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INTRODUCTION 

The purpose  o f  t h i s  t h e s i s  work i s  t o  s t u d y  i n t e r d i f f u -  

s i o n  i n  t h e  Er203-Hf02 s y s t e m .  Th i s  s t u d y  i s  p a r t  o f  t h e  con- 

t i n u i n g ' , e f f o r t  a t  t h e  Ames Labo ra to ry  ERDA t o  d e s c r i b e  'atomic 

movement i n  f l u o r i t e  t y p e  ce ramic  m a t e r i a l s .  

The Er203-Hf02  sys tem was s t u d i e d  i n  d e t a i l  by J o h n s t o n e  
. . 

i (1970) .  F i g u r e  1 i s  h i s  proposed phase  diagr.am. 
I 

c o n s i s t i n g  o f  l e s s  t h a n  1 0  mole % Er203 a r e  mix. tures  o f  mono- 
! 

c l i n i c  (M)  , t e t r a g o n a l  (T) , and f l u o r i t e  (F )  s o l i d  s o l u t i o n s .  
I 
! 
I The m o n o , c l i n i c ~ t ~ t r a g o n a l  polymorphic t r a n s f o r m a t i o n  i n  t h i s  

compos i t ion  r ange  i s  accompanied by a  d e s t r u c t i v e  volume 

change which r e n d e r s  . t h e s e  m a t e r i a l s  v e r y  t roub lesome i n  any. 

a p p l i c a t i o n  where d imens iona l  s t a b i l i t y  and sample . i n t e g r i t y  

must b e  ma in t a ined .  T h i s  v e r y  h igh-Hf02 r e g i o n  o f  t h e  sys tem . . 

i s  n o t  i n v e s t i g a t e d  i n  t h i s  s t u d y .  

A t  c o n c e n t r a t i o n s  i n  t h e  r a n g e  from 10 t o  50 mole '% Er203 

a  con t i nuous  s e r i e s  of ,  f l u o r i t e  ( F ) s o l i d  s o l u t i o n s  e x i s t .  

'This  s t r u c t u r e '  i s  s t a b l e  t h rough  t h e  t e l r ~ p e r a t u r e  r ange  160O0'- 

1800°C where t h e  d e s t r u c t i v e  MZT polymorphic  t r a n s f o r m a t i o n  

o c c u r s  i n  m a t e r i a l  o f  lower Er203  c o n c e n t r a t i o n s .  Rare e a r t h  

oxide s t a b i l i ' z e d  I-lfOZ i s  i m p o r t a n t  t o  ce ramis t ' s  f o r  i t s  p o t e n -  

t i a l  h i g h  t empe ra tu r e  a p p l 1 c a t i o . n s  ( S c h i e l t z ,  P a t t e r s o n ,  and 
'=- -. 

W ilde r ,  1971) .  Johns tone  (.1970) measuTe.d_-melting t empera ' tu res  

i n  pure  Mf02 a s  h i g h  a s  282S°C w i t h  no s i g n i f i c a n t  r e d u c t i o n  

a t  E r  0  c o n t e n t s  up t o  30 mole p e r c e n t .  ' H ~ o ~  can  b e  s t a b i l -  2 3 s .  



MOLE PERCENT Er"2 03 

. . 

F i g u r e  1. Proposed phase  d iagram f o r  t h e  Hf02-Er203 sys tem 
' ( J o h n s t o n e j  1 9 7 0 )  

i ~ . .  . 
I:..  . .  . .. 



i z e d  w i t h  CaO, Y203, o r  t h e r a r e  e a r t h  ox ide s  and i t  i s  r e -  

p o r t e d  t o  be  more r e s i s t a n t  t o  p r o g r e s s i v e  d e s t a b i l i z a t i o n  

t h a n  i s  t h e  chemica l l y  analogous  and w ide ly  used s t a b i l i z e d .  

Z r O 2  ( C u r t i s ,  Doney, and Johnson ,  1954 ,  Buckley,  1969,). 

Buckley and Wilder  (1969) r e p o r t e d  t h a t  Y 0  - s t a b i l i z e d  HfOZ 2 3  
i s  more s t a b l e  t h a n  CaO o r  MgO-s tab i l i zed  Hf02.  Hf ha s  a  h i g h  

t he rma l  n e u t r o n  a b s o r p t i o n  c r o s s  s e c t i o n  ( app rox ima te ly  100 

b a r n s )  and by r e sonance  c a p t u r e ,  it a l s o  abso rbs  e p i t h e r m a l  

n e u t r o n s .  The r a r e  e a r t h  ox ide s  would appea r  t o  b e  i d e a l  

s t a b i l i z e r s  f o r  Hf02 i n  n u c l e a r  a p p l i c a t i o n s  s i n c e ,  a s  a  

g roup ,  t h e  r a r e  e a r t h s  ox ide s  have  good t he rma l  s t a b i l i t y  and 
' 

an ext reme r ange  o f  t he rma l  n e u t r o n  c a p t u r e  c r o s s  s e c t i o n s .  

The fo rement ioned  a p p l i c a t i o n s  f o r  s t a b i l i z e d  h a f n i a  may 

someday b e  v e r y  i m p o r t a n t ,  b u t  a r e  c i t e d  h e r e  p r i n c i p a l l y  f o r  

background i n f o r m a t i o n .  The F s o l i d  s o l u t i o n s  a r e  o f  i n t e r e s t  

t o  t h i s  s t u d y  main ly  because  t h e  f l u o r i t e  s t r u c t u r e  may b e  

t hough t  o f  a s  t h e  p a r e n t  s t r u c t u r e  from which t h e  C- type  r a r e  

e a r t h  ox ide  s t r u c t u r e  o f  pure  E r  0  i s  d e r i v e d .  The f l u o r i t e  2 3  
s t r u c t u r e  i s  a cl ib ic  ar rangement  i n  which t h e  c a t i o n s  form a  

f a c e  c e n t e r e d  c u b i c  a r r a y ,  each  c a t i o n  i n  e i g h t - f o l d  c o o r d i n a -  

t i o n  w i t h  oxygen an ion  s i t e s  t h a t  i n  t u r n  form a  s i m p l e  c u b i c  ' 

an ion  s i t e  l a t t i c e .  Johns tone  (1970) de t e rmined  t h a t  a s  Er203 

d i s s o l v e s  i n t o  E r 2 0 3 - s t a b i l i z e d  Hf02,  an ion  v a c a n c i e s  a r e  

forme:.; i n  t h c  " : i o r i t e  s t r u c t u r e  a c c o r d i n g  t o  t h e  e q u a t i o n :  



In  Equa t ion  1, th-e s t a n d a r d  Kroeger-Vink n o t a t i o n  ha s  been . . 

I us ed ,  t h a t  i s :  - . . . . 

i ! .  
. . 

I 1 

! E r ~ f  i s  an Er+3 c a t i o n  on a  Hf+4 s i t e  
I ' .  
i .. . 0, i s  an 0 - 2  a n i o n  bn a n  0 - 2  s i t e  . . 
1 
! V A *  i s  a s v a c a n t  0 - ' s i t e  
I 
i 
! ' *  i n d i c a t e s  a  -1 c h a r g e  
I I ' ind i ' ca tes  a  + 2  cha rg e  . . . . 
.I 

i 
I Each i o n  i n  t h e  E r Z 0 3 - s t a b i l i z e d  Hf02 f l u o r i t e  s t r u c t u r e  i s  . 

I d i s p l a c e d  s l i g h t l y  from i t s  i d e a l  l o c a t i o n  depending on t h e  
i 

0-' v a c a n c y  c o n c e n t r a t i o n .  %The u n i t  c e l l  f o r  t h i s  s t r u c t u r e  
I 
I 

! i s  t h e  b a s i c  f l u o r i t e  u n i t  composed o f  f o u r  Hfl-xErx02-(x,21 
[%;.-." 

. formula u n i t s .  . O t h e r  ce ramic  m a t e r i a l s  p o s s e s s i n g  t h e  , , F~. ; :, i; 
? n, . $9 -. < 
<, ,:, :."- 

f l u o r i t e  s t r u c t u r . e ,  i n  a d d i t i o n  t o  s t a b i l i z e d  HfOZ and Z r O Z ,  
. 

2 _  6;' ,ye;; ..** 
&&,>, ; >& 
jy;; ,;... :: 

. , i n c l u d e  t h e  a l k a l i n e  e a r t h  f l u o r i d e s  and t h e  a c t i n i d e  o x i d e  , f :-: F I! i~$;$$G 
*, , y:; <**s. 1,:; ::&.;$* 

f u e l s  U02, Pu02,  Tho2 and U O ; - P U O ~  s o l i d  s o l u t i o n s .  3 :<,a itl ?.&$; f.,;&G: yi,*t: 

I n  F igu re  i ,  t h e  r e g i o n  o f ' g r e a t e s t  impor tance  t o  , t h i s  A;pzi...2. ~i,$q;:;.; ,< 

1 ..; *:'l;i,?.. 
s t u d y  i s  t h a t  below 2000°C i n  t e m p e r a t u r e  and g r e a t e r  t h a n  75 ; <,:-$+<: .$ ..7k* 

;, A,;:: 88 
d;. p$$$$ 

j - .j; *..,3!..;.. 

mole % Er203 i n ' c o n c e n t r a t i o n .  Composit ions i n  t h i s  r a n g e  a r e  , ;I .:--w-,.~5 ;%;..;*?: 

! a l l  s o l i d  s o l u t i o n s  of  t h e  C- type  r a r e  ' e a r t h  ox ide  s t r u c t u r e .  

A s  no t ed  p r ev . i ous ly ,  t h i s  s t r u c t u r e  may b e  t hough t  o f  a s  a  

d e r i v a t i v e  o f  t h e . f l u o r i t e  s t r u c t u r e .  The c a t i o n s  form t h e  ' 

L 

expec t ed  f a c e  c e n t e r e d  c u b i c  a r r a y ,  cacll s l i g h t l y  d i s p l a c e d  

'from j,ts i d e a l  FCC p o s i t i o n .  I n  pure Er203 ,  t h e  c a t i o n s  a r e  ---- 
1,: -., 

each  c o o r d i n a t e d ' w i t h  6 a n i o n s  which occGpy 3/4 o f  t h e  c o r n e r  

s i tes  o f  an eight-member s imp le  c u b 3 . i  an ion  cube .  The 0- '  , ' 

!igpJ?g 
..-*a i ,ra.~, m+rpw 

j ,Pr";q!.?';-. 
. . : : .  $;??<h.":?k # * > a *  

! .p . .y . ,  . . v .tw+a 

; .4 , -:%#?-..: 

. . , : 7 : .>:. &, 
!. . &; ' 
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i z e  t h e  l oca t i ' on  o f  unoccupied an ion  s i t c s  by i n s e r t i n g  o - ~  ~ r - e -  g-. . - 

: . , an ions  i n t o  some, o f  t h o s e  p r e v i o u s l y  unoccupied s i t e s .  A s  

more Hf02 i s  d i s s o l v e d ; . t h i s  r andomiza t ion  c o n t i n u e s  and t h e  ,. 

C-type s t r u c t u r e  g r a d u a l l y  approaches  t h e  f l u o r i t e  s t r u c t u r e .  
I 

A t  some c r i t i c a l  l l f02 c o n c e n t r a t i o n  be tween .  25 mole % and 50 I 

mole %, comple te  r 'andomizat ion o f  empty a n i o n  s i t e s  o c c u r s  

spon t aneous ly  and t h e  f l u o r i t e  s t r u c t u r e  i s  t h e  r e s u l t .  The 

r e v e r s e  t r a n s f o r m a t i o n  r e s u l t s  a s  Er203 i s  added t o  E r Z O j -  
I 

s t a b i l i z e d  Hf02,  t h a t  i s ,  t h e  f l u o r i t e  s t r u c t u r e  changes  
, . 

toward. t h e  C - t y p e ' s t r u c t u r e .  . , . 

Atomic movement i n  t h e  f l u o r i t e  s t r u c t u r e  and r e l a t e d  

ce ramic  m a t e r i a l s .  has  been  s t u d i e d  e x t e n s i v e l y  a t  t h e  Ames 

L a b o r a t o r y .  Bera rd  (1971) examined c a t i o n  t r a c e r  s e l f  - d i f f u -  

s i o n  i n  s i n g l e  c r y s t a l  CaF2 and e a r l i e r  i n  p o l y c r y s t a l l i n e  

E r 2 0 3  and Y203 (Bera rd  and Wi lde r ,  1969 ) .  B e r a r d ,  Wirkus and , 

Wilder (1968) and B a s l e r  and Bera rd  (1974) s t u d i e d  s e l f -  
R;.;:.+.- .,$+. 

d i f f u s i o n  i n  s i n g l e  c r y s t a l  Er203 and o t h e r  C- type  r a r e  e a r t h  1 a* . ' . ..,.,.. ?,; 
. %y!>+j.$, 

o x i d e s .  I n t e r d i f f u s i o n  was i n v e s t i g a t e d  i n  s i n g l e  c r y s t a l  v+.* !y!- ,; ;: .. $. 
7-! -- t , 7*.:* 

. .?+. <;, :.,, 
, a l k a l i n e  e a r t h  f l u o r i d e  sy s t ems ,  namely , .CaF2-SrF2  (Sche idec-  , . 

. .,. . 
] ,@(.;;$; 

.y. , .. 3' ' g!~? y.* 
k e r  a n d  Be ra rd ,  1973 ) ,  YF3-CaF2 ( V i s s e r ,  S c h i a v i ,  and B e r a r d ,  .-,c...,u. . -. 

. +: I.:.. .It, 
. -,!-*,;! . 

1975) and SrF2-BaF2 (Sche idecker  and B e r a r d ,  1976) .  I n t e r d i f -  e :.. .>ti:: 
f : -. :,:< 1: .'fl .::c. f u s i o n  i n  t h e  p o l y c r y s t a l l i n e  r a r e  e a r t h  o x i d e  sys tems  Er203-  f ,.:- s.c. .., .- . ... ,..fg v,t. 

f,~;: :%;, 
Y203 and E ~ ~ O ~ - H O ~ O ~  was s t u d i e d  by G e s s e l  (1971) .  t -  .. .>.. 

4" ;::: j . <;-:::. 
The f l u o r i t e  and r a r e  e a r t h  t y p e  C s t r u c t u r e s  a r e  f a v o r a b l e  t o  . 

-. , .?p::3yL 
I .:*<*. 

r a p i d  a n i o n  movement (Bera rd  -- e t  a l . ,  1968;  Matzke, 1970) and , f ,,-;T> ..r,v .. F,;, ..,,l.,. 
1 p7zR:"?yrj2 ! ; <.!!$,+,, 
, k&;w. 
: -.y*3**. . 'LU*& 
I p'%?r$&y 
: :;$g%ns+, 
' e. .""I;: " 

a &.,.>++$ 
. ?'f-.,..+.' 

8 !.- -.:Aa 
i, p" ;T%B.-c ' ,:':;..."' , f;+: h- q'"" * ,' 

- - (2 



> > > D  one sjlould e x p e c t  t h a t  Danion  , cat ion.  
' I  Thi s  c h a r a c t e r i s t i c  i 

i s  unusua l  i n  c e r a m i c s ,  b u t  i s  i n  f a c t  amply v e r i f i e d  ( B e r a r d ,  ! 

1971;  Bera rd  and Wi lder ,  1969;  Matzke,  1970;  Rhodes and 

C a r t e r ,  1966;  Simpson and d a r t e r ,  1966;.  Be ra rd ,  Wirkus,  and 

Wi lder ,  1968) .  

T h i s  work examines i n t e r d i f f u s i o n  between ErZ03 and H f O Z  
. . 

i n  E r 2 0 3 - r i c h  s o l i d  s o l u t i o n s  hav ing  t h e  C- type  r a r e e a r t h  

ox ide  s t r u c t u r e .  I t  a l s o  a t t e m p t s  t o  e x t r a c t  in fo rmat - ion  on . .  

t h e  r e l a t i v e  m o b i l i t i e s  o f  ~ f + ~  and ~ r * ~  c a t i o n s  i n  t h e s e  

s o l u t i o n s .  F i n a l l y  i t  w i l l  y i e l d  an e s t i m a t e  o f  t h 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  o f  ~ f + ~  i n  e s s e n t i a l l y  pu re  Er203.  
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- 
where D i s  c a l l e d  t h e  " i n t e r d i f f u s i o n  c o e f f i c i e n t "  because  i t  

. . 

d e s c r i b e s  a  b u l k  intel-mixi'ng proces 's  of two m a t e r i a l s  and i n -  

c l u d e s  t h e  combined e f f e c t s  of t h e  f l u x e s  of a l l  t h e  mobi le  

s p e c i e s  p r e s e n t .  , Here t h e  mobi le  s p e c i e s  a r e  1 d 4 ,  ~ r + ~ ,  and 

o - ~  i o n s ,  assuming t h a t  t h e r e  a r e  v e r y  few f r e e  e l e c t r o n s  o r  

h o l e s  i n  t h e  sys tem.  
. . 

In  t h e  nons teady  s t a t e  s i t u a t i o n ,  t h e  c o n c e n t r a t i o n s  of  

t h e  v a r i o u s  mob i l e " spec i e s , a t  any p o s i t i o n  i n  t h e  sys tem a r e  
- 

f u n c t i o n s  o f  t i m e ,  and D i s .  of ter i  a  f u n c t i o n  of compos i t ion .  

I n  t h i s  c a s e  F i c k ' s  ~ i r s t  Law ' is  d i f f i c u l t  t o  app ly  because  i t  

r e q u i r e s  measurement of l o c a l  f l u x e s .  Combination of Equa t ion  

4 w i t h  a  c o n t i n u i t y  e q u a t i o n  y i e l d s  F i c k ' s  Second Law: 

wh ich  i s  n o t  s o  d i f f i c u l t  t o  app ly  s i n c e  l o c a l  concen t r a . t i on  

changes a r e  more e a s i l y  measured t h a n  l o c a l  f l u x e s .  - 
F i c k ' s  Secorld $aw w i t h  D a  f u n c t i o n  of  , compos i t ion  (and 

t h e r e f o r e  o f  p o s i t i o n )  i s  a  d i f f e r e n t i a l  e q u a t i o n  which i s  n o t  

e a s i l y  s o l v e d .  .Wagne r ' ( 1969)  has  ana lyzed  t h e  i n t e r d i f f u s i o n  

problem i n  b i n a r y  sys tems ,  expanding on t h e  e a r l i e r  work of  

~ o l t z m a n n  (1894) and Matano (1933) and Sauer  and F r e i s e  (1962) .  

The Wagner approach i s  a p p l i c a b l e  t o  an exper iment  where t h e  

i n i t i a l  geometry i.s "doubly  i n f i n i t e "  w i t h  .a s t e p  f u n c t i o n  

compos i t ion  d i s c o n t i n u i t y ,  t h a t  i s ,  a  long d i f f u s i o n  coup le  

c o n s i s t i n g  of  two i n i t i a l l y  uniform h a l v e s .  Wagner's approach 
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: e x c i u s i v & l y ; .  NEr  
' 

0 '  d i d  n o t  o c c u r  exper j :menta l~ ly ,  and on1.y 
.2 3 " . . , . . . . 

- c a n  be  eva lua ted . .  A t N H f O i  Ds,f if  . , 

= . O  , . EquaGon 9 simp'l  i f  i e s  
, . . . . . 

. .  . .  . . 
. . . . 

. . . . t o :  
. . 

. . 
. . A t  low H ~ O ~  c d n c e n t r a t i o . n s , .  t h e  a c t i v i t y  term 

(d '  Y H f 0 2  ) / ( d .  i n  N H f O 2  ) can  'be  e s t i m a t e d  a c c o r d i n g  t o  t h e  

method o f  Whitney and S t u b i c a n  (1971) which corisiclers t h e  

f o r m a t i o n  o f  d e f e c t s  accompanying s o l u t i o n  o f  a l i o v a l e n t  

dopant  a t  i n f i n i t e  d i l u t i o n .  De fec t  f o r m a t i o n  i n  t h e  Er203-  

r i c h  s o l i d  s o l u t i o n s  was d e s c r i b e d  i n  t h e  I n t r o d u c t i o n  S e c t i o n  

and was q u a n t i f i e d  i n  Equa t i on  2 .  I t  must b e  emphasized h e r e  

t h a t  Equa t ion  2 i s  a t  b e s t  a f i r s t  app rox ima t ion  o f  t h e  a c t u a l  

s i t u a t i o n ,  s i n c e  i t  d i s r e g a r d s  p r o b a b l e  d e f e c t  i n t e r a c t i o n s  

sGch a s  t h e  a s s o c i a t i o n  o r  pe rhaps  c l u s t c r j - n g  o f  HfEr and 0; 

s p e c i e s ,  e s p e c i a l l y  a t  h i g h e r  HfOZ c o n c e n t r a t i o n s .  

A n . e q u i l i b r i u m  c o n s t a n t  f o r  t h e  r e a c t i o n  o f  Equa t i on  2 

may h e  w r i t t e n .  a s  

r e p r e s e n t s  where b r a c k e t s  r e p r e s e n t  c o n c e n t r a t i o n  and aI-I102 ,., 

t h e  a c t i v i t y  n f  H f 0 2  i n  t h e  s o l i d  s o l u t i o n .  The v a l u e  o f  

[00]  may b e  t a k e n  a s  u n i t y ,  s o  t h a t  



From Equat ion 2 ,  a  s i m p l i f i e d  e l e c t r i c a . 1  n e u t r a l i t y  c o n d i t i o n  

i n d i c a t e s  t h a t  , '  

I I ' 1  . 1 
[O.] = Z[HfEr] = -N 

1 2 I-If02 

S u b s t i t u t i o n  of  Equat ion 1 3  i n t o  1 2  g i v e s  

and 

The re fo re  

S u b s t i t u t i o n  of  Equat.ion 16 i n t o  1 0  g i v e s  

Th i s  DS , H f  i s  c a l l e d  t h e  impur i t y  d i f f u s i o n  c o e f f i c i e n t  of M f  

i n  Er203 and should  b e  n e a r l y  e q u a l  t o  t h e  t r a c e r  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  Hf a t  impur i t y  l e v e l s  i n  Er203 .  

A t  t h i s  t ime t h e  a u t h o r  knows of no a v a i l a b l e  d a t a  f o r  Hf 

t r a c e r  s e l f - d i f f u s i o n  i n  Er203 Sche idecker  and Berard  (1973, 

1976) have used t h i s  approach t o  e x t r a p o l a t e  CaF2-SrF2 and 

SrF2-BaF2 i n t e r d i f f u s i o n  d a t a  t o  ze ro  SrF2 c o n c e n t r a t i o n ,  and 

have found t h e i r  c a l c u l a t e d  i m p i ~ r i t y  d i f f u s i o n  c o e f f i c i e n t s  

f o r  S r  i n  b o t h  CaF2 and BaF2 i n  e x c e l l e n t  agreement w i t h  p r e -  

v i o u s l y  measured t r a c e r  s e l f - d i f f u s i o n  c o e f f i c i e n t s  f o r  S r  i n  



C ~ F ~  and i n  BaFZ ( ~ a k e i  and  T a y l o r , .  1 9 6 9 ) .  L i k e w i s e ,  V i s s e r  

e t  a l .  (1975) e x t r a y o l a t e d C n P 2 - Y F 3  i n t e r d i f f u s i o n  d a t a  t o  -- 

z e r o  YF c o n c e n t r a t i o n  and t h e r e b y  e s t i m a t e d  y t t r i u m  i m p u r i t y  3 

d i f f u s i o n  c o e f f i c i e n t s  i n  n e a r l y  p u r e  CaF 2 ' These  r e s u l t s  

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

v a l i d  e s t i m a t e  o f  Hf i m p u r i t y  d i f f u s i o n  c o e f f i c i e n t s  i n  E r 2 O Y  



. . 
. . - ' Raw E ~ ~ O ; ' ,  was p r e p a r e d  " a t  t h e  ' h e s  L a b o r a t o r y ,  

. , .  

r a r e '  e a i t h s  p i l o t  p l a n t  by  p r e c i p i t a t i o n  and c a l c i n a t i o n  of  

erbium o x a l a t e .  A n a l y s i s  by  mass s p e c t r p s c o p y  i n d i c a t e d  t h a t  '' 

. . 
.. .. 

: t h e  summed c o n c e n t r a t i o n  o f  a l l  i m p u r i t i e s  was l e s s  t h a n  60 
- .  

ppm, 30 p p m  o f  which . . were C 1  ' T h i s  a s - r e c e i v e d  powder 

. . u n s u i t a b l e  f o r  s i n t e r i n g  t o , t h e  95%-99% t h e o r e t i c a l  d e n s i t y  

which i s  c h a r a c t e r i s t i c ,  o f  ' t h e  con t i nuous  and u n o b s t r u c t e d  

m i c r o s t r u c t u r e  s u i t a b l e  f o r  b u l k  d i f f u s i o n  s t u d i e s .  . A  s i n t e r -  

a b l e  Er203 powder was produced by d i s s o l v i n g  t h e  a s - r e c e i v e d  

o x i d e  fo l l owed  by  p r e c i p i t a t i o n  and c a l c i n a t i o n  o f  Er(OHI3. 

A d d i t i o n  o f  55 m l  o f  concen . t r a t ed  HN03 was made t o  a h o t ,  

s ' t i r r e d  mix tu r e  of  50 grams a s - r e c e i v e d  E r 2 0 j  i n  50 m l  w a t e r .  

The mix tu r e  was h e a t e d  and s t i r r e d  i n .  a  cove red  g l a s s  , b e a k e r  

u n t i l  t h e  ox ide  had d i s s o l v e d ;  . T h e  s o l u t i o n  was c o o l e d  t o  

room t e m p e r a t u r e ,  f i l t e r e d ,  and dj.l.lited w i t h  w a t e r  t o  500 m l .  

Assuming t o t a l  s o l u t i o n  o f  t h e  o x i d e ,  t h e  c o n c e n t r a t i o n  o f  

t h e  s o l u t i o n  w a s  100 grams Er203  p e r  l i t e r  o r  0.262 M .  E r 2 0 3 *  

The s o l u t i o n  was d r i p p e d  a t  t h e  approx imate  r a t e  o f  10 

m l  p e r  minu te  i n t o  a  v i g o r o u s l y  s t i r r e d  s o l u t i o n  o f  100 m l  

c o n c c n t r n t e d  NW40H i n  100 m l  w a t e r .  A g e l a t i n o u s  p r e c i p i t a t e  

was formed which wa.s s e p a r a t e d  from t h e  s o l u t i o n  by c e n t r i f u g -  

i n g .  The c e n t r i f u g e d  p r e c i p i t a t e ,  abou t  300 m l  i n  volume,  

was broken up f o r  washing and was added t o  r ough ly  4  l i t e r s  



of  w a t e r .  An a d d i t i o n  o f  s s o  a1 c o n c e n t r a t e d  NN40k l  was used  

t o  make a wash ing  s o l u t i o n  which would p r e v e n t  d i s p e r s i o n  a n d  . 

p e p t i z a t i o n  of  t h e  p r e c i p i t a t e .  T h e m i x t ' u r e  was s t i r r e d  

v i g o r o u s l y  f o r  1 h o u r ,  t h e n  l e f t  s t a n d i n g  i n  o r d e r  t o  s e t t l e  

t h e  p r e c i p i t a t e .  The s u p e r n a t a n t  l i q u i d  was d e c a n t e d  and t h e .  

p r e c i p i t a t e  was c e n t r i f u g e d .  

The caked p r e c i p i t a t e  was p l a c e d  on f i l t e r  pape r  i n s i d e  

a  g l a s s  b e a k e r .  The b eake r  was covered  w i t h  a  w a t c h g l a s s  and 

h e l d  a t  100°C i n  a  v e n t e d  l a b o r a t o r y  d r y i n g  oven f o r  16 h o u r s .  

The covered  beake r  ar rangement  was n e c e s s a r y  i n  o r d e r  t o  s low 

t h e  d r y i n g  r a t e  o f  t h e  hydrox ide  s u f f i c i e n t l y  t o  enhance t h e  

s i n t e r a b i l i t y .  of  t h e  ox ide  powder'. The' ' impor tance  o f  t h e  

d r y i n g  r a t e  ha s  been n o t e d  by V i s s e r ,  S c h i a v i ,  and Be ra rd  

(1976) i n  a  c o n c u r r e n t  s t u d y .  

The d r i e d  hyd rox ide  was c ru shed  t o  -200 mesh u s i n g  an 

a g a t e  m o r t a r  and The powder was p l a c e d  i n  an  open 

p l a t i num d i s h  and c a l c i n e d  i n  a i r  f o r  3  h o u r s  a t  600°C i n  an 

e l e c t r i c  r e s i s t a n c e  h e a t e d  m u f f l e  f u r n a c e .  A p r i o r  thermo-  

g r a - v i r a t r i c  a n a l y s i s  had i n d i c a t e d  t h a t  t h e  f iOO°C c a l ~ i l i e  was 

adequa te  f o r  comple te  c o n v e r s i o n  t o  Er203 .  

Hf02-duped E r203 ,  h e n c e f o r t h  a b b r e v i a t e d  HUE, was P i e -  
. . 

pa red  by a  p rocedu re  ana logous  t o  t h e  p r e p a r a t i o n  of  undoped 

Er203. An i n t i m a t e  mix tu r e  o f  g e l a t i n o u s  Er(OH)3 and H f  (OM)4 

was c o p r e c i p i t a t e d  from a  v o l u m e t r i c a l l y  p r e p a r e d  m i x t u r e  of  

two s o l u t i o n s .  The Hf02 s o l u t i o n  was an  aqueous s o l u t i o n  of  



hafnium. o x y c h l o r i d e  ( H T O C ~ ~  -,81120!., , The c o n c e n t r a t i o n  was. 

94.32 grams HfOZ p e r l i t e r  o r  0.448 M,HfO2. The commercia l ly  

p repa red  H ~ O C ~ ~ .  8 ~ ~ 0  was  ana lyzed  f o r  c a t i o n  i m p u r i t i e s  by . 

emiss ion  spec t ro scopy .  'The r e s u l t s  . a r e  l i s t e d  i n  Table  1. 

  he Er203 s o l u t i o n  was p repa red  by t h e  same procedure  a s  t h e  

Er203-HN03 s o l u t i o n  excep t  t h a t  H C 1  was used i n s t e a d  of FINO3. 

The c o n c e n t r a t i o n  of t h e  Er203 s o l u t i o n  was e q u a l  t o  100 grams 

Er203  pe r  l i t e r  o r  0.262 M E r203*  

Table  1. Emission s p e c t r o g r a p h i c  . . .  . a n a l y s i s  . .. of hafnium oxy- 
chlo . r . ide  . . . . . . . . . . . . . . . 

E 1 emell t Concen t r a t i on  E 1 e~nen t Concen t r a t i on  
PP" PPm 

A mix tu re  c o n s i s t i n g  of 38 .5  m l  o f  t h e  Hf02 s o l u t i o n  and 

240.2 m l  o f  t h e  Er203 s o l u t i o n  was p repa red .  The mix tu re  was 

d i l u t e d  t o  3.00 m l  i n  o r d e r  t o  e s t a b l i s h  t h e  c o n c e n t r a t i o n  a t  

100 grams t o t a l  ox ide  p e r  l i t e r  s o l u t i o n ,  which was e q u a l  t o  

t h e  c o n c e n t r a t i o n  of t h e  undoped Er203  s o l u t i o n .  The mixed 

s o l u t i o n  was s t i r r e d  app'roximately 1 hour and then  d r i p p e d  

i n t o  a  s o l u t i o n  of 60 m l  c o n c e n t r a t e d  NH40H and 60 m l  w a t e r .  
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when some outgass . ing occu r r ed .  Both ' t h e  l ~ ~ a ' t i n g  and cool.ing . . 

r a t e s  f o r  t h e  I-II)E s i n t e r i n g  we're ' 5 0 ° C  per' minu te .  The heat .--  ' 

i n g  r , a t e  f o r  t h e  undoped E r  0  was s1owe:d t o  10°.C p e r  minute  
2 3 .  

i n  o r d e r  t o . d e c r e k s e  t h e  tendency f o r  exa.gge.rated g r a i n  growth 
. . 

. . 
i n  t h e  e a r l y  s t a g e s  of s i n t e r i n g  and i n  s o  doing t o  a l low more' 

t ime f o r  t h e  e l i m i ~ ~ a t i o n  of pores  a long  g r a i n  bound.ar ies .  The 

c o o l i n g  r a t e  f o r  t h e  undoped Er203 was 5 O 0 C p e r  m i n u t e .  I n  

t h e  s i n t e r i n g  of HDE, t h e  Hf02 dopant r e t a r d e d  t h e  r a t e  of 

g r a i n  growth t o  t h e  e x t e n t  t h a t  a lowe'r' h e a t i n g  r a t e  was n o t  

deemed necessa . ry .  

The s i n t e r i n g  f u s n a c e l  c o n s i s t e d  of  a w a t e r - c o o l e d  s t a i n -  

l e s s  s t e e l  vacuum chamber .enclos in .g  a c y l i n d r i . c a 1  t .ungsten 

mesh r e s i s t a n c e  h e a t i n g  e lement .  The' Er203 c r u c i b l e  va.s sup -  

p o r t e d  i n  t h e  work zone on a  t ungs t en -capped  t an t a lum pedes-  

t a l .  Ta.ntalun and molybdenum r a d i a t i o n  shi 'e lds  surrounded 

t h e  h e a t i n g  e lement  and t h e  work zone and p r o t e c t e d  t h e  s t a i n -  

l e s s  s t e e l  e n c l o s u r e . .  C r u c i b l e  t empera tu re  was measured w i t h  

.2 an opt ica .1  pyrometer  . A molybdenum shea thed  W 5 %  Re-W 2 6 %  

Re t l~ermocouple  p r o t r u d e d  i n t o  t h e  w.ork zone t o  w i t h i n  1 i n c h  

o f  t h e  Er203 c r u c i b l e .  An au tomat ic  c o n t r o l  sys tem mogi tored 

t h e  thermocouple o u t p u t  and maj.n.ta.ined t h e  f u r n a c e  t empera tu re  

w i t h i n  - + 5oC around t h e  s i n t e r i n g  t empera tu re .  

' ~ o d e l  1 5 ,  Centor r  A s s o c i a t e s ,  Suncook, N I i .  

' ~ o d . e l  8622-C, Leeds and Northrup c;. , Ph i l . ade lph i a ,  PA. 



. . 
2 1 .  

. . 

During vacuum s i n t e r i n g ,  both .  t h e  Er203 and. HDE p e l l e t s  
. . 

were s l i g h t l y  reduced.  To r eox ' i d i ze  t h e  p e l l e t s ,  t h e y  were' 

h e a t e d  i n  a i r  t o  1200°.C and h e l d  a t  t empera tu re  f o r  2 h o u r s .  . ' .  
. . 

A l l  of t h e  r e o x i d i z e d  p e l l e t s  w e r ' e q u i t e  t r a n s l u c e n t ;  s e v e r a l  

of  t h e  r e o x i d i z e d  HDE p e l l e t s  were t r a . n s p a r e n t .  

The d e n s i t i e s  of t h e  r e o x i d i z e d  p e l l e t s  were measured b y .  . 

wate r  immersion. The s i n t e r e d  d e n s i t i e s  of  t h e  Er203 p e l l e t s  

ranged from 97 .0% t o  98 .0% of t h e o r e t ' i c a l  d e n s i t y ;  t h e  d e n s i -  

t i e s  of the.HDE p e l l e t s  ranged from 97 .0% t o  9 9 . 0 %  t h e o r e t i c a l  

d e n s i t y .  The t h e o r e t i c a l  d e n s i t i e s '  of  undoped Er203 and of 

MDE,  c a l c u l a t e d  from the' ' l a t t i c e  'parameter  d a t a  o f  Johns tone  

3  (1970) ,  a r e  r e s p e c t i v e l y  8 .65 grams/cm3 and 8.87 grams/cm . 
The m i c r o s t r u c t u r e  of  t h e  s i n t e r ' e d  ox ides  were examined. 

F igu re s  2 and 3  a r e  r e f l e c t e d  l i g h t  photomicrographs  of  t h e  

s i n t e r e d  p e l l e t s  e t ched  t o  r e v e a l  t h e  g r a i n  bounda r i e s .  The 
. . .  

undoped Er203  g r a i n s  were approx imate ly  2 0  ilm i n  d i ame te r  and 

con ta ined  numerous p o r e s .  The average  d i ame te r  o f  t h e  HDE 

. g r a in s  was 3  pm and t h e  m i c r o s t r u c t u r e  was a lmos t  p o r e - f r e e .  

T h e . p e l l e t s  were mounted; one f a c e  exposed,  i n  low m e l t -  
. . 

i n g  wax1 i n s i d e  s t a i n l e s s  s t e e l  r i n g s  approx imate ly  1 i n c h  i n  
. . 

d iame te r .  The exposed f a c e s  were f l a t  w i t h . 5  pm 

2 alumina i n  o i l  on a  s l o t t e d . c a s t  i r o n  l a p  p l a t e  . The f l a t  

. su r f aces  were p o l i s h e d  w i t h . 0 . 3  pm alumina i n  o i l  on a  c l o t h -  

l ~ i ~ i d a x ,  ~~~e W1-Green, M .  Argueso and Co.,  I n c . ,  
Mamaroneck, N Y .  

' ~ a ~ m a s t e r  Model 1 2 ,  c r a n e  Packing Co. ,  Morton Grove, I L .  
I 



Figure 3 .  Photomicrograph 'of s in t e red  WDE. 40% 



. . 

'. c o v e r e d  l a p p i n g  :Each p e l l e t  was lapped  and . , 

. . 

u n t i l  i t  'was o p t i c a l l y  f l a t  a s  checked w i t h  a n ,  i n t e r f d r o m e t e r -  
. . .  . .  . . . . . 

' t y p e  f l a t n e s s  t e s t e r Z  . . u & i n g  t h a l l i u l n  l i g h t  ( A  = 0.535 hm) . . 
. . . . . . .  

  he liax :was mel ted  away and e a c h  lapped  p e l ' l e t  was t ho rough ly  
. . . . 

. . 
c l eaned  u s i n g  me.thanbl 

. . 

D i f f u s i o n  Experiments . . . . . . 
. . 

' The p o l i s h e d  f a c e s  o f  a n E r 2 0 3  p e p l e t  and a HDE p e l l e t  

were mated t o  form a d i f f u s i o n  c'ouple. Each coup le  was t i c d  

t o g e t h e r  w i t h  g r a p h i t e  t h r e a d  t o  p r e v e n t  s h i f t i n g  d u r i n g  han- 

d l i n g .  For t h e '  d i f f u s i o n  a n n e a l s ,  t h r e e  coup le s  were p l a c e d  

w i t h  t h e  Er203 on t h e  bottom of an Er203 c r u c i b l e  wh.ich was 

covered b u t  a l s o  ven t ed  t o  m a i n t a i n  a i r  c i r c u l a t i o n  around t h e  

c o u p l e s .  

D i f f u s i o n  annea l s  were conducted i n s i d e  t h e  work chambers 

of n a t u r a l  g a s - f i r e d  t ube  f u r n a c e s .  The t ubes  were ven t ed  t o  

t h e  atmosphere t o  a l l ow  a i r  c i r c u l a . t i o n .  The annea l  tempera- 

t u r e s  and r e s p e c t i v e  t imes  a r e  l i s t e d  i n  Table  2 .  No c o r r e c -  

t i o n s  f o r  hea t ing  and c o o l i n g  t imes  were r e q u i r e d  because  of  

t h e  long annea l  t i m e s ,  

The 1900°C, 1850°C, and 1800°C annea l s  were conducted i n  

a  s t a b i l i z e d - z i r c o n i a - l i n e d  f u r n a c e 3  h e a t e d  by  a  n a t u r a l  g a s -  .. :.' . > 

. . 

oxygen-a i r  m i x t u r e .  The d i f f u s i o n  coup le  t empera tu re  was 
-.... . 

'Texmet C l o t h ,  Buehler  , L t d . ,  Evanston,  I L .  

'Model 64-31-01, C a r l  Z e i s s ,  West Germany. 

'Model LOF-3, Lemont ~ c i e n t i f  i c ,  I nc .  , Lemont , PA. 



. . 

Table  2 . .  D i f f u s i o n  a n n e a . 1 ~  '. 

Temperature ,  O C  Time, -hours  
. . 

1 determined w i t h  an o p t i c a l  pyrometer  . Furnace t empera tu re  

was he ld  w i t h i n  - + 10°C by an au toma t i c  s.yst'em which compared 

a  p r e s e t  m i l l i v o l t a g e  t o  t h e  o u t p u t  of  a  P t  6% Rh-Pt 30% Rh 

the rmocoup le .  The t h e r r n o c ' o ~ ~ l e  was l o c a t e d  i n s i d e  t h e  t u b e  of  

t h e  f u r n a c e ,  b u t  removed from t h e  Er203 c r u c i b l e  t o  a  c o o l e r  

zone w i t h i n  t h e  u s e f u l  range  of t h e  thermocouple ,  t h a t  i s ,  n o t  

h i g h e r  t han  1700°C. 

The 1700°C and 1600°C a n n e a l s  were conducted i n  a n .  

2 a lumina - l i ned  n a t u r a l  g a s - a i r  f u r n a c e  . The f u r n a c e  tempera-  

t u r e  was moni tored and con . t ro l l ed  acco rd ing  t o  t h e  o u t p u t  o f  

a  P t  6% Rh-Pt 30% Kh thermocouple w i t h  t h e  s e n s i n g  j u n c t i o n  

w i t h i n  1 / 2 - i n c h  o f t h e  Er203 c r u c i b l e .  

The annea led  couples  were mounted i.n room t empera tu re  

s e t t i n g  a c r y l i c 5  and c u t  p a r a l l e l  t o  t h e  d i f f u s i o n  d i r e c t i o n .  

The exposed s u r f a c e  was ground and p o l i s h e d  w i t h  0 .3  pm 

alumina and w a t e r ,  and a  carbon c o a t i n g  was a p p 1 i e d . b ~  vacuum 

' ~ o d e l  8622-C, Leeds and Northrup Co. , ~ h i l a d e l ~ h i a ,  PA. 

2bfodel 2'150, ~ i c k l e ~  Fu rnaces ,  I nc .  , p h i l a d e l p h i a s  PA. 

3 ~ l a s h  A c r y l i c ,  Yates Manufactur ing Co. , Chicago,  I L .  



. .. . . 

e v a p o r a t i o n .  F i .gure  4 i s  a  r e f  l e c t e d  l i g h t  p h o t . o i i c r o g r a p l i  o f  
. . 

t h e  ground and p o l i s h e d  1850°C c o u p l e  w i t h  no  c a r b o n  c o a t i n g .  

The m i c r o s t r u c t u r e s  o f  t h e  undoped E r 2 0 3  and t h e  HDE a r e  

c l e a r l y  d i s t i n g u i s h a b l e ,  a s  a r e  t h e  remnant  o f  t h e  c o u p l e  

i n t e r f a c e  and t h e  d . i f f u s i o n  zone .  

HfOZ and E r 2 0 3  c o n c e n t r a t i o n  p r o f i l e s  were  d e t e r m i n e d b y  . . 

s i m u l t a n e o u s  c o u n t i n g  o f  Hf Ma and E r  L, , x - r a y s  u s i n g  a n  e l e c -  

1 t r o n  m i c r o p r o b e  . The 1 5  KV,  0 .015 ;A beam was f o c u s q d  t o  a  

1. v m  d i a m e t e r  s p o t  which  was u s u a l l y  o s c i l l a t e d  a t  100 Hz o v e r  

a  75  pm d i s t a n c e  p e r p e n d i c u l a r  t o  the '  d i f f u s i o n  d i r e c t i o n  and 

was manially s t e p -  scanned  p a r a l l e l  t o  t h e  d i f f u s i o n  d i r e c t i o n .  

X-ray  i n t e n s i t i e s  were  c o r r e c t e d  f o r  a b s o r p t i o n  and  o t h e r  

e r r o r s  and c o n v e r t e d  t o  mole p e r c e n t s  M i O 2  and E r 2 0 3  u s i n g  

2 . . t h e  M A G I C  V e r s i o n  I V  computer  program . The c o m p o s i t i o n  

mapping p r o c e d u r e  was r e p e a t e d  a t  two d i f f e r e n t  d i amet ra .1  

l o c a t i o n s  i n  e a c h  d i f f u s i o n  c o u p l e .  . . 

' ~ o d e l  XMA-S; I - I i t ach i ,  L t d . ,  Tokyo,  J a p a n .  

' ~ v a i l a b l e  from J .  W. Colby ,  B e l l .  ~ e l e ~ h o n e  L a b o r a t o r i e s ,  
Inc .  , All&l. town,  PA. 
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: Figure 

mol % H I 0 2  

Interdiffusion coefficients in ErZ0,3-HfOZ 
solutions 



. . 

t h e  d i f f u s i o n  zone,  a n d  t h e  p r o f i l e  o b t a i n e d  was i n a d e q u a t e  
.u - 

f o r  c a l c u l . a t i o n  of D .  The composi t ion dependences of D a t  

each ' t empera tu re  excep t  1700°C a r e  c h j r a c t e r i z e d  by a  minimilm. ' 

i n  th.e range  2-4 mole % Hf02 fo l lowed  by a  con t inuous  i n c r e a s e  
- 

i n  D w i t h  i n c r e a s i n g  N H f 0 2 .  

I n  t h e  I n t r o d u c t i o n  i t  was proposed t h a t  t h e  . p r edomina t -  

ing  i n t r i n s i c  d e f e c t s  i n  pu re  ErZ03  a r e  an ion  F renke l  p a i r s .  

The s o l u t i o n  of Hf02 i n t o  E r i 0 3 ,  d e s c r i b e d  i n  Equa t ion  2 ,  

c auses  t h e  fo rma t ion  of oxygen i n t e r s t i t i a l s .  Thus ,  doping 
. . 

Er203 w i t h  HfOZ w i l l  i n c r e a s e  t h e  c o n c e n t r a t i o n  of oxygen 

i n t e r s t i t i a l s , .  which w i l l  r educe  t h e  c o n c e n t r a t i o n  of  oxygen 

vacanc i e s  through .the an ion  F renke l  equ . i l ib r ium.  Th i s  redu.c- 

t i o n  of  oxygen vacancy c o n c e n t r a t i o n  w i l l  promote an i n c r e a s e  

i n  t h e  erbium vacancy c o n c e n t r a t i o n  th rough  ' t h e  Scho t tky  

e q u i l i b r i u m .  I f  t h e  c a t i o n s  m i g r a t e  by a  vacancy jump mech- 

anism;then c a t i o n  m o b i l i t i e s  can  be  expec ted  to.  i n c r e a s e  

w i t h  Hf02 c o n c e n t r a t i o n .  This  e x p l a n a t i o n  i s  c o n s i s t e n t  w i t h  
- 

t h e  observed i n c r e a s e  i n  expe r imen ta l  D w i t h  NHfOi ,  b u t  i t  i s  

o v e r s i m p l i f i e d  i n  exc lud ing  t h c  c f f e c t s  of p robab le  d e f e c t  

i n t e r a c t i o n s  a t  h igh  dopant  l e v e l s .  The Cooper-Heasley 
-w 

r e l a t i o n ,  Equat ion 9 ,  a l s o  p r e d i c t s  t h a t  i f  D S p E r  ' D ~ , ~ f y  D 

w i l l  i n c r e a s e  w i t h  N H f O  . Thi s  i s  t h u s  an i n d i r e c t  i n d i c a t i o n  
2 

the D~ , E r  i s  indeed g r e a t e r  t han  D Th i s  p r e d i c t i o n  does s ,Hf,  

n o t  account  f o r  p robab le  changes i n  t h e  magnitude of  t h e  

a c t i v i t y  term (d i n  Y H f O Z  ) / ( a  i n  N H f 0 2  ) and a g a i n  t h e  p o s s i b l e  

e f f e c t s  of d e f e c t  i n t e r a c t i o n s  have bleen d i s r e g a r d e d .  



'The d a t a  f o r  a l l  t empera tu re s  excep t  1700.OC can b e  

r ea sonab ly  w e l l  r e p r e s e n t e d .  over  t h e  range  2 - 1 8  mole % l-lfOZ 
. . 

by an equa t ion  of t h e  f o r n  

- 1 

where D and b  a r e  cu rve  f i t t i n g  c o n s t a n t s .  The d a t a  a t  

1700°C, however ,  r e a c h  a  minimum a t  1 0  mole % HfOZ This  
. . 

behav io r  i s  anomalous a s  -compared t o  t h a t  a t  t h e  o t h e r  f o u r  

t empera tu re s  and t h e r e f o r e  t h e  1 7 0 0 " ~  d a t a  has  n o t  been i n -  

c luded  i n  subsequent  a n a l y s e s .  

Leas t  s q u a r e s  f i t s  t o  Equation. 19 a r e  shown i n  F i g u r e s  6 '  

and '7 and t h e  v a l u e s  of  6' and b a r e  g iven  i n  Table  3.  The 

v a l u e s  of b  i n c r e a s e  g e n e r a l l y  w i t h  i n c r e a s i n g  t empera tu re  

i n d i c a t i n g  an i n c r e a s e  i n  t h e  composi t ion dependence of  D a s  

h i g h e r  t empera tu re s  a r e  r eached .  T h i s  same e x p o n e n t i a l  form 
,., 

f o r  t h e  compositi.on dependence o f  D wa's r e p o r t e d  by V i s s e r  

e t  a l .  (1975) i n  t h e  YF3-CaF2 sys tem,  b u t  t h e  v a l u e s  of b were -- 

t h e r e  f o ~ ~ n . d  t.0 dec.rease w i t h  i n c r e a s i n g  t e m p e r a t u r e .  
.., 

The inagnitude of t h e  c o n s t a n t  D i n  Equa t ion  .19 can.  be 
- 

i n t e r p r e t e d t o  r e p r e s e n t  t h e  v a l u e  of  D(NHfOZ = 0 )  i f  i t  i s  
-. 

assumed t h a t  t h e  e x p o n e n t i a l  composi t ion dependence of D 

a c t u a l l y  ex tends  down t o  0 mole % Hf02.  Using t h e  arguments 

developed i n  Equa t ions  7 - 1 7  s u g g e s t s  t h a t  m u l t i p l y i n g . t h e  - 
v a l u e s  of D' by 2 / 3  would t h c n  y i c l d  c s t i m n t c s  of  D s , ~ f  ,, t11 e 

impur i t y  d i f f u s i c n  c o e f f i c i e n t  of  Hf i n  pure  E r  0,. These 2 , 3  . . 

e s t i m a t e s  a r e  a l s o  g iven  i n  Table  3 .  A l e a s t  s q u a r e s  . f i t  . of 



' - t  2 . . 
. Temperature, ' -  Linear range, . .  D ,,cm. /sec .'. b ' 

. .  . 

. . D ;  , I-If ' : . . " C  ' .  . mol .% . '  
2 . . . . cm./sec3 . . 

a Evaluated as (2/3 6') ; see ~ ~ u a t i o n '  17. 

- 
Table 4. Empirical coefficients for D(NHf02-0) and DSpHf 

Evaluated from 4%-2% extrapolations 

Temperature, 
" C  

- 
a~valuated as [2/3 D(NHfO =0)]; see Equation 17. 

2 



tlzese e s t i m a t e d  impur i t y  d i f f u s i o n  c o e f f i c i e n t  values t o  t h e  

Arrhen ius  e q u a t i o n  y i e l d s  

The above e x t r a p o l a t i o n  from a  heav i ly -doped  e x t r i n s i c  

r e g i o n  (2-18% I-If02) down t o  a  presumably i n t r i n s i c  r e g i o n  

( - 0 %  HfOi) i s  a t  b e s t  a  rough approx imat ion .  I n  a d d i t i o n ,  t h e  

v a l i d i t y  of  t h i s  s imple  e x t r a p o l a t i o n  i s  c e r t a i n l y  q u e s t i o n -  - 
a b l e  s i n c e  D shows a  d e f i n i t e  u p t u r n  i n  t h e  r e g i o n  below 4 %  - 
Hf02.  The u n c e r t a i n t y  i n  D a t  low Hf02 c o n t e n t s  i s  l a r g e ,  

v 

however, s i n c e  t h e  g r a p h i c a l  d e t e r m i n a t i o n  of D from a. compo- 

s i t i o n  p r o f i l e  i s  i n h e r e n t l y  u n a c c u r a t e  a t  t h e  t a i l s  of  t h e  - 
p r o f i l e ,  and t h e  up tu rn  of D may w e l l  b e  an, a r t i f a c t .  I n  t h i s  

p a r t i c u l a r .  exper iment ,  t h e  d a t a  p o i n t s  a r e  n o t i c e a b l y  s c a t -  

t e r e d  a t  t h e  t a i l s  o f  t h e  p r o f i l e s .  As an a l t e r n a t i v e  way of 
- 

approximat ing D (NHf0220) , t h e  l i n e  p a s s i n g  th rough  t h e  6 
v a l u e s  a t  2 %  and 4 %  H f O Z  was e x t r a p o l a t e d  t o  0 %  HfOZ The 

- 
v a l u e s  of  D(NHf02=O) and Ds , H f  e s t i m a t e d  i n  t h i s  way a r e  

l i s t e d  i n  Table  4 .  A l e a s t  s q u a r e s  f i t  of t h e s e  v a l u e s  t o  

t h e  Arrhen ius  equa t ion  y i e l d s  

Whether e i t h e r  Equat ion 2 0  o r  2 1  approximate  t h e  c o r r e c t  

v a l u e s  of D S P H f  i n  pure  Er203 w i l l  remain a  m a t t e r  o f  s p e c u l a -  

t i o n  u n t i l  a c c u r a t e  t r a c e r  mea'surements 'of Hf i m p u r i t y  d i f f u -  



s i o n  c o e f f i c i e n t s  i n  Er20g a r e  a.ccompl.ish6d. 
, - 

The t empera tu re  dependence' o f  D i s  .shown a s  a  f u n c t i o n  of 
. , 

composi t ion i n  F i g u r e s .  8 th rough  1 0 ,  And t h e  ~ r r h 6 n i u s c o n -  . . 

s t a n t s  f o r  t h e s e  l i n e s  a r e  g iven  i n  Table  5 .  The l e a s t -  

squa re s  f i t s  . t o  t h e  Arrhen ius  e q u a t i o n  do n o t  i n c l u d e  t h e  
- 

v a l u e s  of D a t  1700°C because  of  t h e  a forement ioned  anomalous 
- 

behav io r  of t h e  c o m p o s i t i o ~ l  dependence of D a t  t h i s  tempera-  

t u r e .  The d a t a  p o i n t s  a t  compos i t ions  of  1 9 % ,  1% and 0 . 5 %  
I 

HfO a r e  excluded from t h e s e  f i t s  because  of  t h e  u n c e r t a i n t i e s  2 

i n  c a l c u l a t i n g  D a t  t h e  t a i l s  of  t h e  p r o f i l e s .  The a c t i v a t i o n  

e n e r g i e s ,  Q ,  f o r  i n t e r d i f f u s i o n  i n c r e a s e  w i t h  N N f 0 2 t o  a  maxi- 

mum a t  1 2 %  Hf02. Th i s  i s  shown g r a p h i c a l l y  in Figu re  11. 

The a c t i v a t i o n  e n e r g i e s  f o r  i n t e r d i f f u s i o n  i n  t h e  

heav i ly -doped  Er20J  m a t r i x  a r e  v e r y  l a r g e  compared t o  a  r e -  

p o r t e d  v a l u e  o f  1 0 2  Kcal/mole f o r  erbium s e l f - d i f f u s i o n  i n  

pu re  Er203  (Berard  and Wi lder ,  1969) .  ' F u r t h e r ~ n o r e ,  t h e  s t a n d -  

a r d  d e v i a t i o n s  of  t h e  Q . va lues  a r e  q u i t e  l a r g e .  The s tand.ard  

d e v i a t i o n  on Q can be  d r a m a t i c a l l y  reduced by u s i n g  d a t a  only  

a t  1900°, 1 8 5 n 0 ,  and 1600°C, b u t  t h e  magn.itude of Q s t i l l  ... 

remains very ,  l a r g e  ( s e e  Table  6 ) .  

The l a r g e  magnitudes o f  Q s u g g e s t  t h a t  t h e  mechanism of 

i n t e r d i f f u s i o n  i s  n o t  s imply  a  s t r a i g h t f o r w a r d  c a t i o n  vacancy 

jump p r o c e s s .  . C l e a r l y  t h e  p o s s i b i l i t y  of  t h e  i n t e r a c t i o n  of 

charged d e f e c t s  must be  c o a s i d e r e d .  1 t . i ~  p o s s i b l e  t h a t  t h e  

vacancy jumping p r o c e s s  i s  h inde red  by t h e  anchor ing  of 



Figu.re'  '8 .. Tenipefature.. 1depen.den:ce' :of inte.r 'di.ffusi,on co'eff i-  
c i e n ' t s  i n  Er2O3-Nf02 s o l i d   solution,^ ; 



TEMPERATURE O C 

Figure  '9 . . ' .Teniper.ature. :.dep'enden'ce 'of inte:r'dif::fusi.on c.o.eff i- 
c i k n t s  i n  . E ~ ' ~ q ~ - H f 0 ~  s o l i d  s o l u t i o n s ,  



TEMPERATURE O C  

Figure 10. Temperature dependence of interdiffusion coeffg . . 

cients in Er203-Hf02 solid solutions !. 

. . 



P i g u r e . ' l l .  Composi. t ion .dep'en.d&nce:'of inte.r 'd:i:ffusi.on:::acti.va- 
t i o n  ,ene  r'gy 



. . .  . . .  
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. . 
, Tab le  5 .  A r r h e n i u s  , c o n s t a n t s  f o r  i) a s  a  f u n c t i o n  o f  composi- . 

. . 
' t i o n  . . . .. 

, . . . 
. . . . .  . . . . 

a Eva lua t ed  from D '  v a l u e s  i n  Tab le  3 .  

b  - 
E v a l u a t e d  from J_)(N-. - so) i n  Tah l e  4 ,  

lif u 2  



Table  6.. h r r h e n i u s  c o n s t a n t s  of  i) a s  a  f u n s t i o n  u f  c o m p o i i -  
t i o n ,  excludi l ig  1.80.0aC val .ues of D 

a ~ v n l u a t e d  f rom E 1  v a l u e s  i n  Tab l e  8 .  



. . 
n e g a t i v e l y  charged. E r  v a c a n c i e s  (v&,'  ) i n  t h e  v i c i n i t y  of  

r ea sonab ly  immobile s u b s t i t u t  i o n a l  I-J:f i o n s  ( l i fE r )  ' Above . some 

p o s s i b l y  v e r y  low t h r e s h o l d  N H f O i ,  a  l a r g e  ' f r a c t i o n  of  t h e  
. . 

a v a i l a b l e  E r  v a c a n c i e s  may become t h u s  p inned ,  and a  h i g h  d i s -  

s o c i a t i o n  energy would then  be r e q u i r e d  t o  f r e e  t h e  v a c a n c i e s  

t o  t a k e  p a r t  i n  t h e  d i f f u s i o n  p r o c e s s .  The e f f e c t  of  vacancy 
, . 

p inn ing  should  d i m i n i s h  a t  v e r y  low l e v e l s  of N H f 0 2 ,  and Q 

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

a v a i l a b l e  VEr should  t hen  be  f r e e  t o  p r o v i d e  f o r  c a t i o n  d i f -  

f u s i o n .  Th i s  expec ted  l a r g e  d e c r e a s e  ' i n  Q i s  n o t  found i n . t h e  

d a t a ,  b u t  t h e  t h r e s h o l d  N H f O  f o r  s i g n i f i c a n t  v a c a n c y p i n n i n g  
2 * 

may w e l l  be  f a r  below t h e  l e v e l  a t  which a c c u r a t e  v a l u e s  o f  D 

can be determined by g r a p h i c a l  a n a l y s i s .  

A second p o s s i b i l i t y  i s  a  s t r o n g  a s s o c i a t i o n  o r  c l u s t e r -  
1 1  

i n g  of  p o s i t i v e  HfEr and n e g a t i v e  Oi  s pec i e s ' .  I f  t h i s  i s  t h e  

s i t u a t i o n ,  t h e n  two .nodes of Hf d i f f u s i o n .  a r e  f e a s i b l e ,  b o t h  
1 1  

probably  r e q u i r i n g  h igh  Q .  The HfEr and Oi  s p e c i e s  might  move 

independen t ly  o f ' o n e  ano the r  and a  d i s s o c i a t i o n  'energ); would 

b e .  r e q u i r c d  t o  b r e a k  a p a r t  t h e  c'6rnplexes. A l t e r n a t i v e l y ,  t h e  
I I  

HfEr and Oi  complex might d i f f u s e  a s  a  u n i t . .  I n  t h i s  i n s t a n c e  

t h e  lrlovement of t h c  i a r g e  complex wou3.d i .n t roduce l o c a l  s t r a i n  

i n  t h e  l a t t i c e  and , t he  energy -of  motion would be  i n c r e a s e d  
. . 

a c c o r d i n g l y .  ~ h e s e  two schemes of HfEr and 0; c l u s t e r i n g  a r e  ' . 

c o n s i s t e n t  w i t h  t h e  r e l a t i v e l y  l a r g e  Q a t  a l l  d o p a n t  l e v e l s  
. . 

i n c l u d i n g  v e r y  low N H f O  ' s i n c e  e v e r y  H i E r  s hou ld  b e  a s s o c i a t e d  
2 



. . 
. I t  . . . .  with.  ah O i .  . . . . . . . .  . . . . . . . 

1 1 1  

. ~ o t h  . . proposed :mechanisms of d e f e c t  i n f e k a c t i o n ;  H,fEr:+VE, ,. 
. . . . .  . .  . . . . . . . 

and HfEr+OH , a r e  in5u.f f  i c i e n t  t o  ex'p1,ain a  peak i n  Q :  a t  12 % ., i . . 

1 - l f 0 ~ .  The n o n l i n e a r .  c h a r a c t ' e r  . 
. 

of t h e  t empera tu re  dependence . . 
. . . . - 
o f D  shown i n  ~ i g u r e s  8 th rough  1 0  s u g g e s t s  t h a t  t h e  magnitude 

of Q' a t  h i g h  tempera tures  might  be  g r e a t e r  t h a n  t h e  v a l u e s  
, . 

shown i n  Table  5 .  The o v e r a l l  p i c t u r e  i s  t h u s  c e r t a i n l y  more 
. . 

invo lved  t h a n  t h e  s imple  d e f e c t .  . . models proposed h e r e .  I t  i s  

even p o s s i b l e  t h a t  t h e r e  e x i s t s  a  b a l a n c e  of compl i ca t ed  d e -  

f e c t  mechanisms which c o n t i n u o u s l y  changes w i t h  t e m p e r a t u r e .  

A comprehensive d e s c r i p t i o n  of c a t i o n  d i f f u s i o n  i n  ErZOg-MfOZ 

s o l i d  s o l u t i o n s  w i l l  r e q u i r e  measurcrnent of  b o t h  c a t i o n  s e l f -  

d i f fu s io i z  c o e f f i c i e n t s  arid a  d e t a i l e d  examinati'on. of d e f e c t s  

and t h e i r  i n t e r a c t i o n s  .. - 



CONCLUSIONS. 
. . 

. . 1 .  The i n t e r d i f f u s i o n  c o e f f i c i e n t  shciws a n  approx imate ly  
. . 

e x p o n e n t i a l  composi t ion dependence o v e r  t h e  r a n g e  2 - 18 mole O 

Hf02 jn Er203 .  'This cornpos i t io~ l  dep'endence i n c r e a s e s  a s  tem- 

p e r a t u r e  i n c r e a s e s .  

2 .  E x t r a p o l a t i o n  of  i n t e r d i f f u s i o n  c o e f f i c i e n t . d s t a  to .  

N ~ f ~ 2  = 0 a l lows  rough ' e s t i m a t i o n  of t h e  i m p u r i t y  diffusion 

c o e f f i c i e n t s  f o r  Hf i n  c s s e n t i a l l y  pu re  Er203 .  These c o e f f i -  

c i e n t s  a r e  lower i n  magnitude and hi'ghe'r i n  tempe.ra ture  

dependence ..than. p u b l i s h e d  E r  s e l f . - d i f  f u s i o n  coe - f f i c . i en t s  

i n  undoped E r 2 0 c  

3 .  The tempera ture  dependence.  o f .  th.e i n t e r d . i f f u s i o n  c0ef.f i -  

c i e n t  i n c r e a s e s  w i t h  MfOE c o n c e n t r a t i o n  i n .  t h e  range  2 - 1 2  

mole % Hf02,  and decrea 'ses  i n  t h e  range  12-18 mole % Nf02.  
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Figure A7. Interdiffusion composition profile 
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Figure A8. Interdiffusion composition 'profile 





T a b l e  A l ;  E x p e r i m e n t a l  inter 'diffusio1.1.   coefficient.^, 1900°C 



~ a . b l k ~ 2 .  E x p e r i m e n t a l  i n t e r ' d i i f u s i o n  c o e f f i c i e n t s  , 1 8 5 0 ° C  
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2 6 , cnl , / s e c  




