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The mddf'alne%.e,~ of' -the F%T~ d%%r.t:h oxides as model ~y3-m~ 

fo r  studPes which include material transport i s  pointed out, 

The resu l t s  so f a r  obtained In kinet ics  studies of these 

syBtems are sketched and the whole placed against the emerging 

understanding of nonmetallic solids having extended def'.ecta. 

INTRODUCTION 

Whatever may be said of present understanding of  m t e ~ h 2  
' I  

transport mechanisms i n  oxides with law concentrations of 

defects, (and t h i s  has recently been reviewed by Birchenall (3)) - 

(1) C. E, Blrohenall in  "Mass Transpart i n  Oxides,' J. B. 

Wachtman, Jr. and A. D, Franklin, Eds,, N.B.S. Special 

PublicatAon, 296 (1968) p. 119. 

one must admit tha t  next t o  nothing i s  known of these processes 

b In oxiQes having extended defects. The beginnings of a founda- 

tion m e  being la id  fo r  such an understanding i n  several 8ystems. . 
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The re.sults. 0.n the , rare .earth oxides are to be summarized very . ,. 
. . . . . . . , . .  . . . . .  . . . . 

There:;%s .much to recommend the rare earth. oxide& as. the 
. . 

choice for .such comprehen&ive studies. The higher :oxi.des of , . 
.. . 

c e r i & , ~ ~ ~ p r a s e o d y m i ~ ~ a n d  terbium, e,speclally praseodymium, 

exhibit complicated phase relationships~.ihcluding ordered . , 

intermediate compounds belonging to .an. homologous series having 
. . 

the formla'R,O,,,, (n = , 4 ,  7, 9, 10, 11, 12-and .=.for ~ r )  each 
. . 

of b~hi'ch has' a szn&ll but.,measureable range of composition. 

In addition there are, In the praseodymium oxide system, two 

genuin.ely non- stoichiometri c 'regions .of wide composition range ". 

separated by a narrow rni.gcibility gap. (2) The structures of 

all these are related to fluorite and bixbyiteo(3) - There 

(2) B. G. Hyde, D. J. M. Bevan and L. Eyring, Trans. ROY. Sot.,, 

London, Ser. A No 1106, 259, 583 (1966) - 
(3) J. 0. Savsyer, B. G. Hyde and L. Eyring, Bull. Soc. Chime Fro, 

exists also polymorphism In certain of the line phases. Further- 

more the praseodymium oxide system and certafn.regions of the 

terbium oxide system can be studied at temperatures and oxygen 

pressuyes where unusual -furnace and crucible materials and .gas- 

buffer systems with their contamfnatlon possfbilities are not 

requfrred.. Add to this the feaslbility of subtle modifications 

of the system by the admixture of' the chemically and structurally 



. r e l a t e d  o t h e r  r a r e  . . e a r t h s  and a c t i n i d e  elements  -and one s e e s  . .  
. . , . .  

. t h e  p r a c t i c a l l y  unl imi ted  p o s s i b i l i t i e s  o f  ob ta in ing  . ' 

e x p e r m e n t a l  inf  ormat-ion necessary f o r  a comPrehensive under- , ' 

s tanding  o f  s o l i d  oxides.  'The ac.tin1de element o x i d e s  a r e  
. . 

ana.logous ' i n  a .  l i m i t e d  way .y ie ld ing  a s e t  of  oxides wi th  

r e l a t e d  s t r u c t u r e s  encompa'ssing n e a r l y  one t h i r d  of  t h e  h0.m 

elements . 
Star t lAng -,advances . into -understanding g r o s s l y  d e f e c t i v e  

specimens have r e c e n t l y  r e s u l t e d  from obse rva t ions  us ing  t h e  

high r e s o l u t i o n  e l e c t r o n  microscope. It i s  now c l e a r  t h a t  

I n  t h e  quenched samples which have been s t u d i e d  concen t ra t ions  

o f  random po in t  d e f e c t s  a r e  n o t  high. It i s  l i k e l y  t h a t , t h e  

same i s  t r u e  a t  moderately high temperatures  as we l l .  Grossly 

de feu t ive  ma te r i a l  r e s t r u c t u r e s  i t s e l f  t o  economfze on free 

energy and new s t r u ~ t u r a ~  f e a t u r e s  appear.  The most s tud ied  so 

far  a r e  those oxides a d J u s t i n g  t o  oxygen def ic iency by under- 

going c r y s t a l l o g r a p h i c  shear  i n  one dimension o r  forming block 

s t r u c t u r e  with c r y s t a l l o g r a p h i c  shear  i n  two dimensions. I n  

a d d i t i o n  t h e r e  a r e  compounds where t h e  c l u s t e r i n g  of  d e f e c t s  

occurs, such as I n  t h e  WGstite phase, FeO,,, . A s  more i s  learned,  

o t h e r  types  of  s t r u c t u r a l  d e f e c t s  w i l l  appear and more s u f t a b l e  

c l a s s i P i c a t f o n s  w i l l  be made. 

The premonitory e f f e c t s  of  mel t ing  and hybrid c r y s t a l  



'formation descr ibed  b y  Ubbelohde _ - _  ( 4 ) ,  microheterogene . i ty  d i s -  . .  . 
. . 

; .- ;.> . ::., \ .- ._;. . I , :.- . , , ..'. . ' 

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

(4 ) . -  A .  R. ' ~ b b e ~ b h d e ,  ' J. Chim. Phys., .- 62, 33 (1966). .. 

. . . . 

discussed  . b y  Ariya . ( - 5), microdomains d iscussed  by J. S .  : Anderson (6 - ) 
.,and microdomains-and pseudo-phase formation d iscussed  by 

Hyde e t  a l ,  ( ,  a r e  l e s s  d i r e c t  manifestatio 'ns of  extended 

d e f e c t s .  . I t  has'become c l e a r  t h a t  t h e  extension 

. . : .. - - .  

(5)  S. M. Ariya and Yu. G. Popov, J. Gen. Chem., Moscow, - 32, e 

( 6 )  J. S. Anderson, Proc. Chem. Soc., 166 (1964). 

of  t h e  t reatment  of materials w i t h  po in t  defects t o  those  . w f i ; h  

extended d e f e c t s  simply t ak ing  i n t o  account pa i rwise  i n t e r a c t i o n s  

w i l l :  n o t  s u f f t c e .  Rather, new - t h e o r i e s  based on t h e  new s t r u c t u r a l ,  

thermodynamic and k i n e t i c  information must be devised and developed. 

S t u d i e s  of  t h e  k i n e t i c s  of  oxygen t r a n s p o r t  and phase 

. r eac t ions  have been begun on t h e  sesquioxides and o t h e r  phases 

of narrow compositPon r a n g e ' f o r  t h e i r  own i n t r i n s i c  InCemaest 

and as a foundation f o r  s t u d i e s  of' nonstoichlometr ic  and o t h e r  

non-c lass i ca l ly  behaving substances. .  It s h a l l  be t h e  i n t e n t  o f  

t h i s  paper t o  ske tch  b r i e f l y  what has been Learned i n  r e c e n t  

y e a r s  of t h e  r a t e  o f  oxygen. t ranspor t  and phase r e a c t i o n s  i n  

t h e  r a r e  e a r t h  oxides and t o  p lace  t h i s  information a g a i n s t  t h e  

l a r g e r  s tudy of  t h e  chemistry o f  m a t e r i a l s  having extended d e f e c t s .  



..A .SUMMARYl~.OF . . .RECENT .,TRANSPORT STUDIES 
. . 

. . 
Some . of.  t h e  .more important .. . .par.arneters d e s c ~ i b i n g '  t h e  

, ' . 

t r a n s p o r t  behavior of r a r e  e a r t h  oxides toge the r  wi th  r e fe rences  

t o  t h e  o r f g i n a l  experiments a r e  given i n  Tables  I and 11. 

Heterogeneous. r e a c t i o n s  .have been s tud ied  and t h e  r e a c t i o n  

mechanism suggested by a n a l y s i s  of t h e  r a t e  of  r e a c t i o n ,  I n  t h e s e  

s t u d i e s  a model f s  assumed and t h e  mathematical consequences 

determined. A sat.4 sfacdcory f f t  between t h e  d a t a  and t h e  

cal .culated behavf o r  sugges ts  a p laus ' ib le  model. 

Phase. boundary .cont ro l led  reac t ions . - - I f  t h e  sample c o n s i s t s  r 

of spheres  whose r e a c t i o n r a t e  I s  c o n t r o l l e d  by a phase  boundary 

r e t r e a t i n g  i n t o  the sphere a t  a uniform r a t e  a p l o t  o f  t h e  cube , ' 

r o o t  o f  t h e  unreacted remainder a g a i n s t  time w i l l  be a s t p a i g h t  

l i n e .  I n  such a r e a c t i o n  nuc lea t ion  of the new phase rmst be 

r a p i d  over  t h e  e n t i r e  su r face  y i e l d i n g  a s p h e r i c a l  phase boundary, 

Exce l l en t  agreement between t h i s  model and t h e  r e d u c t f o n S ~ a t e  o f  

PrO, , P r o l  ..i8 and t h e  ox ida t ion  r a t e  of P ro l  ene3  has  been o b s e r . ~ ~ e d  

(Table 1).'(7, - - 8)  

Diffus ion  c o n t r o l l e d  - reactions.--A diff 'usion mechanism fnc ludlng  

phase bowdary  movement h a s  been proposed (9) - f o r  t h e  oxida t ion  

( 7 )  U. E. Kmtz  and L. Eyrfng, "Kfnet ics  of  High Temperature 

Processes,  " W. D. Kingery, Ed., John Wiley and Sons, I n c a ,  

New York, (1965) p ,  50. 

(8) B. G, Hyde, E. E. Garver, U. E. K w t z  and L o  E v i n g ~  

J. phys. Chem., - 69, 1667 (1965). 



( 9 )  -M. 'F. -Berard, C .  D. Wirkus, and D. R. Wilder, J. Am. 

Ce~am. Soc., 51, 643 (1968). - 

of subs to ichiometr ic  r a r e  e a r t h  sesquioxides al though r a t h e r  

than the 'phase boundary :formation i t s e l f  be ing  r a t e  contro.ll:fng 

It Is chemica1,d i f fus ion  t h r o u g h ' t h e  r e a c t i o n  product.  I f . o n  

t h e  o t h e ~  hand t h e  r a t e .  c o n t r o l l i n g  s t e p  i s  simply d i f f u s i o n  

t n t o  ' the sphere along a r a d i a l  concent ra t ion  g r a d i e n t  a p l o t  

of t h e  logari thm of  t h e  amount of  m r e a c t e d  sample a g a i n s t  t ime 

g ives  a curve whfch f a l l s  o f f  r a p i d l y  a t  f irst  while  a uniform 

grad ien t  i s  being e s t a b l i s h e d  then becomes l i n e a r .  Such a 

mechanism apparent ly  o b t a i n s  i n  t h e  r educ t ion  of  P r O L b 7 n .  I n  t h e  

case  of t h e  reduct ion  of TbOn,8a and Tb01b72 only t h e  l i n e a r  

behavior  a t  longer  t imes i s  observed, (Table ~ ) . ( 7 )  - Thc?,chemical 

d i f f u s i o n  c o e f f i c i e n t  may be c a l c u l a t e d  from t h e s e  expekfments 

i f  one .knows t h e ' r a d i u s  of t h e  p a r t i c l e s  being s tud ied ,  . I n  a 

few cases  t h e  r a t e  of  ox ida t ion  o f - t h e , s o l i d  (10)  - or.  l i q u f d  (11)  
. . - 

r a r e . e a r t h  meta ls  have y ie lded  chemical d i f f u s i o n  information 

from t h e  Wagner equation. 

( l o )  H. J. Borchard't, J'. . I n o r g o  ~ u c l .  Chem,, - 26, 711 (1964). 

(11) J. B r e t t  and L. Se ig le ,  J. Less-Common Metals, 10, 22 (1966). - 

Se l f  diff 'usion studies.--More r e c e n t l y  s t u d i e s  of  s e l f - d i f f u s i o n  



of.oxygen in rare earth oxides has been undertaken  a able 11) 
empl.oy.~n~ heterogeneous .iso.to.pe exchange. ( .- 12, - 13 ) 

. . 

- - . . " . .  . . - 
. . . . .  . . .  . . . . . . . .. . . . 

(12) 'G. D .  Stone, G. R.. Weber and L. Eyring, "~ass:~ransport i n  :' 

Oxides, . . " J. B . .  wachtman, . Jr.. , and A .  D. Franklin, . . Eds. , 
-.H:.B;S. -.,Spec&al .Publ~i~ca[tion- 296 (19683 p. 179. 

(13) G. R. Weber and L. Eyring, Proceedings, ~nternational 

Colloquy of the.C.N.R.S. on the Rare . .. Earth Elements., Paris- , .  

Grenoble, May 5-10, ,1969, In  press. . - .  
. . . .. 

. . 

The results are treated to yield surface and diffusion parameters. 

A sect1oning.technique 'was used to obtain diffusion 

and surface paraneters for calcia stabilized zirconia.(l4) - .  

'These results are included in Table I1 for comparison with 

the .data from the rare earth oxides.. 
. . . . 

DISCUSSION 
. . . . .  

The superficial results of theexpertrnents performed so 

far confirm that oxygen'diffbsion is relatively rapid being only 

one or two orders of magnitude smaller than in calcia stabilized 

zirconia. This is to be contrasted with the cation diffusion. 

which is negligible at the temperatures of these experiments. 

The absence of' a pressure dependance of the .self-diffusion 

rate in the sesqui.ox¶~des was surprising and the unusual pressure 



depengance of  : se l f -d i f  fus ion  f o r  t h e  P q  0 + 6 may ul t ima. te ly  .be 

understoo.d In  terms of a complex d i f f h s i o n  mechanism. 

It come-s'as n o . s u r p r i s e  t h a t .  r e s u l t s  obtained from. 
. . . . 

. . 
chemical.. and sel'f-d'i f f u s i o n  measwements' are no t  t h e  same. A t  

. . 

present  :there'.  a r e  i n s u f f i c i e n t  d a t a  t o  make :any a t tempt  at 
. .. . . .  . . 

. . c o ~ r e l a t i o n  .meaningful. 
. . . . . . 

'. Although .a l l  t h e  d a t a  a r e  f o r  compounds which , a r e  . sa id  

t o  be l i n e  -phases they  a l l  .have a measwe.able range o f  .compo- . . . . . . . . .  . . . . . . 

s i t i o n  hence  t h e i r  'behavior must be considered i n  terms of  . ,  . . 

. . complex .defect  i n t e r a c t i o n  and  a r e  the re fo re '  t h e f o u n d a t i o n  

f o r  s t u d i e s  of g r o s s l y  n o n s t o i c h i o r n e t ~ i c  oxides.  When r a t i o n a l l z e d  

' in . ' these  terms ' they ' sha l l  make t h e i r  peculian. con t r ibu t ion  t o  

f u l l  understanding. 

'The  mechanism o f  format i  on o f  t r a n ~ l t i o n  metal  oxides . and 

oxide f l u o r i d e s  which have r e g u l a r l y  spaced . . c r y s t a l l o g r a p h i c  

shear  p 1 a n e s . a ~  s t r u c t u r a l  f e a t u r e s  have rece' ived some . a t t e n t i o n .  

B. G. Hy.de. (15)  discus.ses  t h r e e  mechanisms i n  t h e  l i g h t  o f  r e c e n t  - 

(15) B. G. Hyde and L. A .  B u r s i l l ,  "Chemistry .of' Extended 
. . 

Defects i n  Non-Metallic Sol ids ,  " L. E p i n g  znd, .M. ~ ' ~ e e f f c ,  

Eds .., North-Holland, Amsterdam, 196'9, i n  ~ r e s s .  

high r e s o l u t i o n  e l e c t r o n  microscopic s t u d i e s  on t h e  NbO,F,V,O,, 

MOO, and TiO, systems. It i s  apparent  from t h e s e  s t u d i e s  t h a t  

. t h e  nuc lea t ion  o f  p a r t i a l  d i s l o c a t i o n  loops  i s  well advanced 

a t  very ].ow l e v e l s  of nonstoichfornetry and t h a t  t h e s e  loops  grow 



l ong i tud , ina l ly  a.s they  s e r v e  as .a s i n k  f o r  t.he low .concent ra t ion  . .. . .. 

of 'random. vacancies  , .  formed. i n ,  t h e  ho.st . l a t t i ' ce  .as oxygen .is: 

. . rempved. -However, . t h i s  -me,chanism, - -proposed .by Anderson and . 

.' Hyde,(l6, - - 1 7 ) .  cannot provide f o r  t h e  l a t e r a l  motion o f  t h e  planes. .  

: (16)  J .  S .  Anderson and B .  G.. Hyde, Bul l .  Soc. Chim. F r . ,  1215 . (1965): . 

. (17) J. S. Anderson arid B. :G. Hyde; J. Phys. Chem. s o l i d s ,  28, . . - 

of c r y s t a l l o g r a p h i c  shear  needed t o  secure  t h e i r  o rde r  i n  t h e  
. . .  

f i n a l  s t r u c t u r e s .  I n  a t  l e a s t  o n e ' c a s e  t h i - s  mechanism is. .seen 
. . . .  

t o  opera te  i n  con junct ion  with a cooperat ive mechanism of  c a t i o n  

d i f h s i o n  by which an e n t i r e  , shea r 'p l ane  may move l a t e r a l l y  

(perhabs by means of s t e p s  o r  screw d i k l d c a t i o n s )  as had been 
. . 

proposed by Andersson and Wadsley. (18) 
. . . . .  . . .  - . . . .  

- - 
(18) S .  Andersson and A.  D. Wadsley, Nature, 211,  - 581 (1966). 

. i C _ j  
. . - 

. . 0'  Keeffe ( 1 9 )  has  r e c e n t l y  reviewed ..the problems :associated - 
wkth 'a t tempt ing  a mechanistic d e s c r i p t i o n  of d i f f u s i o n  o r  phase 

r e a c t i o n  i n  m a t e r i a l s  having extended d e f e c t s .  Some simple 

(19) M .  ~ ' K e e f f e ,  "Chemistry o f  Extended Defects  i n  Non-Metallic 

Sol ids ,  " L. .Eyring and M .  0 '  Keeffe, Eds., North-Holland, 

Amsterdam, 1969, i n  p ress .  



'models are discussed including diffusion of -vacancTes with 

nearest' neighbor. -repulsion:on, a, single .cubic lattice. The 
. . 

fluorite-related oxides are given as an example. 
. . 

The consequences of the simple cubic treatment is that the 

conductivity .,is, drastically .reduced . . when certain  restriction,^ . 
. on < .  . 

. . 
vacancy environments are . taken . into account. I n  the case of ' . 

no nearest neighbors, a maximum conductivity ,.is reached at, a 

concentratton ..of: vacancf es'..of 0:10 (compared to .O. SO for. - , . . 

. . 

random vacancies, or corresponding higher values at .higher. 
. . . . 

. . .  . -  . .. temperatures); . .  . 

OtKeeffe observes that in Zr,,,Ca,O,,, the conductivity 

go.es through a maximum at x 0.12 at 1 0 0 0 ~ ~  and at higher x at . '  

. 

higker.temperatures. The activation energy for conductlv.ity 
. . 

also increases with x .  (20) - ~ l s o  digcussed are some problems 
. . .. . . . . . 

. . 

(20) R .  E. Carter and W. L. Roth, in "~lectromotive Force 

Measurements in. High..Temperature Systems," C. B. Alcock, Ed., 

American. Elsevier,' New York. 

in the i~terpretat ion of atcm transport measurements In Wgsti te 

where the extended defects are known to be clusters of rather 

large size. . , 

Of course the nonstofchiometsic .rare earth -oxides. are not 

shear structures or clusters of the type discussed above. 

The stmcturBal feature which has been proposed to account for 

the homologous series and range of composition is a string of 



charac.terisLic : cry s t a l l o ~ a p h i c  directiofi,s oxyg en vacancie S :  i n  

. . 
.--, , 

. . . . . . . 

. (23, g )  The def a l l i d  mechanlim 0f 

- 
the' 'formation of this . . ' 

. . . , .. . - . , 
. ,  . . . 

. , ' 

1 l ~ ~ ~ ~  E a r t h  Research (21) ' B ;  G. Hyde and L. ' .~yr%ng,  111," ' . 

Gordon and Breach, 623 New York, (1965) PO.. .  
' . '  L.. Eyr  trig; Ed:, 

l l ~ n t e r n a t i o n a l  . , M. Bevan and L. Eyring, D. J. - . , 

. , 

. (22) B .  G. Hyde,. . . 
n 

conference on, Electron Diffraction "d Cry s t a l  Defects,.  , . . 

. . ,  . . .Melbourne, 11 - 4 ,  (.1965)-~ published andd i s t r lbu ted  f o r  

the  Aurtrallan "ademy of science by 'ergamon press 11966 
. , . .  , . . 

. . 
. . . : 

-/- 

s t ~ ~ t _ a l  f e a t u r e  or  the movement .of OXYgen m 5fructUre6. ' 

A - 
containing it ,have not yet  been se'-louSlY P ~ O P O S ~ ~ O '  

lt 1 s  clear  tha t  a sa t i s fac tory  atomic mechanism of' 

d i f  mrlon In suCh"'iaterlal) a s  the  rsre ear th  0xl.e~ must 

and especial ly  . . 
. take Into. account t h e  "ture of' the defects 

their  intera(tione The" may or maynot cor re la te  the 

stlilrtural, ~nt3, t .y  ~ o n i l b e r e d  a s  t h e  extenbe* defect but the 

. final l ~ l t g  ' m ~ s t . b e  cons i s t an t  ~ I t h  the s t ruc tu ra l  'and . '  

thermodynamic proPerttes0 

Acmo~qle^rge~en~ m e  umted  Sta tes  Atomic Ene'rgY C ~ ~ l s s ' O n  

we a re  g a t e f u l  has s u P P o P ~ ~  mubh of the work reported here; 

t o  them. 



TABLE 5 GETERoGENEoUS REACTIONS 

. .: 

React1 on Rate , Act iva t ion  Temperature ' , Oxygen , . D& D Ref. 
Control1,ing Energ Range '. ..' . , .Pressure (.cma/sec 
Mechanism . ,  (waly . . x,la") 

Phase J30undary 
11 11 

I1 11 p ~ 0 1 . 7 8  

P r o l e  7 1  if f u s i o n .  
I t  

JYPbOl , 1 
11 

SczOi (g) Diffus ion  wi th  .a 
moving ' boundary 

I t  I t  

11 ' 11 

11 I 1  

. I 1  

I1 I t  

11 

Metal Tarnishfng 
I f '  11' Ra O;B. 

vac. 
1 a t m .  
vac 

vac 
vac 
vac . .  . , 

. . . . 

a i r  ' 7.72 . ' 2.27' .  9 
,. sir . . '  0.0606 27.6 air .. 

9 
0.163 5.2 7 9 

. a i r  . . '71.8 8 ..26 9 
. z i r  ' . . .  . 1-31. 0. 9.58 9 

-'. i~ 3 14 ." 1.'97 . 9 
~ i r  ' ,  1.88 

. . .I;. 58 9 

. . 
eir 

. . .  
14.. 3 0.37 10 

, - 1 0 0 ( 1 6 0 0 ~ ~ ) .  11 

*Behavior d e v i a t e s  from d i f f u s i o n - l i k e  mechanism In t h e  e a r l y  s t .ages.of  r e a c t i o n  
(modified d i f f u s i o n  behavf o r ) .  . . . . 



TABLE I1 

. . 
Oxygen S e l f - d i f f u s i o n  Act iva t ion  Temperature . . &' D ,  ':. R e f :  

Ener ' - Range (cma/aec) ( 1 0 0 0 ~ ~ )  
(kcaFf .. . 

low temp) ( c )  8.21 725-930 9 x l 0 - *  3.58x10-? 13 
high temp) (a) .  " . 19.05 . 725-930 . 2  .'9x10- 1 .65x10-~ 

. .  . 
13 

. . 

. . . . . .  . 

. . . . 

. . 

(a)  Very small oxygen p ressu re  dependence. 
. . 

(b) V i r t u a l l y  no oxygen pressure .  dependence. 
* .  

( c )  D = 1.6 x 10-%xp. (-27,000/RT)SII. f equals t h e  atom f r a c t i o n o f  excess  oxygen. 
. , A .  

( d )  D = 1.3 x lo-' exp ( - 2 4 , 0 0 0 / ~ ~ . ) f ;  .. 




