im e n ta l  cu rv e  i s  an 

" a v e r a g e *1 c o e f f i c i e n t .  F o r  r e a s o n s  d i s c u s s e d  l a t e r ,  i t  i s  

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

th e  symbol + ^ w i l l  be  u s e d  i n  r e f e r r i n g  to  them . A p l o t

o f  l o g  (D v s  1 /T  i s  shown a s  l i n e  "b" i n  f i g  5 .1 2 .  The

" l e a s t  s q u a r e s "  e q u a t io n  d e s c r i b i n g  i t  i s

+ d = ( 6 . 3^ 2 * 5 ) x 1°"*^ exP [ - ( 1 . 8 5  ± 0 .0 7 ) A T ]  cm2/ s e c . . ( 5 -2 )

The l i m i t s  a r e  a g a in  s t a n d a r d  e r r o r s  d e r iv e d  from  l e a s t  

s q u a r e s  t h e o r y .

The s t e e p e r  r e g i o n  o f  th e  e x p e r im e n ta l  c u rv e  ( e x t e n 

d in g  to  a  p e n e t r a t i o n  o f  a b o u t  20|i f o r  t h e  1124°C sam ple)  i s  

b e l i e v e d  to  be due to  t r u e  l a t t i c e  d i f f u s i o n .  R e - p l o t t i n g  

t h i s  r e g i o n  on a  l a r g e r  s c a l e  ( e . g .  f i g s  5 .9  and 5 . 10) i t  i s  

p o s s i b l e  t o  c a l c u l a t e  l a t t i c e  d i f f u s i o n  c o e f f i c i e n t s  a ssu m in g  

t h a t  a  " b a c k g ro u n d " ,  r e p r e s e n t e d  by th e  e x t r a p o l a t i o n  o f  th e  

d i s l o c a t i o n  " t a i l "  b a c k  t o  x = 0 , can  be  s u b t r a c t e d  from  th e  

e x p e r im e n ta l  c u rv e .  The ( i e r f c ) * ” F (x )  v s .  x g ra p h s  f o r  two 

ru n s  t r e a t e d  i n  t h i s  way a r e  shown i n  f i g  5 .1 1 .  These l i n e s
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x ( m i c r o n s )

F i g  5 .11 A n a l y s i s  o f  l a t t i c e  d i f f u s i o n  p r o f i l e s  

f o r  133Ba i n  MgO
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again do not pass through the origin. The more refined grind
ing method used in the barium experiments eliminated the 
”crowning" effect observed previously during the study of 
beryllium diffusion, but due to the low solubility of BaO in 
MgO, a surface zone of undissolved tracer of finite thickness 
was always present. Under these conditions, the solution to 
the diffusion equation is given by equation (2-4). Therefore 
(ierfc)”-* F(x) is zero at x , but the slope of this function 
plotted against x is unaffected. A graph of the logarithm of 
these coefficients (B^) against 1/T (line "a" in fig 5.12) is 
described by the equation

= (0.07 exp [-(3-38 ±0.05)A t] ---  (5-3)

A summary of the experiments conducted and the diffusion co
efficients obtained is shown in Table 5.2.

It should be pointed out that dislocation diffusion 
coefficients would not be accurately described by the treat
ment given. The concentration profile for grain boundary 
diffusion has been treated simply by Fisher (1951) and can be 
applied here. The solution is two dimensional, but the 
average concentration C at a penetration distance x can be 
evaluated, taking the average over the lateral dimension i.e. 
over the dimension parallel to the deposited surface layer of 
diffusant. This is of the form

C = (constant) x e”Kx ........ (5-4)
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( 1/t ) x 10'4 K'1

Fig 5.12 Arrhenius plots for (a) lattice diffusion 
and (h) dislocation-influenced diffusion, 
of 1-^Ba in MgO.
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TABLE 5 .2

Diffusion of Barium in M&O

Temp °C Time (hr) (cm^/sec) D̂  + ̂ (cm^/sec )

1008 1319 i 3 .5 6 X 1 0 -15 4 .5 0 X 10_ U

II Jit 3 .6 2 6 .9 5 X 10“ U

1120 840 -j 5 .12 X 1 0 "14 1 .47 X 1 0 "11

it ti ^ 4 .0 2

1124 1075 6.51 1 . 16 X 10 ' 11

1228 604 i 2 .7 0 X i o - 13

it it J 2 .6 4

1277 62-J- 7 .2 0 V
J1 • —
A.

-J X 10~11

1361 24 1̂ 2 .6 9 X 1 0 " 1 2 1.46 X 1CT10

it
Jti 2 .7 0

it 96 2 .35

1446 i 8 i 2 .22 X 1 0 -10

1507 5 'j. 1 .93 X 10~11 2 .7 4 X 10~10

it it 2 .13

1608 20 -i 5 .02

ti it
I

5 .79 7 .7 3 X 10~10

1703 13 2 .8 2 X 1 0 "10

1724 4 1.89 1.38 X 10-9
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where K =
(nDt) 1/ ? , D being the lattice coefficient and

the grain boundary coefficient. 6 is the width of the grain
o

boundary. The average diffusion coefficient, + is a 
combination of pipe diffusion and lattice diffusion. For the 
sake of comparison with previously obtained results, the 
overall diffusion profile has been treated using lattice dif
fusion theory. An estimate of the diffusion coefficient for 
pipe diffusion is given later. Further, the detection or

_ Aotherwise of the discontinuity in the (ierfc) F(x) vs x plot 
will depend in general on the ratio of D̂> to D^ + ̂  and also on 
the annealing time t.

5.4. Errors in Individual Diffusion Coefficients 
3.4.1. Temperature
We require the percentage variation of the diffusion 

coefficient D with a change in temperature of -5°C, since this 
is the estimated control obtained during annealing. The 
Arrhenius equation is

D = D0 exp ( - -jSj, } .....  (5-5)

Hence AD DoQ PTP ( — ) A . .... (5t 6)2 *kT^ irm y* •

ADnr —— _ Q . A T ___ (z-7)or D 2 *kr
For T = 1000°C and Q = 1.6 eV we have from this, ^ = 0.057.
For T = 1600°C and Q = 1.6 eV, the fractional error is 0.027.
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Thus th e  p e rc e n ta g e  e r r o r  i n  D v a r i e s  from  a b o u t -3 $  to  -6 $ .

I n  th e  c a se  o f  b a riu m  d i f f u s i o n  th e  e r r o r s  w ould be tw ic e  

t h i s ,  f o r  an  a c t i v a t i o n  e n e rg y  o f  3*38 eV.

5 .4 .2 .  D u ra tio n  o f  A n n e a lin g

The c o u p le s  w ere i n s e r t e d  i n t o  fu r n a c e s  a l r e a d y  a t  

te m p e ra tu re  and re a c h e d  95$ o f  th e  f i n a l  te m p e ra tu re  in  two 

m in u te s ,  even  f o r  a  ru n  a t  1724°C. C o o lin g  was v e ry  r a p id  

and i t s  e f f e c t s  can  be n e g le c t e d .  I n  one in s t a n c e ,  th e  a n n e a l 

in g  p e r io d  was a s  s h o r t  a s  80 m in u te s  and so th e  l a r g e s t  tim e  

e r r o r  was o f  th e  o r d e r  o f  2 -3 $ . A ll  o th e r  a n n e a l in g s  w ere o f  

4 h o u rs  and o v e r , p ro d u c in g  e r r o r s  g e n e r a l l y  o f  l e s s  th a n  0 .2 $ .

5 .4 .3 .  P e n e t r a t i o n  D is ta n c e s

I n  th e  d e te r m in a t io n  o f b a riu m  p r o f i l e s ,  th e  g r in d e r  

was s u b je c t  to  sm a ll  te m p e ra tu re  v a r i a t i o n s  o v e r  th e  c o u rs e  o f 

th e  e x p e r im e n t, b u t  th e  c o m p a ra to r  s ta n d  was made o f  th e  same 

m a t e r i a l ,  so  th e s e  room te m p e ra tu re  f l u c t u a t i o n s ,  u s u a l ly  o n ly  

3°C o r  l e s s ,  h ad  l i t t l e  e f f e c t  on th e  r e l a t i v e  d i s t a n c e s  

m ea su re d . A mean o f t e n  r e a d in g s  made w ith  th e  c o m p a ra to r  

a f t e r  p o l i s h in g  gave each  m easurem ent to  ^ 0 .2 p . D is ta n c e s

w ere o b ta in e d  by  s u b t r a c t i n g  e ac h  m easurem ent from  an o r i g i n a l  

ta k e n  b e f o r e  p o l i s h in g  b e g a n . I n  an a v e ra g e  p e n e t r a t i o n  o f  

20p, x c o u ld  t h e r e f o r e  be  d e te rm in e d  to  - 2 $ .  T h is  gave an 

e r r o r  i n  D o f  -4 $  f o r  l a t t i c e  d i f f u s i o n .  F o r  d i s l o c a t i o n  

in f lu e n c e d  d i f f u s i o n  th e  d i s t a n c e s  in v o lv e d  w ere g r e a t e r  th a n  

60p r e d u c in g  th e  e r r o r  i n  D to  a b o u t 1$.
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5.4*4» E r r o r s  A ris in g ;  from  C o u n t in g  and C a l c u l a t i o n s

I n d i v i d u a l  m easu rem en ts  o f  th e  t r a c e r  a c t i v i t y  were 

a c c u r a t e  t o  3$ o r  b e t t e r  d e p en d in g  on th e  c o u n t  r a t e .  I n  

some c a s e s  t h i s  was v e r y  low and o n ly  3000 c o u n ts  c o u ld  be  

t a k e n ,  b e c a u se  beyond  a  c e r t a i n  t im e  l i m i t  th e  s t a b i l i t y  o f  

th e  c o u n t in g  equ ipm en t became a  s i g n i f i c a n t  f a c t o r .  O th e r  

work i n  t h e  l a b o r a t o r y  c o u ld  a f f e c t  th e  b a ck g ro u n d  and tem p er

a t u r e  o f  th e  room. The a c t i v i t y  A(x) u s e d  i n  c a l c u l a t i o n s  

was th e  r a t i o  o f  th e  sam ple  c o u n t  r a t e  to  a  s t a n d a r d  c o u n t ,  

and by  t h i s  means th e  e f f e c t  o f  random f l u c t u a t i o n s  i n  c o u n t 

i n g  c o n d i t i o n s  was m in im is e d .

The e s t i m a t i o n  o f  A(o) and  th e  b a c k g ro u n d  l i n e s  o f  

th e  i n t e g r a t e d  p r o f i l e s  was t h e  m ain  s o u rc e  o f  e r r o r  i n  d e t e r 

m in in g  F ( x ) .  I t  i s  c o n s i d e r e d  t h a t  i n  an a v e ra g e  p r o f i l e ,  

A(o) c o u ld  be  fo u n d  t o  -7 $  and v a lu e s  o f  A(x) to  s i m i l a r  

l i m i t s .  The l i m i t s  on F (x )  were t h e r e f o r e  -1 0 $ .

The f u n c t i o n s  ( e r f c ) ~ 1 u  and ( i e r f c ) ” 1 u  a r e  p l o t t e d  

a g a i n s t  u  i n  f i g s  5 .1 3  and  5 .1 4  r e s p e c t i v e l y .  F o r  t h e  b e r y l 

l iu m  d i f f u s i o n  e x p e r im e n t s ,  u  = F (x )  and t o  see  t h e  e f f e c t  o f  

e r r o r s  i n  F (x )  on ( e r f c ) " "  F (x )  we can  w r i t e

A ( e r f c ) " 1 F (x )  = . AP(x) ............ (5 -8 )

F o r  v a lu e s  o f  u  g r e a t e r  t h a n  0 .2 ,  ( e r f c ) “’ u  v s .  u  i s  n e a r l y  

l i n e a r  and th e  s lo p e  i s  a p p ro x im a te ly  u n i t y .  The e r r o r  i n
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-1Fig 5.13 Theoretical plot of (erfc) u vs. u
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u

Pig 5.14 Theoretical plot of (ierfc)"^ u vs. u
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—  1(erfc)“ F(x) is therefore the same as the error in F(x), 
namely -10$. For u < 0.2, the slope of (erfc)“-* u vs. u

_  iincreases rapidly and hence the error in (erfc)“ F(x) becomes 
very large for small F(x). A small value of F(x) corresponds 
to large values of x. In practice, points on the (erfc)“^

AF(x) vs. x graph for (erfc)” F(x) > 1.2 were regarded as 
unreliable.

A similar argument can be applied in the barium anal
yses (although an extra constant is involved). For u > 0.2, 
the slope of (ierfc)“ u vs. u is nearly linear and a little 
less than unity. Therefore values of (ierfc) F(x) less 
than 1.0 say, can be regarded as again being accurate to -10$. 
Again for small values of F(x) experimental points on the

__ -j(ierfc) F(x) vs. x graph become unreliable.

In some cases, it was necessary to estimate the posi
tion of the interface between the MgO and surface phases. By 
careful sectioning, this could be determined to within ilpi and

—  iover this distance, the slope of the (ierfc) F(x) vs. x line 
(for Ba) and the (erfc)“”* F(x) vs. x line (for Be) was 
unaffected.

D is derived from the slope of (erfc)” F(x) vs. x 
and (ierfc)“ F(x) vs. x graphs. Although each individual 
point contains an error which could be as high as 17$, graphing
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t h e  r e s u l t s  r e d u c e s  th e  e r r o r  to  no more t h a n  -8 $  and  s e v e r a l  

p l o t s  were a  good d e a l  l e t t e r  th a n  t h i s ,

3*4,5« Summary o f  P r i n c i p a l  E r r o r s

The p r i n c i p a l  e r r o r s  and th e  c o r r e s p o n d in g  c o n t r i b u 

t i o n s  to  th e  o v e r a l l  e r r o r  i n  i n d i v i d u a l  v a lu e s  o f  D a r e  

l i s t e d  i n  T ab le  5,3*

TABLE 5 ,3

Source  o f  e r r o r  

1# T em p era tu re

2, Time

3, S lo p e  o f  ( e r f c ) ~ ^  

g rap h  o r  ( i e r f  c ) ~ ̂  

g raph

M agnitude  

± 5°C 

-  2 m ins

E f f e c t  on D

± 6°/o

n e g l i g i b l e

-  16 i*

I te m  3 i n  th e  t a b l e  i n c l u d e s  c o u n t in g  and p e n e t r a t i o n  e r r o r s ,  

and i t  o c c u r s  a s  a  s q u a re  i n  th e  f i n a l  c a l c u l a t i o n

D = ------------- --------------2 ............. ( 5 —9)
4 , t  . ( s l o p e )

R e f e r r i n g  t o  i te m  2, i t  s h o u ld  be  n o te d  t h a t  i n  one e x p e r im e n t  

th e  t im e  e r r o r  was 2 .5 $ ,  However, c a l c u l a t i n g  th e  o v e r a l l  

e r r o r  by t a k i n g  th e  s q u a re  r o o t  o f  th e  sum o f  th e  s q u a r e s  o f  

each  c o n t r i b u t i o n ,  shows t h a t  t h i s  makes a  d i f f e r e n c e  o f  

l i t t l e  more th a n  0 .1 $ .  I n  a l l  o t h e r  c a s e s ,  t h e  t im e  c o n t r i 

b u t io n  was much l e s s .  The e r r o r  i n  each  i n d i v i d u a l  D i s
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t h e r e f o r e  o f  th e  o r d e r  o f  -1 7 $ . The e r r o r s  q u o te d  i n  th e  

A rrh e n iu s  e q u a t io n s  however, a r e  "based on th e  l e a s t  sq u a re  

s c a t t e r  o f th e  p o i n t s ,  a s  m e n tio n e d  p r e v io u s ly .
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VI. DISCUSSION

6,1. Diffusion of Be in MgO
The activation energy for Be diffusion in MgO does 

not agree with the correlation (equation 1-16), a result which 
is not entirely unexpected in view of the high predicted value 
of 15.7 eV. The value of D , at the same time, is very low 
and has a similar value (1.41 x 10 J cm ysec) to those obtain
ed in earlier work. Before considering the very interesting 
results obtained for barium diffusion, it is worth commenting 
on this result. Beryllium is an extremely small ion and its 
diffusion may proceed by a different mechanism to other impur
ity diffusion. There are two possible views that can be 
taken to explain the beryllium result. The correlation was 
proposed on the basis of activation energies obtained for 
divalent ions diffusing, presumably, by the same mechanism. 
This mechanism is likely to be a substitutional one. The 
break down of the correlation for Be could be explained by the 
existence of a different mechanism, namely, an interstitial 
process. An examination of a crystal model revealed that 
Be2+ would indeed fit into the MgO lattice interstitially. 
However, the existence of a charged interstitial would require 
an associated cation vacancy to preserve charge neutrality. 
(The alternative, an associated anion interstitial can be 
excluded merely on the basis of ion size.) Diffusion would 
thus involve the movement of an impurity interstitial/cation
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v a ca n cy  complex .  T h is  would he  e x p e c t e d  to  r e q u i r e  a  

p o s i t i v e  e n t r o p y  o f  a c t i v a t i o n  y i e l d i n g  a  ’'n o r m a l” v a l u e  f o r  

Dq and t h i s  i s  n o t  f o u n d .  I n  t h i s  c a s e ,  a l s o ,  an a c t i v a t i o n  

e n e rg y  of  1 ,6  eV may he t o o  low.

The a l t e r n a t i v e  i s  t o  assume t h a t  t h e  c o r r e l a t i o n  

a p p l i e s  t o  a l l  s u b s t i t u t i o n a l  d i f f u s i o n  and i s  n o t  d e p e n d e n t  

on t h e  s t a t e  o f  i o n i s a t i o n  o f  t h e  d i f f u s i n g  s p e c i e s .  I f  t h e  

v a l u e s  o f  r  and a f o r  t h e  n e u t r a l  a tom Be a r e  u s e d ,  t h e  

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

B u t  i n  t h i s  c a s e ,  an i n t e r s t i t i a l  mechanism i s  u n l i k e l y

b e c a u s e  o f  t h e  i n c r e a s e d  v a l u e  of  r  f o r  t h e  a tom. Y/e would
2+t h e r e f o r e  have  a  n e u t r a l  atom on an Mg s i t e ,  and a g a i n  i t  

would he  n e c e s s a r y  t o  c o n s i d e r  some s o r t  o f  complex, p e r h a p s  

a s  a s s o c i a t e d  a n io n  v a c a n c y .  However,  t h e  a p p a r e n t  e n t r o p y  

o f  a c t i v a t i o n  f o r  th e  d i f f u s i o n  o f  su c h  a  complex a g a i n  s h o u ld  

he  p o s i t i v e  b e c a u s e  o f  t h e  i n c r e a s e d  d i s o r d e r  r e q u i r e d  f o r  i t s  

m o t io n .  T h is  i n  t u r n  would  g i v e  a  " n o r m a l " v a l u e  f o r  DQ and 

t h i s  i s  c o n t r a r y  to  o b s e r v a t i o n .

N e i t h e r  o f  t h e  above t h e o r i e s  a r e  v e r y  s a t i s f a c t o r y ,  

t h e n .  P e r h a p s  i t  c o u ld  be  p o i n t e d  o u t  t h a t  i f  c h a r g e  

n e u t r a l i t y  were n o t  p r e s e r v e d ,  t h e n  e i t h e r  o f  t h e  two a r g u 

ments  becomes q u i t e  f e a s i b l e .  Also  t h e  v a l u e s  o f  Q and 

i n d i c a t e  t h a t  d i s l o c a t i o n s  c o u ld  be i n f l u e n c i n g  d i f f u s i o n .  

However, f u r t h e r  work s h o u l d  be  done to  c l a r i f y  t h e  p ro b lem  

s e t  by  t h i s  sy s te m .
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6 , 2 , D i f f u s i o n  o f  Ba i n  MgO

To e x p l a i n  t h e  r e s u l t  o b t a i n e d  f o r  b a r iu m  d i f f u s i o n ,  

we have two p o s s i b l e  a l t e r n a t i v e s .  E i t h e r  ( a )  t h e r e  e x i s t s  

two l a t t i c e  d i f f u s i o n  mechanisms o r  (b )  we have  l a t t i c e  

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

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

i n  m e t a l s  (Le C l a i r e ,  1 9 6 5 ) .  I t  m ust  a l s o  be ad d ed  t h a t  some 

m e t a l  sy s te m s  show, i n  a d d i t i o n ,  a  t h i r d  n e a r - s u r f a c e  d i f f u s 

i o n  r e g i o n  (Lundy e t  a l . ,  1965) and t h a t ,  i f  i t  e x i s t s  i n  MgO, 

t h e  p r e s e n t  t e c h n i q u e  would  n o t  be  c a p a b le  o f  r e s o l v i n g  i t  i n  

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

anomalous m e t a l s ,  y-U, ß - T i  and ß - Z r ,  i s  r e g a r d e d  a s  b e i n g  one 

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

nam ely ,  low Do v a l u e s  and  a c t i v a t i o n  e n e r g i e s  t h a t  a r e  a b o u t  

h a l f  t h o s e  f o r  c a t i o n  s e l f - d i f f u s i o n  (K id so n ,  1 965) .  I n  v iew 

o f  th e  l a r g e  s i z e  o f  t h e  S a  atom, i t  i s  u n l i k e l y  t h a t  i t  would 

d i f f u s e  by  any means o t h e r  t h a n  s u b s t i t u t i o n  and i t  i s  t h e r e 

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

p r e s e n c e  o f  d i s l o c a t i o n  s t r u c t u r e s  c o u ld  enhance  d i f f u s i o n  i s  

c o n f i rm e d  by  th e  f a c t  t h a t  t h e  c h a rg e  a s s o c i a t e d  w i t h  them i n  

MgO h a s  b e en  fo u n d  t o  be  p o s i t i v e  (Rueda  and D e k ey se r ,  1 961) .  

T h is  c o u ld  l e a d  t o  c a t i o n  v a c a n c i e s  i n  t h e  a d j a c e n t  l a t t i c e  to  

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

3 . 1 . 3 .
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To estimate a dislocation density which would account 
for the observed Ba diffusion coefficients, two methods can be 
used:-

1. It will be noted that the •’average” coefficients for each
half of the couple annealed at 1008°C (points A in fig 
5.12) fall well below the Arrhenius plot describing disloc
ation-influenced diffusion (line ”b"). This can be inter
preted on the basis of theories concerning high- 
diffusivity paths (Hart, 1957; Ruoff and Balluffi, 1963; 
Harrison, 1961) as meaning that at this temperature the 
value of 2 Yl̂ /t is less than the mean distance between dis
locations, d. By this reasoning it can be said that d 
must lie between the values of 2"VD̂ t at 1008°C and 1124°C, 
that is, between 2.6n and 7• 0M- respectively. These limits

r
then correspond approximately, to a range of 2 x 10 per

r\ nein to 14 x 10 per ein for the dislocation density.

2. In the temperature range studied, the lattice diffusion 
coefficients are 10-1000 times smaller than the dislocation- 
influenced coefficients. It is reasonable then to assume 
that the slope of the Arrhenius plot at low temperatures 
for the dislocation-influenced process is dominated by the 
activation energy for pipe diffusion (Kidson, 1965).
Assuming that pipe diffusion is described by the Arrhenius 
equation

■̂ pipe “ ^pipe ex^ ~ kT (6-1)
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and putting D^?^e equal to unity (Le Claire, 1965) it is 
possible to calculate for a given absolute temperature
T. Two such calculations give, for 1124°C and 1507°C,

1124°C

1507°C
^pipe = 2*0 x 10""7 cm2/sec 

■̂ nipe = ^«2 x K T 6 cm2/sec (6-2)

In the general case, the Hart-Mortlock equation gives the 
total diffusion coefficient (Hart, 1957; Mortlock, 1960) 
as

^total " h  + f < T  Dpipe
0  *  *

(6-3)

where f is the fraction of atoms (ignoring the existence of 
two species) on dislocation sites and C^/CQ is the ratio of 
the fractional concentration of solute on dislocation sites 
to that on perfect lattice sites. The second term repre
sents the dislocation-influenced component of the total
coefficient and can be identified with D* , AsJL + d
mentioned above, in this case D a is small and Dfl , , is1 Z c + d
approximately equal to Taking a middle value of

—610 for C^/C , f is found to be approximately 10" for each 
temperature. Assuming 10 atoms per dislocation cross

Q psection, this gives 10 per cm for the dislocation density,
2For a range of pre-exponential factors of 0.1 to 10 cm

Asec" and C^/Cq of 10 to 100, this gives the density a 
6 q 2range of 10 - 10^ per cm , in agreement with the first

calculation.
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The energy of formation of an edge dislocation in 
metals is approximately 10 eV per atom along a dislocation
line (Dekker, 1962)* The configurational entropy is very

—6small and about 10 kT. This means that the density of dis
locations in thermal equilibrium essentially vanishes, a very 
different result to that applying to "point" defects. 
Dislocations then, tend to be "frozen in” by mutual inter
action and their density is determined mainly by the past 
history of the sample concerned. This is in agreement with 
the calculations above in which f was found to be the same for 
■both 1124°C and 1507°C.

Experimental evidence for the presence of disloc
ations was found in the photomicrographic studies carried out 
on several of the crystals. It has already been noted that 
the average distance between dislocations measured on photo
micrographs was found to be 3.5p in agreement with previously
published data. This corresponds to a dislocation density of 

7 2about 10 per cm and is in excellent agreement with the 
values for d calculated above. It therefore appears that 
dislocations are indeed present in the material studied in a 
density sufficient to account for the observed "average” 
diffusion coefficients.

6.3« Reappraisal of Previous Results
To explain why the existence of dislocation- 

influenced diffusion in MgO has not been recognised in



-  39 -

p r e v i o u s  work,  i t  s h o u l d  be n o t e d  t h a t  t h e  r a t i o  o f  g r a i n  

b o u n d a ry  d i f f u s i o n  c o e f f i c i e n t s  t o  l a t t i c e  d i f f u s i o n  c o e f f i c i 

e n t s  a p p e a r s  t o  be much s m a l l e r  f o r  i o n i c  m a t e r i a l s  t h a n  f o r  

m e t a l s  (Wuensch and V a s i l o s ,  1966b)* F u r t h e r m o r e ,  t h e  e x t e n t  

o f  d i f f u s i o n  enhancement  i n  g r a i n  b o u n d a r i e s  seems t o  depend 

on i m p u r i t y  p r e c i p i t a t i o n .  I f  t h e s e  r e s u l t s  can  be  c a r r i e d  

o v e r  t o  d i s l o c a t i o n  d i f f u s i o n ,  t h e n  t h i s  may be u n r e s o l v a b l e  

from l a t t i c e  d i f f u s i o n  f o r  v a l u e s  o f  ‘f D ^ t  g r e a t e r  t h a n  10p 

s a y .  T ha t  i s ,  u n d e r  t h e s e  c i r c u m s t a n c e s  t h e  d i f f e r e n c e
—m -j

b e tw een  t h e  s l o p e s  o f  t h e  two p a r t s  o f  t h e  " a v e r a g e ” ( i e r f c )  

F ( x )  v s .  x g ra p h  may be  l e s s  t h a n  t h e  e r r o r  i n h e r e n t  i n  th e  

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

g r a p h i c  method u s e d  f o r  th e  measurement  o f  Ca d i f f u s i o n  

a p p e a r s  t o  have  a  r e s o l u t i o n  o f  a b o u t  20ji due i n  p a r t  t o  t h e  

e r r o r  i n t r o d u c e d  i n  s c a n n i n g .  D e t e c t i o n  o f  t h e  e x i s t e n c e  o f  

th e  two r e g i o n s  i n  th e  d i f f u s i o n  p r o f i l e  would t h e n  be  

u n l i k e l y .  Even t h e  e l e c t r o n  microbeam p ro b e  t e c h n i q u e  may be  

u n s u i t a b l e  s i n c e  f l u o r e s c e n c e  e f f e c t s  have  b een  s u s p e c t e d  o f  

r e d u c i n g  th e  r e s o l u t i o n  from t h e  n o rm al  1 -2 jj t o  s o m e th in g  o f  

t h e  o r d e r  o f  10p (Wuensch and V a s i l o s ,  1966a) when t h e  sy s tem  

s t u d i e d  i n v o l v e s  a  l i g h t  m a t r i x  such  a s  MgO. R e f e r r i n g  to  

th e  s c a t t e r  o f  r e p o r t e d  r e s u l t s  f o r  Ca d i f f u s i o n  i n  MgO a t  

l300°C, i t  i s  t e m p t i n g  t o  s p e c u l a t e  t h a t  t h i s  a r i s e s  f rom  a  

v a l u e  c l o s e  t o  u n i t y  f o r  t h e  r a t i o  D̂  + ^/D^ a t  t h i s  t e m p e r 

a t u r e .  The p o i n t  a t  w hich  i n t r i n s i c  ( " l a t t i c e " )  d i f f u s i o n
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t a k e s  o v e r  may w e l l  v a r y  s l i g h t l y  f o r  MgO from  d i f f e r e n t  

s o u r c e s  due to  d i f f e r e n c e s  i n  e i t h e r  d i s l o c a t i o n  d e n s i t y  o r  

p u r i t y ,  o r  b o t h .  U n t i l  c o n s i d e r a b ly  more d a t a  a r e  a v a i l a b l e ,  

how ever, f u r t h e r  c o n j e c t u r e  a lo n g  t h e s e  l i n e s  would  be  o f  

l i t t l e  v a l u e .

I n  th e  l i g h t  o f  th e  above w ork, i t  i s  i n t e r e s t i n g  to  

lo o k  a g a in  a t  th e  r e s u l t s  o f  p r e v io u s  work on d i f f u s i o n  i n  

MgO. I n  th e  e a r l i e s t  work on Ni d i f f u s i o n  i n  MgO (Wuensch 

and V a s i l o s ,  1961) th e  t e m p e r a tu r e  r a n g e  c o v e re d  was 1600- 

1850°C and an a c t i v a t i o n  e n e rg y  o f  4 .3  eV was r e p o r t e d .

L a t e r  when th e  t e m p e r a tu r e  r a n g e  was e x te n d e d  down to  1000°C 

t h i s  r e s u l t  was d i s c a r d e d  a s  e r r o n e o u s l y  h ig h ,  and th e  new 

v a lu e  f o r  Q q u o te d  a s  2 .1 0  eV. R ungis (1965) r e p e a t i n g  th e  

n i c k e l  m easu rem en ts  u s i n g  an  a u t o r a d i o g r a p h i c  m ethod  i n  th e  

t e m p e r a tu r e  ra n g e  1450°-1600°C a g a in  found  a  Q o f  a b o u t  4 eV
r)

and a  DQ w i t h i n  an  o r d e r  o f  m ag n itu d e  o f  10 cm y s e c ,  b u t  

o f f e r e d  no comment on t h i s .  These r e s u l t s  i n d i c a t e  t h a t  i n  

t h e  c a se  o f  Ni d i f f u s i o n  i n  MgO, a  l a t t i c e  d i f f u s i o n  m echanism  

p r e d o m in a te s  a t  t e m p e r a t u r e s  h i g h e r  th a n  1500°C.

T e n t a t i v e  d a t a  o b t a i n e d  r e c e n t l y  (Wuensch and  V a s i l o s ,

1966a) h a s  i n d i c a t e d  t h a t  f o r  Ca d i f f u s i o n  i n  MgO, Q i s  3*3 eV
2 -1and  D , 0 .0 2 5  cm se c  . These f i g u r e s  a r e  much h i g h e r  th a n  

th o s e  o b ta in e d  by R ung is  and  M o r t lo c k ,  a s  m e n t io n e d  p r e v i o u s l y ,  

b u t  a r e  v e r y  c lo s e  t o  t h o s e  d e r iv e d  f o r  th e  l a t t i c e  d i f f u s i o n
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o f  Ba i n  MgO r e p o r t e d  i n  t h i s  w ork. B e fo re  g o in g  f u r t h e r ,  i t  

i s  n a t u r a l  t o  a sk  i f  t h e  r e p o r t e d  Q o f 3*43 eV f o r  c a t i o n  s e l f 

d i f f u s i o n  i n  MgO g iv e n  by  L in d n e r  and P a r f i t t  (1957) i s  t r u l y  

a  l a t t i c e  d i f f u s i o n  p a r a m e te r .  The answ er  to  t h i s  i s  i n d i c a t 

ed by th e  s t a t e m e n t  made by th e s e  a u th o r s  i n  which th e y  n o t e d  

t h a t  "some e v id e n c e  h a s  b e en  found  t h a t  a t  t e m p e r a tu r e s  be low  

1400°C, th e  ( l o g  D v s .  1 /T ) c u rv e  shoves a  k in k  w i th  a  lo w e r  

a c t i v a t i o n  e n e rg y  a t  low  t e m p e r a t u r e s " .  I t  i s  w o r th  n o t i n g  

t h a t  th e  a c t i v a t i o n  e n e rg y  o f  3*43 eV was q u o te d  f o r  te m p e ra 

t u r e s  i n  th e  ra n g e  1400-1600°C. C o n f i rm a t io n  o f  th e  e x i s t 

ence  o f  a  lo w e r  a c t i v a t i o n  e n e rg y  p r o c e s s  was found  i n  th e  

c o n d u c t i v i t y  work o f  M i t o f f  which i n d i c a t e s  a  v a lu e  o f  2 .1 7  eV 

f o r  magnesium io n  m o tio n  a t  lo w e r  t e m p e r a t u r e s ,  and 3«5 eV a t  

h ig h  t e m p e r a t u r e s .  R e fe re n c e  h a s  a l r e a d y  b een  made to  t h e s e  

r e s u l t s  i n  C h a p te r  I .  A lso ,  a p p ly in g  e q u a t io n  ( 6 - 3 )  to  s e l f 

d i f f u s i o n  r e q u i r e s  a  v a lu e  o f  u n i t y  f o r  Cß/CQ. Hence th e  

m easu red  a v e ra g e  D w i l l  be  c l o s e r  to  th e  l s / t t i c e  D th a n  w ould  

be  th e  c a se  f o r  i m p u r i t y  d i f f u s i o n .  I t  seems r e a s o n a b l e  

t h e r e f o r e  to  a t t r i b u t e  th e  v a lu e  o f  3*43 eV f o r  th e  c a t i o n  

s e l f - d i f f u s i o n  a c t i v a t i o n  e n e rg y  t o  a  l a t t i c e  m echanism , 

o p e r a t i n g  p r e d o m in a n t ly  above 1400°C.

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

b e l i e v e d  t o  p ro c e e d  w i th  an  a c t i v a t i o n  e n e rg y  o f  h a l f  t h a t  f o r  

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

e x p o n e n t i a l  te rm .  Q f o r  s u b s t i t u t i o n a l  d i f f u s i o n  o f
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impurities in metals, is about equal to that for self
diffusion, The parameters obtained for diffusion in MgO are 
summarised in Table 6.1. Above the horizontal line are the 
results obtained which are considered to apply to dislocation 
influenced diffusion. Those below the line are higher values, 
some of which are approximate due to the scarcity of results, 
which could be representative of true lattice diffusion. The 
relation between these sets of results is in agreement with 
the qualitative remarks made above based on experience with 
diffusion in metals.

In view of the influence of dislocations on the 
diffusion parameters quoted, it is difficult to justify the 
correlation referred to in the Introduction. Even if it were 
valid for dislocation diffusion of impurities in MgO (measured 
over the temperature range 1000-1700°C), its derivation relies 
on the activation energy for magnesium self-diffusion. This 
was obtained only for the upper end of the temperature range 
and is in all likelihood an activation energy for lattice 
diffusion. In addition, neither of the values of Q for Ba, 
nor that for Be, agree with the predictions of the correlation. 
It is considered more valid at this stage, to conclude that 
the activation energies for all ions diffusing by a disloc
ation enhanced mechanism in MgO do so with an activation 
energy in the range 1.6 - 2.1 eV and that lattice diffusion 
requires activation energies in the range 3«0 - 4.3 eV.
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TABLE 6 .1

D iffu s in g
S pecies Q(eV)

p
DQ(cm /s e c ) R eference

N i2+ 2.10 1.80 x 10-5 Wuensch & V asilo s  (1962)

Co2+ 2.06 5.78 x 10“ 5 it

Pe2+ 1.81 8.83 x 10-5 it

Zn2+ 1.85 1.48 x IO "5 Wuensch & V asilo s  (1965)

Ca2+ 2.13 2.95 x IO-5 Rungis & M ortlock  (1966)

Be24* 1.60 1.41 x 10-5 H arding & M ortlock  (1966)

Ba2+ 1.85 6 .3  x ■10“ 5 H arding (1967)

Mg2+ 2.17 - * M ito ff  (1962)

Mg2+ 3.5 - * M ito ff  ( lS 6 2 )(h ig h  

tem p era tu re  l im i t )

Mg2+ 3.43 0.249 L indner & P a r f i t t  (1957)

N i2+ 4.3 - Wuensch & V asilo s  ( 1 9 6 1 )

Ni2+ ~ 4 = 10 Rungis (1965)

Ca2+ 3 .3 0.025 V/uensch & V as ilo s  ( 1 9 6 6 )

Ba2+ 3.38 0 .07 H arding (1967)

* from c o n d u c tiv ity  m easurements
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VII. CONCLUSION

Results obtained for the diffusion of Be^+ and Ba^+ 
in MgO do not agree with the predictions of a previously 
formulated correlation. Furthermore, the results of the

A 7. }investigation using ~^Ba indicate that over the temperature 
range 1000-1700°C dislocations strongly influence the observed 
diffusion coefficients. Evidence for this can be summarised 
as follows

1. Two mechanisms of diffusion operate in the case of Ba in 
MgO, one being characterised by a very low Dq and an 
activation energy equal to about half that for cation self 
diffusion. The second has "normal" values for these 
parameters.

2. Some previous experiments on impurity diffusion in MgO show
values for Q and D which are characteristic of dislocation-o
influenced diffusion.

3. Measurements on the diffusion of Ni in MgO at temperatures 
over 1450°C, and recent experiments with Ca in MgO all 
point to the existence of two processes, and again we find 
both '‘normal'1 and "anomalous" values for Dq and Q.

4* Dislocation densities calculated from measured diffusion 
coefficients are found to be in agreement with those 
observed in photomicrographs.
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T his  th ro w s  dou b t  on t h e  v a l i d i t y  o f  t h e  c o r r e l a t i o n  

o f  Q w i t h  r / a ,  b u t  b e f o r e  an  a l t e r n a t i v e  c a n  be  f o u n d ,  con

s i d e r a b l e  work w i l l  have  t o  be  done t o  o b t a i n  d i f f u s i o n  

c o e f f i c i e n t s  which r e l i a b l y  d e s c r i b e  l a t t i c e  d i f f u s i o n .  T h is  

w i l l  r e q u i r e  d i f f u s i o n  m easu rem en ts  b e i n g  made a t  t e m p e r a t u r e s  

much c l o s e r  t o  t h e  m e l t i n g  p o i n t  o f  MgO, where l a t t i c e  d i f f u s 

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