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SYNOPSIS OF - 
TECHNICAL PROGRESS 

1967-68 . . 

. '. This r epor t  c o n s i s t s  of accounts  of s t u d i e s  p resen t ly  being conducted, 

g r c p r i n t s  of completed w o i k ,  manuscripts of papers.submitted f o r  .publica- 

t i o n ,  and r e p r i n t s  of a r t i c l e s  which have been published s ince  t h e  last - 

r epor t .  I n  many cases  these  r e s u l t s  have been com&icated  o r a l l y  both 

f o - m l l y  end informally a t  conferences and meetings. 

The locus of t h i s  research  moves among s t u d i e s  of r eac t ions  irivolving 

s o l i d s .  For t h e  most part a t t e n t i o n  has been focused on t h e  s o l i d s  them- 

se lves ,  y e t  t h e s e  r eac t ions  usua l ly  involve a gas phase i n  equil ibrium, 

pe rmi t t ing  changes i n  composition by v a r i a t i o n  of temperature o r  p r i s s u r e  

of t h e  system. 

These s t u d i e s  continue t o  cen te r  around t h e  r a r e  e a r t h  oxides and 

C 

carbonates because they  present  a . ' s t r a t eg ic .  'i-rindo~.~ through ahzch s o l i d  

s t a t e  behavior may be viewed. A s  model systems t h e y  e x h i b i t  ordered 

phases of narrow composition l i m i t s  ( f r equen t ly  showing polymorphism) 

as w e l l  as t r u l y  nonstoichiometric  phases of wide composition range. 
. . 

These ' f ea tu res  may be. modified a t  w i l l  by a s h i f t  of a t t e n t i o n  t o  

. various.  members of t h e  s e r i e s  o r  by a d i sc r imina t ing  admixture, which 

changes t h e  system i n  some s u b t l e  way. 

The s h i l a r i t y  between contiguous phases i s  s o  g r e a t  i n  some cases  

t h a t  one wi tnesses  t h e  unusual behavior of ma te r i a l s  va r ious ly  termed 

hybrid c r y s t a l s ,  coherent ly  intergrown c r y s t a l s ,  domain s t ruc tures . , .  ' 



pseudophases and grossly nonstoichiometric compounds. When ,these sub - 
stances a r e  understood, a giant  s t r i d e  to~~ard'knowledge of so l i d  s t a t e '  

- .  behavior s h a l l  have been taken. 

This research r e l a t e s  d i r e c t l y  t o  t he  e f f o r t s  03 t he  ~ o & i s s i o n  i n  

several  important ways. There a r e  uses of r a r e  ea r th  oxides i n  nuclear 

applications,  including energy sources. The r a r e  ea r th  oxide systems 

a r e  of t he  same family of oxides a s  those of t he  ac t i n ide  elements h, a n ~ e  

t h e  importance of a pa ra l l e l  sludy, both since the  ac t i n i ae  oxides a r e  

themselves important ' reactor f u e l s  and energy sources and the  need f o r  

knowing the  general  chemistry of the  transplutonium elements whose 

a v a i l a b i l i t y  i s  increasing rapidly .  Even more important i n . t h e  long run, 

these s tud ies  s h a l l  contribute t o  the  extension of knowledge of t he  

.nature of sol ids ,  a subject  of unending p r a c t i c a l  and . theore t ica1  i n t e r e s t  

L u  the  Commission. 

. A s  a  r e s u l t  of intense a c t i v i t y  over t he  past t h i r t y  years it can be 

argued t h a t  t he  chemistry of mater ia ls  only s l i g h t l y  defective o r  non- 

stoichiometric i s  wel l  understood. This appl ies  where point  defects  a r e  

t he  most iuportant species present. k t e r i a l s  having extended defects  

o r  gross nonstoichiometry, however, a r e  almost an uncharted wilderness. 

Whereas t he  theor ies  of Schottky, Wagner, and Frenkel were instrumental 

in bringing understanding of mater ia ls  with point  defects  and therefore  

stimulated the  development of p r ac t i ca l  and t h e o r e t i c a l  techniques of 

dealing chemically with them, there  i s  no comparable.development f o r  

grossly defect ive  materials .  The s i t ua t i on  i s  not unlike t he  s tud ies  of 
\ ' 

t he  theory of l i qu id  solut ions .  where d i l u t e  solut ions  a r e  usual ly  thought 

t o  be wel l  understood, but concentrated ones l e s s  so, except t h a t  i n  t he  

case of so l i d s  one must reckon with t he  increased complexity of a phase 



capable,of a l l  t he  cozplex atomic in te rac t ions  of concentrated solut ions  

ye t  adding t h e  fur ther .  complications of phase transformations, hysteres is  

and the  l i k e .  

In f a c t ,  there  has not even been' a complete cata log or  c l a s s i f i ca t i on  

of t he  v a r i e t i e s  of phases possible i n  grossly defective so l i d s .  Such 

e n t i t i e s  o r  phenomena a s  dis locat ions ,  stacking f au l t s ,  defect  clusters.,  

d0mains.j microheterogeniety, order-disorder t rans i t ions ,  premonitory 

effects ;  hyst.eresis, ancl pseudirpllase f o r m t i o n  f igure  prominently i n  the  

chemical and physical  proper t ies  of these materials .  A vast  experimental 

e f f o r t  on the  s t ruc ture ,  therrnod~ynamic proper t ies  and t ranspor t  proper- 

t i e s  of these mater ia ls  aus t  be associated v i t h  a sound theoretdcal  

development i f  understanding is t o  come. 

Tensimetric Studies on Oxides.--The exploi ta t ion of the  polrerful 

i sobar ic  Lechnique of' studying oxygen pressure, temperature, and oxide 

composition has been continued (pp 6-35) t o  extend our knowledge of 

' equilibrium, nonequilibrium, and pseudophase regions of the. praseodpium 
\ - 

oxide-oxygen system. The apparatus has been. iuproved and equilibriurfi 

measurements a r e  yie lding precise  thermodynamic data  f o r  the  grossly 

nonstoichiametric alpha phase. .The r e s u l t s  of t h i s  study a r e  scheduled 

f o r  presentat ion a t  t he  seventh Rare Earth Eesearch Conference i n  San 

Diego i n  October. 

High Temperakure X-ray Studies.--Concomitant with t h e  t ens iue t r i c  

s tud ies  of the  pseudophase region i s  an exploration (pp 65-86) of high 

temperature X-ray d i f f r ac t i on  techniques t o  reveal  s t r u c t u r a l  changes 

i n  t he  phase regions contiguous t o  i o t a  which demonstrate i n t e r e s t i ng  

reversals ,  b ivar iant  behavior and marked hys te res i s .  



The high temperatuye diffractometer i s  a l s o  being used t o  invest igate  

t he  s teps  i n  thermal .decomposition of 0-ualates (see prepr int  COO-1109-42) 

. . and foma te s .  Current r e s u l t s  were presented a t  t he  annual meeting 02 

t h e  Arizona Academy of Science a t  FlagstafI" i n  Fky 1968 and w i l l  be given 

at  t he  Natio'nal Meetings of t he  American Chemical Society i n  At lant ic  

.City i n  September.. 

Oxygen Transport i n  Rare Earth Oxides.--Surface react ion and d i f fus ion  

proper t ies  of nxygen i n  r a r c  ca r th  sesquioxldes'haVe been studied and t h e '  

r e s u l t s  f o r  Nd29, ,%-I;+ and Er2O3 reported a t  a conTerence on &ss 

Transport i n  Oxides held i n  October 1967 a t  t he  National Bureau of 

Standards (COO-1109-39). 

A study of oxygen d i f fus ion  i n  the  phase Pr7Oz+~ i s  progressing 

(see pp 36-64). This research observes the  temperature and pressure 

depende~~ce of t he  diYYusion coefficie 'nt  and co r r e l a t e s  these with 

tensirnetric measurenents. It i s  hoped t o  c l a r i f y  t h e  energet ics  and 

mechanism f o r  t he  d i f fus ion  and react ion process f o r  t h i s  s tab le  i n t e r -  

mediate phase of narrow composition range. Results so  f a r  obtained were 

discussed a t  t he  Flagstaff  meeting of t h e  Arizona Academy of Science i n  

I ~ Y  1968. 

Optical Absorption Neasurements on PrOx'Phases.--The o p t i c a l  absorp- 

t i o n  spectra  i n  t he  v i s i b l e  and u l t r av io l e t  region f o r  the  A- and C-form 

Pr203 have been recorded and t en t a t i ve  a s s iwnen t s  made f o r  the  t r a n s i -  

t i o n s  observed. In  addit ion,  t h e  near infrared spectra  f o r  t he  i n t e r -  

mediate phases of t he  Pr,%,-2 s e r i e s  were recorded and discussed i n  

COO-1109-41 and were presented a t  the  National 1.keting of the  American 

Chemical Society i n  San ~ r a n c i s c o  i n  Apr i l  1368. 



Crystal  Growth of Rare Earth Oxides.--A program aimed a t  producing 

s ing le  c rys t a l s  of the .h igher  oxides of the  r a r e  earth 'elements,  espe- 

c i a l l y ' t h e  intermediate phases of the  homologous s e r i e s  Lnn%n-2 has 

been pursued without f i n a l  success. The r e s u l t s  obtained so f a r  a r e  

given i n  the  report ,  page 87 and.follotring. It has been possible t o  

grow nice s k l l  cys t a l s  of C e 9 ,  but praseodymiuin i n  t he  t r i v a l e n t  s t a t e  

e i t h e r  forms compounds with t he  f luxes  t r i e d  under the  conditions of our 

experiments or pruduces the  A-ty-pe sesquioxide which breaks up when it 

is  oxidized. 

General l ec tures  and/or discussions on t he  sozid s t a t e  chemistry of 

r a r e  ea r th  oxides were presented a t  Ba t te l le  Northwest i n  Richland; . 

Washington i n  August 1967, Asilomar High Temperature' Conserence i n  

September 1967, t he  University of Freiburg, Oxford and Rome, t he  Belle- 

view Laboratories i n  Paris ,  t he  Euchem Conference on High Temperature 

Chemistry a t  Sernnering i n  September. and October 1967. . A paper on phase 
. . 

transformation i n  the  i o t a  region f o r  pure and mixed r a r e  ea r th  oxides 
. .- 

was given a t  a Materials Science Center Dedication a t  t he  University of 

Missouri a t  Rolla i n  October 1967. 



A D E T A I ~ D  TENSDIET'RIC. STUDY 

OF THE 

PRASEODYIml OXIDE-OXYGEN SYSTB4 . 

. . The praseodymium oxide-axygen equilibrium i s  becoming an important 

' 

mdel . sys tem of substances exhibi t ing gross nonstoichiometry i n  the. sol id  
. . 

phase. The chief g sa l  3f t h i s  research has been t o  derive r e l i a b l e  thermo'- 

. dynamic data f o r  t h i s  system. Consequently some time has been spent i n  

ascer ta ining the  'equilibrium conditions necessary t o  produce such data.  

Two important f a c t ~ r s  governing the attainment of equilibrium have been 

discussed i n  a previous report.' Detai ls  were a l s o  given of the  modifi- 

cations made t o  the existing.apparatu.s t o  s u i t  the  new experimental con- 

d i t i sns .  Further improvements a r e  described i n  t h i s  report  and ' a  previetr 

i s  given of the modifications t o  be carr ied out i n  t he ,nea r  future .  

As is  t a  be expected, such detai led inves t iga t ims  have uncovered 
< 

varibus other small re la ted  problems. Where relevant,  these were pursued - and the r e s u l t s  of such research a re  described i n . t h e  appropriate s e c t i m  

Experimental ~ 3 n d i t i o n s  .Necessary t o  Atta in  

'I'rue Thermodynamic Equilibrium 

i n  the Praseodymium Oxide-Oxygen System 

It was 3bserved a s  a r e s u l t  of several  isobars car r ied  out' a t  the 

same pressure t h a t  occasionally a p lo t  woula be obtained t h a t  exhibited 
. . 

marked differences from what was accepted a s  being the normal behavior 



of t he  system. Such anomlous behavior could usual ly  be r e l a t ed  t o  the  
. . 

f a c t  t h a t  a new oxide sample was used, i .e.,  'one which has been subjected 

t o  only one reduction t o  the  sesquioxide follnved by oxidation t o  FYO1 .833. 

I n  a l l  cases i n  these  experiments, vacuuq reduction was used t b  obtain 

t h e  sesquioxide. The behavior of praseodymium oxide with increasing 

numbers of i sobar ic  runs i s  discussed i n  d e t a i l  i n  .section VII. 

Work car r ied  out on a Nrrelco high temperature X-ray u n i t  indicated 

t ha t ,  t h e  temperature 3f a t h i n  bed ~f 3xide (as  measured by an op t i ca l  

' pyrometer) was l n r e r  than t h a t  measured by an adjacent ~ t / ~ t - l @  Rh thermo- 

' .couple by about 3%. Emissivity correct ions  could .easi ly be ,app l ied  t o  a 

t h i n  bed of sample; however, i n  t h i s  case t he  sample was cmta ined  i n  a 

platinum bucket 2.5 crns x 1 cm. I n  o r d e r . t o  ensure t h a t  any temperature 

gradient  across t he  sample should be minimized, a platinym l i d  was sus- 

pended over t he  top  of t he  bucket, r e f l e c t i n g  the. r a d i a t i ~ n  'from the  t op  

of the  sample and pos i t ioned . so  a s  n ~ t  t o  produce a pressure gradient  

across  t he  sample, i .e . ,  t he  reac t ing  oxygen had easy access t o  the  oxide. 

Previous w ~ r k  had indicated t h e  d e s i r a b i l i t y  of a slovrer r a t e  of 

2 
heat ing and cooling than 1.3' .per minute. Very s l m  manually control led 

r u n s h a d  sh3m s l i g h t  d i f ferences  from runs ca r r ied  out a t  1.3" per minute. 

These, h3weverJ suffered from t h e  defect  t h a t  t he  temperature increments. 

could not be made small e n ~ u g h  t o  give a smooth heating and cooling curve.. 

Consequently, tr.I3 clock mz~t3rs were i n s t a l l e d  together  wi th  su i t ab l e  

gearing, enabling isobars t o  be determined a t  r a t e s  varying Prom 0.02' 
' , 

t o  0.8P per minute. 

Results.--A s e r i e s  of experiments were cmducted i n  which each of 

t h e  parameters previgusly described was varied independently and t he  

e f f e c t s  produced ( i f  any) were compared with s imi la r  isobars determined . 



, ' . by previous trorkers . The nsmenclature used i n  describing the  various 
I 

portions af these r e l a t i ve ly  high pressure isobars i s  shwn i n  Figure 1. 

' I n  Run 4, the bucket ' (csntaining a new. sample) was csvered with a 

platinum l i d  and t h e  run carried. out a t  a r a t e  of N 1.3"/inin with an 

axygen. pressure of 637 mm which was n i t  controlled. The heating curve 

was 'found t o  agree with t h a t  af  correspsnding issbars  previously deter-  

mined with uncovered buckets. A t  476" $ transformed t o  w (see  Figure l ) ,  

and the  isobaric path bay 3n +.be a surface up t o  805 O, at which tempera- 

t u r e  cu reduced t o  t + &. A t  t h i s  pressure the  conversion t a  e, i s  s l m  

and, i n  fac t ,  never reaches completion (see sec t ian  11.). A t  1046", the ' . 

UL pseudophase was seen t a  reoxidize across the  descending t + c! blade 

i n  complete agreement with previous wsrkers. A t  1060" cr decomposed t o  

a a t  a composition of X ' 1.693 and a pers i s ted  u n t i l  the highest  temper- 

On cooling, t he  isobar shmed nsrmal behavior u n t i l  a temperature of 

1060" was reached. Previous work had indicated t h a t  a t  t h i s  point , ,  the  

axidation prsdudt i s  CY which then becomes metastable k i t h  respect t o  at 

an reducing the  temperature. On cooling W t h e r ,  a gradual csnversion of 

a, t o  at i s  usual ly  seen. I n  t h i s  case, hmrever, Figure 1 shnrs t h a t  the  

coaling path l a y  on t h e  projectedw surface with l i t t l e  o r .no  conve r s i~n  : 

t o  c u t .  It seemed, therefore, t ha t  a reduction of temperature gradient . . 

across the  sample had s tab i l ized  a', since' the  r a t e  af heating and csoling 

was the same a s  t h a t  used by previous warkers. It should be  emphasized 

a t  t h i s  point t h a t  t he  oxide sample was a new one, i . e . ,  it had been sub- 

jected t o  only one' reduction and reoxidatibn. 

Run 5 was carr ied out i n  an iden t i ca l  manner and again cc seemed t o  

be s t ab l e  w i t t i  very l i t t l e  conversion t c ~  c u t .  F~I -  Run 6 the platinum l i d ,  



which was the  only fea ture  d i f f e r ing  from the  conditions used by 

workers, tras remved t o  see i f  t h e i r  isobars could be dupliczted. The 

r a t e '  of heating and coaling and the  pressure was kept t h e  same. It was 

found t h a t  the  isc~baric  path t raced out on cooling.more c losely resembled - 

t h a t  f ound by. p rev ims  w6rkers. 

With the  l i d  s t i l l  rem~ved from the  bucket, R u i  7 was carr ied out a t .  

a r a t e  of 0.5"/min. Even with t he  s l s r e r  r a t e  it was found t h a t  the  

behavior of the  isobar '  jncreasingljr approached t h s e  of previous workers 

with increasing number' of runs. It was n m  becaming apparent t h a t  the  

h i s to ry  of the  sample was i m p ~ r t a n t .  As a r e s u l t , , t h e  s e r i e s  of experi- 

ments described i n  s e c t i ~ n  VII were t h ~ u g h t  t 3  be of value i n  gaining a 

b e t t e r  understanding of t he  praseodymium oxide-oxygen system. 

Previous s tudies  had sha~rn the  d e s i r a b i l i t y  of using s l o t ~ e r  r a t e s  

of hcst ing and caalirig than 1.3"/min since there  was doubt concerning the 
. . 

attainment of equilibrium under the  forced p a c e o f  temperature change a t  

t h i s  r a t e ,  pa r t i cu l a r ly  i n  the  pseudophase r e g i m ,  During Run 8 (p = * 
637 mm, r a t e  1.3"/min, without l i d ) ,  the  run tras halted during the  coaling 

cycle a t  854" t o  t e s t  fo r  equil ibrium, i n  the at 'region. A d r i f t  tnfard 

t was observed corresponding t o  a weight decrease of -- 1.5 mg; i .e.; a 

stoichiometry change of ru 0.006. T'ne f i n a l  "equilibrium" composition 

reached, hnrever, was 1.732, which was wel l  t3 the r i g h t  of 1.714, show- 

ing t h a t  i n  t h i s  region t r a n ~ f j r m t i ~  of metastable ~t -. t was unl ikely 

t o  occur. 

This d r i f t  t s r a rds  .t 9n cooling had not been previously observed 

and the  weight l o s s  3f 1 .5  mg i n  t h i s  region would require,  under forced 

conditions, a temperature change of a b m t  150" t o  e f f ec t  the  sa.?.ne change 

i n  s t b i c h i o n ~ e t r ~ .  It i s  in te res t ing  t 3  n3te. t h a t  although t h i s  region 



i s  n ~ t  a t  thermadynamic equilibrium, the sample was a t  a l l  t i n e s  i n  

equi l ib r ium with respect  t 3  temperature. Careful analysis  s f  the'weight 

vershs temperature char t  shmed t h a t  small temperature f l u c t u a t i m s  

(bath up and d m )  produced a cs r resp~nding  decrease sr increase i n  

weight. These small var ia t i sns  were superimposed 3n a general  d r i f t  t o  

a lnqer sxide c3mp~si t i sn .  

It was decided at t h i s  stage t h a t  it ~rau ld  be usef'ul t3  determine 

the  reprad~cibri . l . i .~y of an icobaric run, s i r ~ c e  experiments 4, 5 ,  and 6 

had shotm the sample h l s t ~ r y  t 3  be i m p ~ t a n t .  Runs 9, 10, 11 and 12 

were car r ied  3ut a t , t h e  sane r a t e  and oxygen pressure [1.3O/min7 p = 
02 

.637 mm), which Iras contrs l led using the a u t ~ m a t i c  pressure can t ro l le r  

(AH!). These experiments shcnred t h a t  a f t e r  a minimum number 3f runs, 

abgut fmr, the  i s sba r i c  path, a t  a given pressure, tras repraducible. 

It was h u n d  3n superimp3sing any t w s  i ssbars  t h a t  t he  temperatures a t  

which the  phase b3~1ndary r e a c t i ~ n  c~ccurred were i n  excellent agreement, 

while s l i g h t  var ia t i sns  were abserved i n  the  pseudaphase regisn.  This 

i s  t3  be expected since the  system i s  not a t  thermsdynamic equilibrium 

i n  t h i s  regisn. Even s3, t he  v a r i a t i ~ n s  when t t r 3  csnsecutive runs were 

superimpssed were even smaller. 

On comparing Runs 9-12 with equivalent issbars  determined by p r e v i ~ u s  

warkers, it was sbserved t h a t  t he  heat.ing and csal ing paths . i n  t h e . a  

region were nnr csincideni,  whe.reas pre.visusly the  css l ing  path was seen 

t o  l i e  abave the  heating path an the  u surface, a s  shmn i n  Figure 1. 

Varisus runs up ts Run 9, during which the pressure was n3t c ~ n t r a l l e d ,  

.had shmn the displacement jf the  heating and c ~ o l i n g  paths i n  the  u 

regisn.  It s h ~ u l d  be- mentimed a t  t h i s  p3int  t h a t  t ~ g e t h e r  with t h i s  

coinciding 3f the  up and -d37m paths i n  t h i s  regisn,  a s l i g h t  zer3 



displacement was observed of -- 0.25 mg. Tnis zers  displacement, although 

considered a t  the time t o  be some zero dr i f t  bf the balance, was t 3  

become of greater  significance l a t e r  (see s e c t i m  111). This zero s h i f t  . . 

correspsnded t o  a c3mpsund being formed 3f composition s l i g h t l y  greater  

than Pr01.833, i .e. ,  the  cosling path af  B l a y  t o  the  r i g h t  .(higher oxi- 

'dation) s f  the  heating path. Run 13, during which the oxygen pressure . 

was ns t  controlled, a l s o  showed no divergence i n  the  u region, i . e . ,  

therc was na appaenl; difference between a pressure cantrol led and uncon- 
1 

t r o l l e d  run. S~me greater  differences were observed i n  the hysteresis  
- .  

region at f ~ r  the  u n c ~ n t r s l l e d  run. 

The e f f ec t  of using a s l m e r  r a t e  than 1.3"/min was investigated i n  . 

Run 14'. This esperiment, carr ied out a t  0.45"/min, shnred t h a t  there  

was n3 s ign i f ican t  difference between the s l s ~ r e r  and fa.ster.run.  During 

the  l a t t e r  ha l f  of the  experiment, i . e . ,  trhen t ravers ing the lo~ re r  ha l f  

of the  cr region on coil ing,  the r a t e  was increased t 3  - 1.3"/rnin. This 

produced. a greater  divergence between the  heating and c m l i n g  paths than 

fo r  t he  slower part. o f . t h e  run. Again the i s sbar ic  paths of Run 13 and 

the  previous runs were n3t qui te  su.perimpssable i n  the  pseudsphase region. 

This was a l s o  confirmed by Runs 15 and 16. I n  Runs 9-16 a s l i g h t  d i s -  

placement 3f the  ,5 phase tras observed, put t ing it f u r t h e r . t o  the  r i g h t  

with each run. 

For Runs 17 and 18 the  platinum l i d  was replaced 3n the  bucket t o  

s e e  whether the  dramatic. difference i n  t he  uz, region observed i n  Runs 4 

and 5 could be repr~duced.  For both runs p = 637 mm and was contralled 
22 

by the APC. I n  Run 17, the r a t e  of heating was 1.3"/mi.n while the  r a t e  

. af cooling was s l m e r ,  zt 0.4'j0/min. The r a t e s  of heating and codir ig  

were constant i n  Run 18 ' a t  1.3"/min. I n  both these runs isobars were 
. . 



. obtained which were d i f fe ren t  i n  the  cut region from those produced i n  
1 

Runs 4 and 5, but which resenbled very c losely t h x e  sbtained i n  Runs 6-16, 

i. e., they shawed "nxtnal" behavior i n  t h i s ,  region. Run 19 was run a s  a 

check without the  APC s~ t h a t  Runs 4 anb 5 could be exactly duplicated.. 

This again f a i l e d  t a  praduce the  e f f ec t s  seen i n  Runs 4 and 5. 

. . To recapi tula te ,  impr3vements t o  the  appa-ratus used i n  the  i s ~ b a r i c  

studies,  i . e . ,  a u t ~ m a t i c  pressure control, s l o~~re r  r a t e s  ~f heating and 

cml ing ,  reduct i 3 n  ~f any temperature gracliel~l;~. a c m s  s the  sample, cm-  

clusively showed t h a t  with t h i s  methad 3f recarding temperature and 

weight changes an the  char t  paper, n=, s ign i f ican t  differences were t 3  be 

detected by varying the  experimental cand i t ims  .in the  manner described. 

Hmever, these .  experiments did  shmr t h a t  sample h i s t &  seemed t:, be impc~r- 

t a n t  when considering the reproducibi l i ty  of any twa isbbai-s. The greater  

t hc  number c~f experiments t=, t:hich the  sample was subjected, the  greater  

t he  reproducibi l i ty ,  even i n  the  pseudophase region. These experiments 

%rere of great  value i n  ascer ta ining the  optimum experimental c3ndi t ims  

necessary f o r  ~ b t a i n i n g  accurate thermadynamic data described i n  sect ion V. 

I n v e s t i g a t i m  of Equilibrium Conditims 

i n  the  Pseudophase Alpha-Iota R e g i ~ n  

During the  course of Run g an i n i t i a l  invest igat ion was made t.3 see 

whether the  isobar ic  path traced out represented. the equilibrium path i n  

t h i s  r e g i ~ n .  Run 8 was hal ted during the  cooling cycle a t , a  su i tab le  

temperature i n  the  cut regian f o r  a p e r i ~ d  of about 12 h~in-s .  The r e s u l t s  

a r e  discu.ssed i n  sect ion I. 

Run 20 was cormenced under optimum experimental conditions (discus- 
. , 

s i ~ n  in  p r e v i ~ u s  sect ion)  a t  a pressure ~f 637 mrn of oxygen. Heating 



was cantinued ' n ~ r m a l l y  u n t i l  a temperature 3f 840" was reached 

t h i s  p ~ i n t  t he  ol surface traced 3ut ~ ~ 5 , s  per fec t ly  superimpasable on cu 

surfaces generated during previaus runs. The 'temperature pr3grammer was 

switched 3ff and the  system 'was a l l m e d  t 3  reach equilibrium a t  - t h i s  

temperature.. Figure 2 shms  the f'equilibriumff i s ~ b a r i c  path traced 9ut 

under these c3nditions. The sample tras maintained a t  a given temperature 

u n t i l  i t s  weight, as indicated on the  char t  r e c ~ r d e r ,  did n3t decrease 

fu r the r  ~ r i t h  time, Tne Cinle ta1~e11 h r .  . th is  t3 %cur i s  indiczted i n  the  

diagram. Figure 2 sh~iirs t h a t  the  "equilibrium" path l i e s  be1n.1 the is3- 

ba r i c  path under f ~ r c e d  c o n d i t i ~ n s  and t h a t  during. the  f i r s t  36 h m r s  a 

weighy 13ss 3f 9.5 mg ~ c c u r r e d .  Tne samble was a t  a l l  times i n  equi l i -  

brium with respect t3  temperature since it respanded alm3st immediately 

t 3  very small f l u c t u a t i m s  i n  furnace temperature. These small changes 

were superimp~sed 3n a general d r i f t  t m a r d s  r e g i ~ n s  3f ls!er  s ta ichig-  

metry. After t h i s  i n i t i a l  periad 3f a b m t  36 h3urs, fu r ther  l ~ s s  i n  

weight with time tras extremely small, and the c 3 m p ~ s i t i ~ n  3f the  sample 

was ahrays wel l  t 3  the r i g h t  a f  1.714. During the next th ree  days the  

tenlperature tras increased slcnrly t 3  870'. After each incremental ad just-  

. \ 

ment the s a ip l e  came rapidly t3 equilibrium and sh31red 3nly very small 

decreases i n  weight with respect  t 3  time 3f the 3rder of 0.5 mg 3r l e s s .  

One very in te res t ing  feature  t h a t  became apparent a s  a r e s u l t  3f t h i s  

experiment tras t h a t  up t 3  a temperature 3f - 940° any d r i f t  ~bse rved  was 

always t m a r d s  i s t a ,  i .e . ,  t s r a rds  a l n r e r  st3ichi~met1-y. Abjve t h i s  

temperature up t3  1050" any , d r i f t  was always a1ra.y f r 3 m  i ~ t a ,  t m a r d s  a 

r e g i ~ n  3f higher Dxygen c ~ n t e n t .  The mechanism 3f the  t 2 at 2 a, equi- 

l ibr ium 3bserved i n . t h i s  r e g i ~ n  has been discussed prev imsly .  2212 It 

i s  p ~ s s i b l e  t 3  c ~ n c l u d e  t.hat b e l m  940' i o t a  bec3mes m ~ r e  s t ab l e  with 



respect  t o  alpha. ' When i n  t h e  tempra ture  range 940"-1050°, alpha i s  

the  more s tab le  species.  This experiment defines more c losely the equi- 

l ibrium between the two phases and pseudophase i n  t h i s  temperature range 

a n d . s h ~ i i s  t h a t  although thermodynamic equilibrium i s  not t o  be expected 

i n  t h i s  region, differences a r e  observed between "equilibrium" isobars 

and isobars executed a t  1.3"/min. The reversa l  observed a t  about 1050°, 

which i s  cha rac t e r i s t i c  of isobars a t  t h i s  pressure, a l s o  sh~wed in te r -  

es'lirig d e t a i l s  Chichtrere not apparent a t  a f a s t e r  r a t e  of heating. 

On cooling the temperature from 1050° ' to  920°, any d r i f t  i n  compo- 

s i t i o n  was tcnrards iota ,  which i s  t o  be expected since metastable 

cr -3 at--4 t. Again the  weight change was very small and the  sample 

rap id ly  came t o  "equilibrium" i n  t h i s  temperature range. Ti?e t o t a l  time 

taken t o  complete the  rkn was about  four weeks. One very dist inguishing 

fea ture  t h a t  became apparent a s  soon a s  the  temperature was 1& enough 

t o  begin describing the  a, surface was t h a t  the  heating and cooling .paths 
I 

- o f  cr were displaced about 2.5 mg. This displacement was continued u n t i l  

a, 3 fi a t  about 420". Consequently, the  B phase, on cooling, was shif ted 

t o  t he  r i gh t  of the  f3 traversed on heating. It was thought i n i t i a l l y  

t h a t  t h i s  s h i f t  was some mechanical a r t i f a c t ,  e.g., it, i s  possible ' t h a t  

the  balance beam could have slipped on the knife edges. .The. r e s u l t s  

obtained, hn~eve r ,  were in te res t ing  enough t o  j u s t i fy  another .long run. 

Similar f i ne  d e t a i l s  were observed i n  Run 2 1  i n  the  pseudophase . .  

region. Again a zero displacement was observed on re turning t o  p .  This 

time the beam a r r e s t i n g . f a c i l i t y  incorporated i n  the  balance was employed 

t c ~  l i f t  the  beam off t he  knife edges. Upon'again re leasing the  beam, 

t h e  =.era was noted and found t o  coincide with the displaced fl phase. 
. . 

This zer3 dikplacement, therefore,  was unl ikely t o  be mechanical i n  nature, 



. . which immediately p ~ s e d  the questi3n 3f a p3ssible react ion between 'the 

oxide and i t s  platinum c ~ n t a i n e r  . 

Due t 3  the  time taken t 3  complete a detai led i n v e s t i g a t i ~ n  3f t h i s  

region and due t3  the  zer3 s h i f t  when the sample 1ra.s subjected t3 elevated 

temperatures f3r cmsiderable  p e r i ~ d s  of time, the  p r ~ j e c t  was abandaned, 

a t  1east . temporar i ly .  

111. 

Invest ikat ion of the  Reacti3n 

of Platinum with Prase~dymium Oxide 

Evidence i s . c i t e d  i n  s e c t i ~ n  11 lahich suggests t h a t  prol3nged heating 

of pra.se3dymium m i d e  i n  contact with platinum a t  elevated temperatures 

causes s3me chemical r e a c t i m  t3  occur which 'is manifest a s  a zero s h i f t  

i n  the  /3 phase. Bperiments carr ied 3ut l a t e r  shmed c~nc1usivel.y that. 

t h i s  was n ~ t  due t o  a mechanical or  e l e c t r i c a l  defect  i n  the  weight- 

measuring uni t .  The best  evidence f s r  t h i s  was t h a t  during runs 3f sim- 
. . 

i l a r  d u r a t i ~ n ,  but wi.th3ut invalving such high temperatures, i .e . ' ,  < 820°, 
. -- 

the  zer3 f o r  t h e  p phase was always ~ ~ i n c i d e n t .  After reducing the .  sample. 

again t3 .  the .  s e squ i~z ide ,  the  zera fznr Pro1 500 i n  vacuum was cc~mpared 

with the zer3 f3r the  same sample a f t e r  the  i n i t i a l . r educ t i3n .  It was 

fmnd  t h a t  the  zero a f t e r  the  s e c ~ n d  reduction was 1.7 rng heavier than 
. . 

was 3 r ig ina l ly  abserved. It would appear, theref3re,  t h a t  by react ing 

with platinum sgme species had been produced which tris not 6.3rnpletely 

reducible. A t  the  a ther  end 3f t he  sca le .used  f o r  ca l ib ra t ian ,  i . e . ,  
. . 

t he  B phase, it appeared t h a t  t he  platinum, by react ing with the 3xide, 

was c~nve r t ed  i n t o  s3me farm which was no~ar capable 3f 3xygen uptake, 

, which wmld a c c ~ u n t  f 3 r  the  s h i f t  3f the  ,e phase zer3 t ~ w a r d s  regions 3f 

higher 3xygen c ~ n t e n t .  I f  some mechanical s h i f t  had occurred, m e  might 



expect t h e  zero fo r  PT01.500 t o  be sh i f t ed  by t he  same amount a s  t h a t  of 
1 

PT.01.&3. s ince  t h i s  d id  not occur it was concluded t h a t  a reac t ion  had. . 

taken place  between t h e  oxide and i t s  plati.num container . 
The oxide was removed from t h e  bucket, which tras then washed i n  . . 

d i l u t e  HN03 t o  r emve  any t r ace  of oxide, fo l lo~~red  by washing with d i s -  

t i l l e d  water. After  drying, t h e  bucket was weighed and when t h i s  weight 

was compared with t h e  o r i g i n a l  weight, it was found t h a t  the  bucket had 

l o s t  28.6 mg 32 platinum. The washing i n  d i l u t e  HN03 was repeated, but 

no f'urther l o s s  of platinum occurred. Calculations based on t h e  work of 

W. L .  ~ h i l l i ~ s , ~ ' w h o  studied t he  oxidation of plat,inwn metals, shmed 

t h a t  t h e  maximum treight l o s s  t h a t  could be expected from a bucket of 

these  dimensions due t 3  v ~ l a t i l e  oxides tras about 5 mg. 

An experiment was ca r r ied  out i n  which t he  bucket was boi led t o  

constant weight i n  HN03 and hcated fcr m e  IIKJIILI~ at 1000" so  t h a t  t h e  

r a t e  of l o s s  of platinum when n3t i n  contact  with praseodymium oxide 

could be determined.. This was found t o  be -, 0.1 mg. The l o s s  o f  28.6 mg 

of platinum could only have been due t o  i t s  reac t ion  with tkie oxide! 

This s h i f t  i n  I3 c3mposition had not been observed by previous workers 

presumably because tkie time spent a t  elevated temperatures was much shor te r  

than  f o r  Runs 2 1  and 22. A c lose  sc ru t iny  s f  t h e i r  zero f o r  over 

a long s e r i e s  of runs shoved it t o  be constant  +r i th in . the  l i m i t s  of exper- 

imental e r ro r .  Indeed, it has 'been previously mentioned, t h i s  s h i f t  was 

anly observed f o r  runs l a s t i n g  about one week; t he  zero f o r  shor t  runs, 

i .e . ,  7 3 days, was always found t o  be constant  . This reac t ion  of p l a t i -  

n u  with t h e  3xid.e i s  thought t o  be a very sub t le  one, having l i t t l e  or 

no e f f e c t  on t h e  ove ra l l  in terpi re t i t ion of t he  PrOx02 phase diagram. . . 

This was shmin t o  be so by using an alumina bucket t3  contain t h e  oxide. 



Experiments had sham the r e a c t i ~ n  between almina and FrOx t 3  be much 

l e s s  than t h a t  3bserved with the platinum c~r i t a ine r .  Isabars determined 

i n  t h i s  way were seen t 3  be iden t i ca l  t3  those ~ b t a i n e d  by previaus 

w ~ r k e r s  using a platinum c m t a i n e r  and a f a s t e r  r a t e  of heating. Canse- 

quently, t h e i r  i n t e r p r e t a t i ~ n  of the  3veral.l r e a c t i ~ n  i n  terms of the  

vari3us phase react ions  remains unchanged. 

Emissi3n spec t r a sc~py  tras used t 3  t r y  t 3  ident i fy  any platinum 

present 'in t h e  sx ids  used i n  the  experii!lerlLs. The emissi3n spectra 3f 

the r a r e  ear th  el-ements are ,  very c~mplex and tend t3 sbscure even the 

s t rangest  platinum l ines ,  making i d e n t i f i c a t i m  3f. any platinum very 

d i f f i c u l t .  I n  order t o  f a c i l i t a t e  such an ident i f iza t ian ,  a s e r i e s  3f 

seven spectra kras taken c3nsecutively 3n the same f i lm i n  the fallawing . 
' 

Hi. &Ox Fe Fe Prozx *Ox fiox 
D3ped with Pt Sta-ndard Standard Pure Sample used Daped with Pt 

Praceeding i n  t h i s  manner, the  2659 platinum l i n e  was seen t 3  be 

present i n  b j t h  the  sample taken from the platinum bucket and d3ped sample, 

but absent i n  t he  pure axide sample. Tentative estimates 3f the  percent- 

age platinum shmed it t 3  be present i n  am~unts  < 0.1%. The 1314 percent- 

age 3f platinum may be accmnted f3 r  by the f a c t  t h a t  the  platinum was not 

evenly d i s t r ibu ted  thraughout t h e , ~ x i d e .  X-ray flu3rescence was als:, 

t r i e d  t 3  ident i fy  any platinum 'present, ' b u t  again the  spectrum 3f the  

oxide completely ~bscu red  the platinum peaks. 

The net r e s u l t  3f t h i s  study was t 3  sh& t h a t  there  was r e a s ~ n a b l e  

evidence f ~ r  believing t h a t  the  ~ x i d e  reacted with the  platinum a t  ele- 

vated temperatures and r e l a t i ve ly  high oxygen pressures. This was a v ~ i d e d  

i n  l a t e r  studies by using an alumina bucket i n  which the r e a c t i m  was 

very much l e s s .  



Invest igat ion 3f Apparent Discrete Steps 

i n  the 'oxidat i~n-Reduct ion Cycle 

I s ~ b a r s  executed a t  r a t e s  3f a b m t  0.5"/min appeared t o  s h m  small 

d i s c re t e  s'teps i n  the  a, r e g i ~ n .  These s teps  formed closed l m p s . u p ~ n  

ascending and descending the  a r e g i m .  examined i n  de t a i l ,  the 

s teps  were faund t 3  be 3f the  order 3f 0 .1  mg per 4" >rhich seemed t 3  be 

greater  than the  v i r i a t i ~ n  t h a t  c m l d  be acc~un ted  f ~ r  by a purely 

mechanical f ac to r  since the  e f f ec t  3f temperature var ia t i3n 3r s l i d e  
I ' 

wire' s t icking c m l d  be read i ly  estimated f r 3 m  the h o r i m n t a l  p 3 r t i ~ n s  ' .  

of the is3bar. 1 n . t h e  h3rizontal  r eg ims ,  the  s teps  appeared t o  be half  

the magnitude 3f the  s teps  i n  ques t im .  It was of i n t e r e s t  t o  invest igate  

these features  more c l ~ s e l y  since s imilar  e f f ec t s  had be'en 3bserved. by 

4 
E l l i ~ t t  and Lemons i n  t h e i r  trnrk ?n the  cerium-cadmium sys Lern. R m f  

5 and E l l i ~ t t  a l s 3  q u ~ t e  X-ray d i f f r ac t ion  evidence f o r  miemphases i n  

CeCd- 4.5 s d i d  s ~ l u t i m s .  If  the  s teps  i n  t he  praseodymium ~ x i d e -  

mygen system viere r ea l ,  then-one might invoke a s imilar  explanation i n  

t h i s  system,, i. e., . a micr3h3mol3gc1u.s s e r i e s  i nvdv ing  d iscre te  micrs- 

pha,s e s . 
I n i t i a l  e x p l a r a t ~ r y  experiments had shzwn the  d e s i r a b i l i t y  3f 

imprming the weight and temperature measurement by a fac tor  3f ten so  

t h a t  any s teps  present might be c l e a r l y ' v i s i b l e .  The sample weight was 

increased from 2 t 3  a b ~ u t  8 g and was c ~ n t a i n e d  i n  a comp3und.almiina 

bucket c3nsist ing 3f a smaller bucket. inside. a l a rger  m e .  By t h i s  

means the  bed depth 3f the  sxide was kept small s 3  t h a t  b3th temperature . 

and pressure gradients across the  sample were minimized. The smaller 

bucket was suppxted  3n an alumina pss t  s 3  a s  t3  ensure ,free 3xygen 'access 



. t 3  the  sample and the  t3p 3 f ' t h e  upper bucket was , lmse ly  c ~ v e r e d  w i t h  a 

platinum l i d .  The temperature was measured panually by c3nnecting the  

therm~cc~uple leads t3 a very sens i t ive  potentiameter, type K-3 Universal 

Pdenti3meter manufactured by the  Leeds and PiTz~rthrup C3mpany, capable 3f 

-4 
measuring t 3  1 x 10 m.V. Such sens i t ive  temperatwe measurements 

required the design 3f a new and la rger  furnace s 3  tha t  temperature 

gradients a c r ~ s s  the  sample c3uld be.minimized. 

The heating element was made by winding heavy gauge Kanthalwire 

araund a tvr3-fmt alumina cDre, malring the t 3 t a l  res is tance a b ~ u t  10 ohms. 

An Incanel pipe 18 inches by 2 inches diameter was placed insid-e the  

alumina c3re immediately surraunding the quartz hang-d3wn tube 3f the  

Ainstrorth balance. A l a rger  1 8  inch' by . 5  inch dlameter I n c ~ n e l  pipe 
. . 

was'placed around the alumina c m e  and the inner pipe t b  a c t  a s  a heat 

sink, minimizing ternpei-atuye gi~i.rirlien-i;s t h a t  c ~ u l d  a r i s e  due t3 h3t sps t s  . . 

3n the  Kanthalwindings. The furnace p r ~ f i l e  was determined, using a 
' I  

NBS Calibrated ~ t / ~ t - l O $  Rh thermocouple. The .sample was placed i n  a. 
I 

4 inch zane i n  the  fbrnace a c r ~ s s  trhich the  temperature dr3p was lo. 

Since the  sample bucket was l e s s  than two inches l m g ,  the  temperature 

. gradient across it tras assurned t o  be b e t t e r  than t h i s .  

Results.--A su i tab le  p ~ r t i m  of the CY region Mas chosen, i . e . ,  one 

which had exhibited s teps  during a sl=r i sabar ic  run which was r e c ~ r d e d  

on char t  paper. The temperature range chbsen vras 518"-732" and was 

traversed both up and down during a peri3d 3f abaut f i v e  days, giving 

a heating and c m l i n g  r a t e  of 0.08" per minute. The oxygen pressure . 

was s e t  a t  638.9 mm and the  temperature was recarded every time the 

sample weight changed by 0 .1  mg. 



Examination of t he  isobaric paths plot ted shoved no evidence what- 

soever f o r  d i sc re te  s teps  i n  the  cu region. That such s teps  were i n  

evidence. when the run vas 'automatically recorded could only mean t h a t  

they were due t a  some periodic function of the  apparatus. Hnqever, the 

experiment oras 3f value since it showed tha t :  

1. The u surface was curved. It was found t o  be c3n;ex w i t h  respect 

t 3  the  temperature axis ,  which had been propxed i n  the  o r ig ina l  work 3n 

2 
t he  system but vas not r e a l l y  evident i n  the  f a s t e r  runs: 

2. The c ~ n d i t  ions necessary t o  produce meaningful therrnodyna-mic 

da ta  i n  t h i s  region could be accurately defined. A very in te res t ing  

fea ture  of t h i s  study was t'nat it showed, even a t  t h i s  slmr r a t e  3f 

heating, t h a t  there  tras a dis9lacement i n  the  heating and cz~oling curves 
. . 

i n  the  a, r e g i m .  This displacement (corresponding Co a change i n  stoichio- 

metry 3f 0.0002) ~rould be impossible t o  detect  using the char t  recarder. 

Moreover, the displacement tras always t h a t  the  cooling path l a y  below 

the  heating path, trhich was exactly opposite t o  what had been seen during 

f a s t e r  runs. When the run was hal ted during the heating cycle t 3  t e s t  

f o r  equilibrium, the  path traced aut  vas as  sh3.m i n  Figure 3, (1) .  Dur- 

ing t h e  i n i t i a l ,  r e l a t i v e l y  rapid r a t e  of cooling, the  cooling path approxima- 

t e d  t o  the  coaling path a t  a r a t e  of 0.08°/inin, i . e . ,  curve B. Eventually 

the  temperature c o n t m l l e r  s e t t l e d  dov-m and the  t rue  equilibrium path 

described was located almost exactly halftray bebreen the heating and 

. cooling curves. A s imilar  e f f ec t  was observed when the  run tras hal ted 

during the c m l i n g  cycle, i .e . ,  the path traced out correspmded t o  Figure 3, 

(11). The experiment shoved t h a t  i f  an i n f i n i t e l y  s l m  r a t e  s f  heating 

and c m l i n g  were empl~yed, f o r  each pressure, a ,unique i szhar ic  path 

would be traced out i n  the  a r e g i ~ n .  



i n  the Alpha Regim 

The main e f f s r t  of resenrch'  i s  n 3 ~  being directed a l m g  these l i nes .  

T'ne informatim acquired w i l l  be cmpared with the  thermsdynamic data 

derived f3 r  r e l a t ed  systems. 6,7,11 

. mperiments car r ied  3ut i n  s e c t i m  IV indicated t h a t  i f  meaningfil 

therm~dynamic data were t 3  be. obtained f 3 r .  t h i s  regic~n, then t h e  tempera- 

t ~ e  v ~ u l d  h...ve fa? be m.3nit~red mnun..ll.jp. A r a te  .JJ? heating and c jo l ing  

3f a b x t  0.1' ?er.minute, hswever, wmld be pmhib i t i ve ly  s l m .  A se r i e s  

of experiments were therefare  carried 3ut i n  which the. r a t e s  3f heating 

and c o d i n g  were varied f m m -  0.08' 9er min t 3  0.8O per min and the e f f ec t  

on the displacement of the  is3bar ic  path i n  , the cr regi?n &served. It was . 

f i n a l l y  decided t h a t  the 3ptirru.m m t e  s h ~ u l d  be 0.45" per minute. The 

mt;l~era~~i:uu.r)le E1.P Was mea,sured, using 2: Minnea.polis-H3nepiell p3ten-l; i ~ m e t e r ,  

reading t3 1 x 1 0 ' ~ m . v .  The sxygen pressure was c ~ n t r ~ l l e d  t o  f 0..1 mrn, 

' using the Granville-Phil l ips APC. A t ' t h e  com~ple t i~n  of .each run a sample. 

3f oxygen was te.sted 3n a m.ss s ~ e c t r ~ m e t e r  t 3  ensure n3 leak had 3c,curred 

during the exper irnent . 
Results.--A se r i e s  3f 12 i s ~ b a r i c  runs a r e  planned i n  the pressure -- 

range 190-760 mm, of which s i x  have been camnpleted.. Figure 4 shms a ~ 1 s t  

.of the  r e l a t i v e  par t id  m ~ ~ l a r . ' f r e e  energy versus temperature f3 r  v a r i ~ u s  
I 

c3nstant values 3f x i n  PJ!O~ a t  0.005 0/Pr in te rva ls .  The r e l a t i v e  par- 

t i a l  m3la.r f r e e  energy. i s  a measure 3f the  w3rk d3ne i n  t r ans fe r r ing  jne 

m3le 3f sxygen fr3m the  gase3us-nhase of standard pressure t 3  the n3n- 

s t o i c h i ~ m e t r i c  x i d e  a t  a pressure 3f p atm3spheres. The r e l a t i v e  par- .  

t i a l  mdar  en t r~p -y  3f s3luti3n 3f rxygen i s  given by 



. . 

~ r h i l e  the  re, lat ive p a r t i a l  m l a r  enthalpy nny be evaluated fr3m the 

Figure 4 ~ h 3 ~ i s  a greater  s ca t t e r  a t  the  c3mpmiti3n.s nearest  the  

st3ichi3metry 3f the 6 phase. Althmgin the data is  n3t c3mpleteJ i n i t i a l  

,estimates 3f C I ~ ( O ~ )  a r e  3f the  ~ r d e r  3f 100-160 c a l  O r 1  mile-', shming , 

t h a t  the  mechanism 3f s3luti3ii 3f mygen i n  t h i s  system bears a c l ~ e  

s imi l a r i t y  t3 t h a t  i n  the CeO:<-O2 system. 

C~ncurren t  with t h i s  detai led invest igat i3n 3f the a r eg im,  s3me 
. . 

i s3bar ic  runs were c ~ n t i n u e d  up t3  1100" s 3  t h a t  in tegra l  m ~ l a r  quanti- 

t i e s  c m l d  be calculated f3 r  this system. Hmever, it has been recent ly  

3bserved t h a t  repeated exp3sure 5f the  sample i n  the alumina bucket t3 
. . 

l sng peri3ds 3f time a t  elevated' temperatures causes a s i i g h t  reac t ic~n  

between thc  3xida and its c.sn.Lainer. Despite the  Tact t h a t  the  am~unt  

3f r e a c t i m  i s  f a r  smaller than t h a t  3bserved f3 r  the  platinum bucket 

under similar c m d i t i ~ n s ,  it causes.s3me d i f f i c u l t y  i n  the  assignment 3f 

the  stsichiametry 3f the  sample. The c3ntinuatic~n 3f the  runs t 3  higher 

temperature has ncnr been .ha l ted  and under these c3nditi3nsJ there  i s  n3 

evidence f3 r  any r e a c t i ~ n  between the axide and i t s  container. 

.X-ray -03wder ~ h ~ ~ t ~ g r a p h s  were taken if the oxide samples which had 

been i n  intimate cantact  with the alumina bucket. C3mparis~n 3f t h i s  
, 

f i lm  with 3thers taken. 3f pwe 3xide s h s ~ e d  no extra l i n e s  due t o  the 

, p3ssible f m n a t i m  3f prase3dymiu.m aluminate.. It i s  p3ssi'ole t h a t  since 

the  r e a c t i ~ n  i s  s 3  s l i gh t ,  ' the 'reacti3n p r ~ d u c t  i s  present i n  

am~unts  t m  small t 3  be detected. An3ther c ~ n t a i n e r  i s  being s3u~;ht  

s 3  t ha t  s imilar  w3rk can be carr ied 3ut a t  higher temperatures. 

b 



1 .  

. . Madif icat ims t 3  the temperature and ~reigii t  rec3rding system a r e  

plafined i n  the  near fu ture  s 5  t h a t  the  prc~cess can be autcmated ~ r i t h ~ u t  
' 

any l3 s s  i n  s ens i t i v i t y .  A d i g i t a l  v3lt!neter, Msdel 6653 manufactu.red 

by Lear Siegler  C3rp~rati311, has been purchased s 3  t h a t  the  weight and 

E2lF change can be mz~n i t~ red  s i ~ u l t a n e ~ u s l y  a t  predetermined time Tntervals . 

The m t > u t  i s  t 3  be fed t 3  a m3del 2301 F l e x c ~ ~ r i t e r  with tape punch, ' 

manufacit~rred by the Friden C ~ p ~ r a t i c ~ n .  Each run, theref3re,  w i l l  be 

r e c ~ r d e d  3n paper tape f3 r  a permanent r e c x d ,  while thk pr int3ut  f a c i l i t y  

w i l l  enable each run t b  be m3nit3red ins tan t ly .  -This arrangement ~ e r m i t s  

maximum f l e x i b i l i t y ,  since i n  the  fu ture  it i s  hc~>dd t 3  in te r face  the 

/ 

punched tape with a c3mput;er which ~ ~ c ~ u l d  be pmgramned t 3  calculate  the 

required data.  

Ekgeriments t 3  Invest igate  the  Effect  3f Limiting 

Micr~d3main Size ~n t h e  

Prase3dymium Oxide-Oxygen Phase ~ i a ~ r a m  . 
t 

The behav ix  3f the  prase3dpnium ~xide-sxygen system has been ade- . . 

quately  e-qlained i n  terms 3f the  m i c r ~ ~ d ~ m a i n  theary, and s imilar  expla- 

n a t i ~ n s  have been inv$ced t 3  explain the way &her ~ x i d e  systems reac t  

( see  s e c t i m  11). In  the PrOx-02 system, the dm~ain  tex ture  i s  t h ~ u g h t  . -. 

t 3  be f i n e  and 3f the  ~ d e r  3f :abiut 20 .-;.. The ~ b j e c t  3f t h i s  research 

i s  t 3  >revent, i n  s3me sui table  manner, .the intergrnr th  3f these &mains.  

I f  t h i s  c3uld be achieved, then it i s  p ~ s s i b l e  t h a t  a dramatic e f f ec t  . 

1r3uld be ~bse rved  during the cz~urse 3f an i s ~ b a r i c  run; f3 r  example, i n  

the  3xid.atj.m 3f o -, t where o i s  th3ug'llt t3  be. eventually eliminated 

by the expansim 3f the t micr3dcn;nin b~unda r i e s .  



A.means was s3ught 3f susgendi~g  the 3i:ide i q  a medium trhich tr3uld 

l i m i t  g r m t h  a l ~ n g  any ax i s  t 3  l e s s  than 20 i; Linde m3lecular sieves 

were t r i e d  a s  a su i tzb le  suspending medium.' Mdecular sieves a r e  generally 

a l k a l i  methl' aluiiin3 s i l i c a t e s  similar t 3  many natural  clays and feldspars.  

When the  water 3f hydra t im i s  driven 3ff ,  the c r y s t a l  d3es n3t cgllapse 

3r rearrange, a s  i s  the  case with m3st 3ther hydrated materials.  Instead, 
\ 

the  physical s t ruc ture  3f the  crystal- remains unchanged, trhich r e s u l t s  i n  

a net~r3rk 3f empty p x e s  a.nd cav i t ies  t h a t  carpr i se  a b ~ q t  me-half 3f the  

t ~ t a l  valume 3f the  c rys ta l s .  Vari3u.s sieves a r e  avai lable  having d i f -  

fe ren t  p ~ r e  s izes  up t3  13 j... The s ize  3f a hydrated ~ r + ~  i3n was e s t i -  

mated t 3  be 3f the  c~rder 3f 6 i, and s 3  a 13 1 p ~ r e  sieves was c h ~ s e n  a s  

being su i tab le  f 3 r  suspending the 3xide. This sieve has a cubic c rys t a l  

0 

s t ruc ture  a, - 24..95 A characterized by a three-dimensi~nal  ne t~mrk  with 

mutually cmnected in t ra -c rys ta l l ine  v3ids accessible th rmgh p ~ e s  which 

0 

w i l l  admit m~lecu le s  with dimensims up t 3  13 A .  Unfc~rtunately, t h i s  

sieve i s  s tab le  3nly i n  s3luti3ns 3f pH 5-12. Acid s tab le  sieves a r e  

available,  but t he  p r e  s i z e  i n  these i s  < 6 -i- and s3 a re  unsuitable f ~ r  

P Y ( N O ~ ) ~  was prepared by d i s s d v i n g  the ~ i d e  i n  c~ncen t r a t ed  HX03 

and the pH adjusted t 3  be - 4-5 by d i lu t - im i f i th  d i s t i l l e d  water. Abmt 

t e n  grams 3f m~lecu la r  sieve Irere placed i n  a quartz tube trh3se 3pen end'. 

was c3rmected t 3  the  tube c3ntaining P ~ ( F ! O ~ ) ~ .  The n i t r a t e  tras f r ~ z e n  

i n  l iqu id  N2 and the  t r h ~ l e  system evacuated.. A furnace eras placed 

a r ~ u n d  the tube c ~ n t a i n i n g  the  m3lecular sieve and the  temperature ra ised 

ti- a b x t  350' i n  xder t 3  3utGas the  s ieve.  After the  sieve had cml'ed 

t3  r 3 3 m  temperature, the quartz tube was ra ta ted ,  ~rh ich  allznred the sieve 



. . . .  . .  
\ .  

pelle. ts  t 3  f a l l  i n t ~  the  n i t r a t e  s3lu.Li~n which had a l s 3  ~ra~rfied t 3  r 3 3 m  

temperature. Abs~rp t i3n  3f P r ( l \ ~ 0 ~ ) ~  i n t 3  the '  sieve p x e s  Gas then assumed 

t3  take place. 

After several  hc~lxs, the  sieve tras rern~ved and the p e l l e t s  dried 

a t  120". This p r~cedure  was repeated several  tirnes. then the sieve 

tras trarmed up i n  vacuum, a b1u.e species, N203, t!as seen t 3  c~ndense  3ut 

i n  the l iqu id  nitr3gen t r ap .  ' This shmed t h a t  the  n i t r a t e  5311, a t  l e a s t ,  

had entered the  sieve I.r?.t,i;i ce. After several  docingn, the  sieve rm;;. 

heated i n  a stream 3f ixygen, during wliich time it was h3ped t h a t  a l l  

the  P T ( N O ~ ) ~  suspended i n  t he  sieve.waild. be c3nirerted t 3  the 3xide. 

Later weighing shmed an increase i n  we-ight 3f the sample 3f 200 mg, 

h q e f u l l y  cz~rrespz~nding t 3  the re ta ined 3 ~ i d e ,  This vras f a r  l e s s  than 

the  arn~unt 3f Fr'3 uptake expected, hmever, repeated d ~ s i n g s  might 

. . 
induce f m t l ~ e r  u.~Lalie . 

Experiments a r e  planned. using a quartz spring i n  ~ghicli the  x i d e  

suspended i n  the  sieve i s  t 3  be subjected t 3  an is3baric study. C3m- , 

par i s m  3f these ~ r i t h .  p r e v i ~ u s l y  ~ b t a i n e d  i s ~ b a r s  3n unsuspended 

3xide m u l d  reveal  any diTference due t 3  l i m i t a t i m  3f domain. grawth. 

It i s  i rnp~?tan t  t 3  ensure t h a t  n3 chemical r e a c t i m  take.s place between 

the  sieve mater ia l  and the 3xide, which might lead t 3  e r r ~ n e m s .  cgn- 

clu.si3ns. A c ~ ~ n t r z ~ l  experiment i s  plumed i n  which an int i rmtely gr3und 

mixture 3f sieve and s:ide a r e  heated tggether.  Si,nce the 3xide i s  n3t 

ac tua l ly  suspended i n  the  sieve p ~ e s  i n  t h i s  experiment, c3mparis3n 

v i t h  p r e v i ~ u s  is3bars s h ~ u l d  indicate  whether czr n 3 t a  chemical r e a c t i m  

has taken place between the sieve mater ia l  and the ,  ~ i d e .  



Invest igat ion 3f t'ne V a r i a t i ~ n  af the  Surface Area 

3f Prase 3dymiun Oxide 

with Increasing  umber 3f Reactign Cycles 

Runs 4 and 5 (described i n  d e t a i l  i n . ' s , e c t i ~ n  I )  a r e  t1r3 examples of 

a phen3men~n t h a t  has been frequently observed during the course of t h i s  

worg, :. e. ,  an is3bar ic  run car r ied  3ut 3n a f resh sample of Prox nearly 

always gave r i s e  t~ unusual features,  pa.r ' t . ic~~1a~l.y i n  thc  hy3tercsis ' . 

r e g i m s .  After t h e  sainpie had been subjected t o  a b m t  f3m- such successive 

runs, these anma l i e s  c3uld never be reproduced. The f a c t  t h a t  the 

anomalous behavior occurred i n  the  hysteresis  region l e750  S 0/Fr 2 1.711i 

was s ign i f ican t .  Due t3  the  s t a b i l i t y  3f the micr3d~main texture  i n  t h i s  

r e g i m ,  the  term "pseud3~hase" was ad3pted t 3  describe i t s  behavior. 2 

The appearance of cuch a pseudsphasc required  t h a t  there  sh3uld be cz~her- 

8 ence between the  reactant  and pr3du.ct phase. Everett and N~rdan  suggested 

t h a t  l a t t i c e  s t r a i n  r e su l t i ng  frsm su.ch coherence w3uld cause hysteresis  

i n  phase t ransf3rmt ionsJ  c3nversely lack 3f c~herence,  a s  sho~rn by a 

r e d u c t i ~ n  i n  c r y s t a l  size,  i . e . ,  an .increase i n  surface area, would tie 
> 

expected t 3  prevent hysteresis .  

It had been observed i n  ~ x i d a t i o n '  stitd-ies on T?boXs t h a t  the  chemi- 

sorpt ive capacity 3f the  oxide.surface t m a r d s  oxygen decreased.s l ight ly  

over a s e r i e s  of runs u n t i l  it reached a'mc~re or l e s s  constant value. 

The rider of runs required f o r  t h i s  t o  3 c c h  was generally f ~ u n d  t3  be 

about f ive .  BET measurements sh~wed t h a t  the surface area decreased 

s l i g h t l y  with increasing treatment u n t i l  it became f a i r l y  constant (with- 

i n  experinental  e r r o r )  a f t e r  about f i ve  runs, probably due t3, s in te r ing .  

Since t'ne treatment of B O X  i n  the  isobar ic  m r k  was alm3s.1; i den t i ca l  t3 



t h a t  3f TbOX, it suggested t h a t  the  anmal3us ' o e h ~ ~ i ~ r  ~bse rved  ollien a 

new sample 3f Prox rjras used--a b e h a v i ~ r  which' vas n3t rewrz~duc ible--  

. might be re la ted  t 3  a small decrease i n  surface area due t 3  s in te r ing  

with increasing number 3f experiments. 

Results.--A c3nven t i~na l  gas a d s ~ r p t i 3 n  apparatus 17as used for  

studying the adso rp t im  3f N2 at'-1960 3n the 2xid.e surface. The 'equili- 

brium pressure was read. using a telesc3pe -I;=, A 0.01 mm. Prase3dymium 

m i d e  was f resh ly  prepared by thermal dec.gmpsiti3n 3f the  ~ x a l a t e  a t  

- 800'. Abmt 5 g 3f sample was placed i n  an 'ads3rpti3n bulb which was 

then attached t 3  the vacuum system. IjTitrggen was admitted i n  small 

d x e s  t 3  the sample 2nd the  pr3cess was continued u n t i l  a f i n a l  >ressure. 
' 

3f abx - t  11-0 cms W ~ . S  reached. A t yp i ca l  ads3rption i s ~ t h e r m  i s  sh31,rn 

in .  Figure 4. m e  "point B" i s  c leayly shmn and the  vdlume 3f gas a d s ~ r b e d  

c~resps i sd ing  ta 1;~snslayei' cwerage was estimated. fr3m the change i n  s h p e  

a t  t h i s  paint .  Several  such values were checked by the  BET p l ~ t s  using 

the  e q u a t i ~ n :  -- , ' 

X = 1 .+ (c-1)x - 
v(1-x) vmc vmc 

t r h ~ s e  Vm = v~lume 3f gas ads3rbed i n  1 m~nc~layer 

X = reduced pressure .P /~ ,  

F3r the  f i r s t  sanple, c ~ n s e c u t i v e  i s ~ t h e r m s  orere determined. i n  

arder t 3  estimate t he  reprgducibi l i ty  3f the surface area measurements. 

Alth3ugh the  ac tua l  value s f  the  surface area. c m l d  be i n  e r r m  by a s  

much a s  A 2$,1° t he  reproducibi l i ty  was f w n d  t o  be a s  good a s  L 2$. 

Ekcellent agreement ~ r a i  a l s 3  fmnd betkreen surface areas  determined by 

the  "p3int B" meth3d and BET p l ~ t s .  



- .  . .  . 

After an a d s 3 r p t i ~ n  is~thel-m had been determined 3n the sample, it 

was heated t 3  1100' i n  Dxygen, simu.lat ing i t s '  behaviar during an i s sbar ic  

run. After cml ing ,  the  3xygen,vas pumped 3ff and a secmd ads3rpti3n 

is3.thel-m determined. 

It was h q e d  t 3  include a study 3f the  3xide ~ a r t i c l e s  using an 

electr5n micr3sc~pe, i. e., it vas t h ~ u g h t  t h a t  the  decrease i n  surface 

area might be due t c ~  an e f fec t ive  increase i n  p a r t i c l e  s i z e  due t 3  sin- 

t e r ing .  Cansequently the  average p a r t i c l e  s ize ,  vhich c3uld be e s t i -  

m t e d  using the  e l e c t r ~ n  micr3scc1pe, s h ~ u l d  increase. Hawever, due t3  

the densi ty  3f the  p3vder sample it was extrenlely d i f f i c u l t ' t 3  3bserv.e 

s ing le  mide  pa r t i c l e s .  The ?a r t i c l e s  tended t 3  s t i c k  tagether i n  a 

rand~m manner' p r ~ d u c i n g  irregulai- clurnps varying in  s ize  fr3m 0.2 t 3  

5 p .  An alcd-131 suspensign was t r i e d  i n  3rd.er t 3  separate s ing le  

m i d e  pa r t i c l e s  but t h i s  was unsuccessful. Tllis d i f f i c u l t y  had a l s 3  been 

~ b s e r v e d  during a s imilar  study f Toox a,nd n3 de f in i t e  c3nclusi.311 c3uld 

be drawn f r 3 m  such measurements. 

FxI.~ runs were carr ied 3bt, each surface 'area measurement was 

determined i n  duplicate.  The r e s u l t s  a r e  given i n  the  t ab l e  b e l m .  

Run Surface Area Surface Area 
1\F . g- 18. g-I 

The i n i t i a l  decrease i n  surface area with increasing number 3f runs 

can be seen 3n c~mparing' the  surface area measured i n  Run 1 with the 

f ~ l l m i n g .  measurements. ' The l a rges t  decrease i n  surface area is  seen. 
. . 



. . 
t 3  3ccur a f t e r  the  f i r s t  heating a f t e r  srhicn the  surface area appeared . 

tc, bec3mz cms tan t  . The surface area meas~~enients a r e .  i n  g33d agree- . . 

10 
,merit with t h ~ s e  measured by Schuldt 3n v a r i ~ u s  pra.se3clymium ~ x i d e s ,  

which he. Pmnd t 3  l i e  i n  the  range 2.14 t 3  0.87 1 8 . ~ ~ "  and. quant i ta t ive ly  . 

shmr an i n i t i a l  decrease i n  surface area with increasing numbers 3f 

e x ~ e r  iment s . - 
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RARZ lUR!i!H 'OXIDES 

Thearet i c a l  Intr3duct i3n 

1 It i s  wel l  kn3~fni t h a t  FTaglier and Sc 'n~~t tky  were the f i r s t  t 3  shc~$r 

th&t  a t  equilibriunl a s ~ l i d  has a. cer ta in  nm?)er 3f defects vhj.ch a r e  

fqrmed .by the requirement t h a t  the Pree energy 3f t'ne crysta.1 be a 

. minimum. . These defects %re the i n t r i n s i c  d.efects f~rrned w i t h m t  

change i n  the  ~ v e r a l l  c ~ r n p s i t  i3n 3f the  c rys ta l .  

I n  Figure 1 a Benke l  defect  i s  sh3r.m. It c ~ n s i s t s  3f an in te r -  

s t i t i a l  a.t3m, t h a t  i s  3ne vhj-ch i s  bet-i?reen the  n3rmal l a t t i c e  s i t e s ,  .and. 

a vacant. l a t t i c e  s i t e .  .The number 3f Frenlcel defects may be calcu.lated 

a s .  f o l l s ~ s .  

Let Fd be the v ~ r k  necessary t 3  m ~ v e  a.n a t an  fr~?3r11 a n~r rna l  l a t t i c e  

s i t e  t o  a p3in.t f a r  enmgh a?ray s 3  t h a t  there  is n3 i n t e r a c t i ~ n  between 

the  t r ~ .  Let IT equal the t ~ t a l  number 3f atams i n  the c rys t a l  and otN 

the  t a t a l  number 3f i n t e r s t i t i a l  s i t e s .  The number 3f ways t h a t  n 

i n t e r s t i t i s l  atanls can be arranged 3n the aN i n t e r s t i t i a l  s i t e s  i s  

Far the  nuqber 3f vays the yacancies can be arranged 3n the l a t t i c e  
. . 

s i t e s  we have 

P1 = '.- fir ! 
(N - n)! n! ' 

The entr3py i s  then 



The increase  i n  t h e  iii terna,l  'energy 3f t h e  c-rystal  i s  

' AE = n71. 

The requii-emell-t 3.r" .t;!lerr.ml' equil.i.briu~n gives  t h e  c3ndi t i3n  

Using s t  i r l i n g s  appmiiimat.i3n and a.pplying the  c i - i t e r  i a  a b v e  t h e  

nwnber 3f d e f e c t s  n i s  i 

As wmld be exp~ctzd t h e  i n t r a i n s i c  clissrder 3f' t h e  c r y s t a l  increases  

r a p i d l y  wi th  increas ing temperature a.nd f r 3 m  t h e  a b w e  equat ian  t h e  

d r iv ing  f x c e  f 3 r  t h e  f3rmati3n 3f an i n t e r s t i t i a l  i s  t h e  increase  i n  

t h e  c ~ n f  igura . t i3nal  entr3py wi th  increas ing nunf~er c~f d.efects . The 

same type 3f t reatment can be given f a r  S c h ~ t t k y  de fec t s .  

I n  t h e  m ~ r e  genera l  case  t h e r e  i s  a vapsr 3f m e  3f t h e  species  

i n  e q u i l i b ~ i ~ n  ~ i i t h  t h e  c r y s t a l .  By c ~ n t r 3 l l i n g  t h e  pressure  3f t h i s  

vapw t h e  c ~ m p 3 s i t i 3 n  3f. t h e  c r y s t a l  can be c3n.t;r3lled. This gives 

r i s e  t 3  n3nst3 ic l i i~metry  which vias n3 t  emsidered. ab3ve. The i n t r i n s i c  

d e f e c t s  p r e d g m i ~ a t e  rrhen t h e  .vapDr p r e s s w e  i s  such t h a t  t h e  c r y s t a l  

i s  very near ly  s t s lc l i i3metr ic ,  the  exact  c i rcuns tances  depending u p m  

t h e  substance under c3ns idera t  i3n. 

The laws g ~ v e r n i n g  t h e  c m c e n t r a t i g n  3f de fec t s  present  i n  a s d i d  

i n  equi l ibr ium wi th  the  v a p x  3f 3ne 3f i t s  c3mp~nents  w i l l  nnr be 

derived.  These laws w i l l  be :given i n  tlie farm 3f equi l ibr ium cans tants  

us idg t h e  laws 3f mass a c t i ~ n .  ~ h u ;  f a r  t h e  r e a c t i 3 n  

X . .. 
Vi + Oo S? 0: + Vo (7 

t h e  fie-rllrel c ~ n s t a n t  can be w r i t t e n  as 



2 
where, using t h e  no ta t i c~n  3f KrSgcr Vi i nd ica tes  a \r8,cant i n t e r s t i t i a . l  

s i t e ,  0: ind ica tes  an  axygen ibn 3n an Dxyger! s i t e ,  0': i nd ica tes  an  

gxygen i3n 3n an  i n t e r s t i t i a l '  s i t e ,  and Vd ind ica tes  . a  p ~ ~ s i t i v e l y  

charged vacant 3xygen s i t e .  The E'renkel c ~ n s t a n t  may a l s 3  b e . w r i t t e n  

i n  terms 3f t h e  number 32 defecks by eq ( 6 ) )  hence 

S i m i l a r l y  t h e  react i3 i i  f 3 r  t h e  f 3 r m t i 3 n  3f &y.geii i n t e r s t j . t i a l s  fr3m 

Dxygen gas can be wi-i.tten a s  

Assuming [o;] = $-[hO] t h e  equil ibrium c x ~ s t a n t  m.y be ~ r r i t t e n  

>[here A G i  i s  t h e  Gibbs f r e e  energy sf f 3 r ~ ~ t ; i . 3 i i  3f a d ~ u b l y  charged Dxygen 

interct i . l : i ,al .  If t h e  ass~.z~n?ti ~n i s  ma.dr. t ,hzt,  t h i s  i s  t h e  awly - l ; , ~ e  3f 

defect ,  then t h e  d e v i a t k n  f r 3 m  st3ichi3metry, x, i s  given by 
- - e - ~ ~ i / 3 ~ ~  

x = [o"] = ($cipo2 

I n  t h e  genera l  case x w i l l  be given by an expressi3n such a s  

t h e  a c t u a l  values of n and AG depend u p m  t h e  r a t e r i a l .  The experi-  

mental values 3f these  parameters s h m l d  give same c lue  a s  t3  t h e  

. . 
defec t  present .  

As t h e  equatian stands,  t h e  a b s ~ l u t e  value 3f t h e  c ~ r n p 3 a i t i ~ n  must 

be kn37:.rn t 3  use t h e  e q u a t i m ,  hmever ,  i n  many ins tances  it i s  n3t 

knmn exac t ly  when s t 3 i c h i ~ i e t r y  i s  achieved. F3r these  cases it i s  

des i rab le  t 3  bd a b l e  t o  use d.ifferences which .can be measured f a i r l y  accu- 

r a t e l y .  If t h e .  t e m p ~ ~ a t u r e  i s  kept e m s t a n t  t h e  d e v i a t i m  f r m  



s t3 ich i~rne t ry  can be wr i t ten  a s  

k x = cpo2. 

Differentiating,  Dne ~ b t a i n s  ' 

and taking the lc~garithni and subs t i tu t ing  a 's  foi- the d's, e q u a t i ~ n  (16) 

F3r a ce r t a in  temperature the  value 3f kc w i l l  be a c ~ n s t a n t  and a 

p l3 t  3f I& versus hipo, w i l l  give the va1u.e 3f lr-1 and hence k. 
lip 

Alternat ively the pressure can.be kept c3nstan-L and the tempera- 

t u r e  varied. Then, f r m  eq .[14)' 3ne has 

Again taking the 13garithms 3f b3th s ides  the  r e l a t i m  i s  

A p l3 t  3f I n  ('P2 g) v ~ r s u s  '/T w i l l  y ie ld  a value i3r A13 fr3m the s l i pe .  

H3~1ever, i n  d3ing t h i s  the  assunpti3n has been mzde t h a t  AG i s  c ~ n s t a n t  
- 

Dver the  temperatu~e range. This i s  an appr3xini8ti3n, since anly i f  

the  eli trapi d3es n3t vary w i t h  temperature can a s t ra igh t  l i n e  be 

expected. Als3 the value i f  AH w i l l  depend upm the  defect  assurned t~ . . 

be present since i n  these p l a t s  the  sl3pe i s  equal- t 3  - where n 
nR 

depends up3n the defect  present. . '  

Di.ffusi3n 

The s 3 l u t i ~ n  3f the  diffusi3n equ.ati3n f3 r  the  uptake s f  s d u t e  

from a yel l -s t i r red.  s3lut ion 3f l imited volume has been given by Crank 3 

f 3 r  the  case when the m3le f r a c t i ~ n  3f s3lute  i n  the  gas and t h a t  i n  



the  swfa.ce 3f .'.the s d i d  a r e  assw;led t 3  be equal: The diff'u.si3n equa'ci~n 

t 3  be s d v e d  i s  , 
- 

tr i th - ihe  i n i t i a l  c3nditi311 

c = c 0 ,  a s r 2 3 ,  a n d t = ~  

~ r h i c h  indicates  "czt the cmcentinati3n i n  t he  spheres a t  zei-3 time ' i s  

unifca-m. Als3 the am~unt  3f s3lute  lea-ving the gas phase must equal 

t h a t  entering the  s31.idJ theref  3re, 

The s3luti3n i s  

where the qnJs  a r e  the n3n-zer3 r m t s  

t a n  q, = a+ 
2 3.4-h s, 

~erhere 1.lt i s  the t3'cal ani~unt 3r" s ~ l ~ ~ t e  ' i n  the  s ~ h e r e  a t  time t, 1:b the 

t a t a l  a.rn3un-L ~f  s d u t e  i n  t he  sphere a t  i n f i n i t e  time, 1 the  rzti.3 3f 

the  am3unt .3f oxygen i n  the  gas t c ~  the am~unt  i n  the  s d i d ,  a  the  

radius ~f  the  spheres, t the time,'and D i s  the  d i f f u s i m  - c3eff ic ient .  

Tables 3f versus D't/a2 were calculated using the GE 225 c3m- 

pu-l;er. These tab les  Irere c a l c u l ~ t e d  a t  in ter1mls  3f 3ne percent i n  

terms 3f the  f r a c t  i m a l  uptake. The determinati~m 3f the d i f f u s i ~ n  

c ~ e f f i c i e n t  then was rnade by calcula.ting the values 3f l$/f.~, and the 

f r a c t i ~ n a l  uytake f 3 r  a  pa r t i cu l a r  run. Then values 3f Dt/a2 Irere 

~ b t a i n e d  frsm the  ' tables,  and p l3 t s  made 3f Dt/a2 versus time. These 

1 2  n l3 t s  a-re s t r a igh t  l ines ,  the  sl3pes being equal t~ D/a . 



A pr3gram .;.ras .;mitten t3  ca.lcu.1-ate the  Mt/1~~ values f?r  the pa.rti- 

cu.1a.r run. The system i n  ~qrhicin the  ex~3eriiients irere ru.n was divided 

i n t 3  h~r, v d m e s  .- - B.S n3ted. i n  the  reuxts  3f p r e v i ~ u s  years. The calcu- 

1a . t ims  3f 14% and I&, a r e  ea s i ly  ~ x d e  by the f=mu.lae 

and 

Their r a t i 3  i s  then 

The f r a c t i m a l  uptakd then i s  given by the r a t i 3  

I n  these e q u a t i ~ n s  Ft i s  the percent 3f ~ " ' i p  the gas a time t, 

'pi the  yersent 3f @8in the Case a.t t = 0, P~ the  nercent 3f 018 i n  t h e  

gas a t  t = co, a~ld  Ps the nercent 3f e E . . i n  the  s ~ l i d  a t  t = 0. 

The c~mpu.ts:ti3ns invdved i n  the  weight measurements a r e  s t ra igh t -  

f x ~ r a r d .  It i s ,  h3?,rever, m r t h  d.enmnstrating t h a t  the sample weight 

has n3 e f f ec t  3n the  resv-lt - if  the  chjnge i n  ~reigli t  instead. 33 the 

change i n  y, the number 3f excess gram at3rr.s 3f ~xjrgen ger rmle 3f 

Pro1 .714 i s  u-sed. 

Let AFT1, equal the  ac tua l  weight 3f Pro1. and I ~ f i ? ~ ,  equal the 

m l e c u l a r  weight 3f PfO1. ( the 3ther subscri-ots f 3ll3191) then 

The va1u.e~ ac'tually nlesswed a re  hmever Ay thus 



I f  the  l ~ g a r i t l i m  3f b3t'n s ides  i s  talren 
L 

13g ( ~ y )  = I n  K + I n  A(A~!,~.) (31) 

it can b? seen t h a t  the  sample ~7eight  p3v'ides c~nly an addi t ive  c3nstant 
. . 

- t11iich w i l l  d i f f e r  fr3m -run t 3  run but ?!ill n3t change the  .sl3pe 3f a p l3 t  
I 

3f -l.3g(hy) versus I n  L\(AI:~X) where the  changes v i l l  i n  f a c t  3f c ~ u r s e  be 

taken with respect  .1;3 s ~ n e  variable.  such a s  temperature, pjressure, etc.. - 
A l l  calcula6i3ns a re ,  theref3re,  made i n  terms 3f the  ac tua l  ~reigi l t  I .  

change r a the r  than i n  ternis 3f t h e  change i n  y. 

Eqer i rnents l  Results 

The actil.ra.l;i~n energy f 3 r  the  d i f f ' u s i ~ n  pr3cess was deternined a.t 

t v 3  pressures, 30 mm, n.nd 214 ~ I I  yressure 3f 02. Tine runs gave i den t i ca l  

a c t ; i v a t i ~ n  .energies wi thin  t he  experimental e r r ~ r  . The ac-i;ua>l p3ints 

a r e  n l ~ t t e d  i n  Figure 2 and the  t w 3  l i n e s  can be represented by the  t ~ r 3  

equat3.m~ , 

= 5.961:10-~ exp ( - 18. &J,~/RT ) (32) 

The dif ference i n  the pre-exo3nential fac tors  .t.~ill be discussed 

l a t e r .  The . equa t i~n 'g iven  f3? the  run a t  214 mrn i s  3nly for  the  p 3 r t i ~ n  

3f the  l i n e  ~rh ich  i s  s t r a igh t .  There i s  a ,break i n  the  l i n e  a t  a, value 

~f ~ O O O / T  3f a-~~prc~ximately 0.915 and a t  laver temneratwes t he  d i f fus i3n  

caef f ic ien t  i s  a l m ~ s t  c ~ n s t a n t  as t he  t e r ~ e r a t u r ' e  i s  ra i sed .  Table I 

l i s t s  the  values 3f t he  d i f f u s i m  c3ef f ic ien t  and the  temnzrature. 

The pressure dependence 3f t he  d i f f u s i ~ n  c ~ f f i c i e n t  a t  variaus . 
temperatures i s  s l ~ ~ r n  i n  Figure 2. The s l ~ p e s  3f the  l ines .  give t he  

pressure dependence. The values 3f the  d i f fu s i sn  c ~ e f f i c i e n t  and the  

~ ~ - - e s s ~ l i r e s  a r e  l i s t e d  i n  Table 11. 



Table I . 



Table I1 



Therm3gravinletric a.na,lysis runs vcre  nmde a: b3th cms tan t  tempra-.  

t u r e  and cms tan t  p e s s w e .  I n  Figure 3 the r e su l t s  3f a run e.t c3n- 

s-ta,nt temperature a r e  ?lDtted. The change i n  weight i s  pr3p3'rt imal 

t3  the square r33t 3f the pressure. T'hi.s was t rue  i n  a l l  f 3 ~ l r  ~f the 
\ 

ruxs made, within the  ex~e r imen ta l  e r r ~ r .  Hs~~ever ,  it i s  t3 be n ~ t e d  

t h a t  the  tem?era'I;ui-e investigated s3 f a r  has been extremeljr 

l imited.  The tem~era.tures ranged frail 720 .t3 76k0.  The values 3f the  

s l m e  and t'ne temperatures a r e  l i s t e d  i n  Table 111. Tile. runs were 

made 3n saranles 3% anpr31:inmtely 7 gram.  The taka1 weight change was 

\ a b m t  three milligrams i n  .t'ne pressure regi3n 10-200 mm. Bu~yancy 

bec3mes a large e f f ec t  when w~rlring with w i g h t  changes of t h i s  h e r  

3f magnitude. Figure 4 s h 3 ~  a gmph 3f the  c3rrec'~j.m determined by 

using n i t r ~ g e n .  Bel3v~ 10 T& ' ~ r e s s u r e  the bu.oj;ancy c3r i -ec t i~n  bec3mes 

much la rger  than the m i g h t  changes and, theref3j:eJ data, f3r pressures 

l e s s  than 10 '~2111 have n3t been used. The rea.sDn f ~ r  the  large bu~jrancy 

c ~ i r e c t i 3 n  i s  m3bably therm~m~lecu.lar f l m  ~rilich i s  expected. t 3  bec~me 

imp3rtan.t i n  t h i s  pressure r e g i m e  A ~ ? a y  a.r~und t h i s  i s ,  ..Sf c ~ x r s e ,  

t3  use an Znert gas-3xygen mixture instead 5f pure xygen. II~~,rever, 

the  design 5f the apparatus a t  pi-esen-t malres such expeririients ilapractical. 

The bu3ya,ncy c ~ r r e c t i ~ n s  i n  nitT3gen were li?ultiplied by 32/28 t 3  3btain 

the apprc~kimate c o r r e c t i ~ n  i n  3xygen. 

Is3bei-ic TGA runs vere a l s ~  ma6.e. One a t  10 mm 3x:rgen presswe i s  

s!m;>in i n  Figuze 5 and m e  a t  214 lim 'in Figure 6. T'nese runs \,rere ]wide 

by increasing the .temperature by 0.8"/min. The temperature 3f the 

~ ie igh ing  was determ-iiieci f r m  t'ne arxt3ma"ic pen 3i the  chart .  PDr the  

run a t  214 mm the  weight readings were taken a t  equ.al time in te rva ls .  

The teqeraGture change 3f the furnace i s  pmgfamined t 3  be a s  near l i nea r  





a s  p3ssible. I t  appearecl t 3  be l i nea r  3ver the  temgerature range 3f' 
1 

i n t e r e s t  when a rul-er wes placed next t o  the rec~rcled trace.  Therefwe, 

instead 3f ac tua l ly  reading th.e temperatwe 3f each point the  two end- 

p ~ i n t  tem$era.t~u-es Irere 'ead. and the texperat.u.res 3f the  intervening 

p3ints  were .determined b y  in terpolat t3n.  This lras ju.stified since the 

change vas programmed .t3 be l i nea r  and t h i s  teclini_que ~;3uld smmth the a 

t r ace  3n the gra>pli 11hi.2h cofisisted 3.F ssrnll junps i n  temperature which 

a re  n3t p ~ s s i b l e  i n  r e a l i t y  because 3f the  thermal i n e r t i a  3f the furnace. 

Tl~v.s *1;'Lle p3ints i h  Figure 6 appear t 3  foim t ~ r o  r e g i ~ ~ s  trhich appr3xilm.te 

s t r a igh t  l i ne s  yie lding t-rJr, energies 3f f o r m t i z ~ n  (~;'ie;ure 6 ) ;  -37.4 

l i c ~ l  .and -12 lrcal. I n  F i w e  5 only m e  energy i s  indicated (-10.4 .kca.l). - . 

It i s  n3t p3ssible t 3  accuratel..y estimate the e r r x  j.n these measure~nents, 

Ire a r e  interested more a t  t h i s  p3in.t i n  t h e i r  qua l i ta t ive  values. 

An is3barj.c run a..t 195 mm pressure i s  shmn i n  Figure 7. This 

run was m6.e a t  a sln.rer speed, 0 .45" /~ in  and .the tein-perature was 

measured f~~ each pc~int  by using a po ten t i~me te r  instead 3f the aut3- 

m t i c  r e c ~ r d e r .  It i s  debatable ~ ihe ther  'the gya.ph s h ~ v s  t v r s  regions as  

i n  Figure 6 rr only one. 1f it sh3trs t?+.~o, they a r e  n3t as  well  separated 

a s  i n  Figme 6 and the energies a r e  d i f f e r en to  I f  fn ly  3ne l i n e  i s  

dram,  the 1ralu.e i s  abm.t -20 kcal. 

The valu-es 3f the  enthalpies given abme a r e  calculated 3n ' the  
s .  

bas is  t h a t  the s l ~ p e  i s  e q u a 1 . b  AH,// arid, hence must be multiplied by a. 

su-itable fac t3r  i f  the  ac tua l  defect  assumed 'i3 be present would give 

a s l 3 - e  equai t 3  ~ \ ~ / 2 l ?  cnr b~/311. 

Discus si3n 

I n  ~ r d e r  t 3  judge betlacen possible dif fusion mechanis~ns it i s  

necessary t 3  determine from g~~av i s i~e t r i c  analysis  whether the c31np3und 



e x i s t s  i n  a hyperst3ichi3metric 3r a hyp3st3ichi3metr.i~ condi.ti5n. i n  
I 

the range 3f tem13eyatures and pressmes t h a t  the  diffusi3n c3eff ic ient  

i s  t 3  be fileasuzed.. T'ne gravi~netr ic  s tudies  32 the prase3dymj.u-rfl 3xygen 

system inci-icate, ~ ~ V i k ~ i n  the  experimental e r r ~ ,  tha t  the .  Pr7012+6 

phase over i t s  range 3f existence i s  e ithei- hyperst~Fcl1i3metr i c  cur 

st3ichiometric, but never 11yp3st~1ichiometric. Wnen the temperature i s  
. . 

increased t 3  where 3ne ~ ; 3 ~ l d  expect the  corpm.nd t o  be 3xygen def ic ient  

it bec3mes unstable and decz~irnpses. 

'Wi-t'h these f'acts i n  mind tv3  p3ssi'ui.lities .mus.t be c ~ n s i d e r e d  f3r 
<. 

the  d e v i a t i ~ n  fmm st3ichiz1rnetry. One, 3xygen inay be taken u-p accarding 

-t3 the ' r e a c t i ~ n  

?+ o2 -' 2 VprX +OoX 
C, 3 (34 

( t h a t  i s ,  the 3xygen mag g3 i n t 3  empty D:?::rgen l a t t i c e  ' s i tes  3n .the 

surface 3f the  c rys t a l  v i t h  the  simUltane3us f ~ r m t i 3 n  3f prase~dymiurfl 

vacancies ) . Alternatively,  the excess .~xs.g;en c m l d  be  a.ccomm3dated 

i n  -the l a t t i c e  by 9ccu.pying empty i n t e r s t i t i a l  3xygen s i t e s  i n  the 

c3mp~und a s  renresented by the r e a c t i m  

~ n f ~ r t u n a t e l y ,  X-ray diff ract i3n s tudies  3f the  phase 3ver i t s  

range 3f compos i t j - ~ n  shzr e l a t  within exger imental e r r3r  the  l a t t i c e  

parameter i s  c3nstan.t. The re f~ re ,  ind i rec t  rc~esns must be used t 3  

d i f f e r en t i a t e  bet~reen these tQ3 p 3 s s i b i l i t j . e ~ .  

The s t ruc ture  s f  the intermediatz prase3dymium 3xicles havk n3t 

beeri discussed here, bu.'i l e t  it- suf f ice  t 3  say t h a t  they a r e  derived 

fr319 the  flu.3rite type ia - t t i ce  3f Pro2 by remc~vin.g 3xygen i n  an 3rdered 
. . .  

way t 3  f ~ ~ m  the corp3sit i3n desired.  Alth3ugh the intermedia.te phases 

have l-c~v~er .symrrirne.try than the  parent d i ~ i d e ,  the  meta..!.. l a t t i c e  ' i s  3nly 
. . 



s l i g h t l y  d i s t 3 r t e d  and t h e  meta.1 p a s i t i 3 n s  shil"t ,3nly slightly. 

The Pro1 .71& phase has a rh3rdo3hedral u n i t  c e l l  wi th  angles 3f 

9 9 O  23' and a = 6.750 Jt. . It m ~ y  be  c3n&idered a s  c3nsist i i ig 3f  s t r i n g s  

of oqs'gen vacancies a.t regu.lay i n t e r v a l s  a l l  i n  t h e  < 111 > d i r e c t i ~ n  of 

t h e  parent  f l ~ m r i t e  uli-it c e l l .  This indica.tes t h a t  it i s  m3re l i k e l y  

t h a t  t h e  excess sxygen a t m s  3ccu,pjr. i n t e r s t i t i a l  s i t e s  r a t h e r  ' than 

generat ing ca.ti3n vacancies s ince  t h e ,  ca t i3ns  appear t 3  b e  t h e  back- 

b3ne 3f t h e  stru-cture.  The f a c t  t h a t  s i n t e r i n g  5f these  111a.terials 

r equ i res  high tbmperatures i s  a l s 3  i n  accord with 1 3 ~  ca t ion  rn3bility. 

The d i f f u s i 3 n  data  suppx-t a  n:sdel based u.pc~n i n t e r s t i t i a l .  sxygen s ince  

Do increases  with increas ing presswe 5E Dxygen ind ica t ing  a p 3 s i t i v e  

pressure  dependence f a r  t h e  d i f f u s i ~ n  c x f f  i c i e n t  . Thus i n  t h e  ensuing 

discuss i3n it > r i l l  be assu-med t h a t  equatign (35) c 3 r r e c t l y  descr ibes  

t h e  inc3rpora.t i3n sf oxygen i n t ~  t h e  s ' t ructure.  

Equa t im (35), hmever ,  besides indica-t ing t h a t  t h e  excess 3xygen ' 

i s  i n t e r s t i t i a l  i n  nature,  a l s 3  indica-tes t h a t  it i s  uncharged. Dm 

p i n t s  a b m t  r e a c t i m  (35) have t o  be decided. I s  t h e  oxygen cha.rged 

and, i f  s3, tihat i s  t h e  charge; a l s ~ ,  i s  t h e  j - n t e r s t i t i a l  s i t e  one s f  

t h e  . "vacancies" f ~ r m e d  by remwing a n  Dxygen f r 3 m  Yr02, or i s  it any 

3f a nunfoer of o ther  i n t e r s t i t i a l  p 3 s i t i m s  i n  t h e  stru.cture? 

The q u e s t i m  s f  ~ r h e r e . t h e s e  i n t e r s t i t i a l - s  a r e  l3cated  i n  t h e  s t r u c t u r e .  
. . 

c a n n ~ t  be answered unambiguc~usly s ince  t h e r e  i s  no d i r e c t  experimental 

evidence 3n t h i s  p ~ i n t .  But i n  view 3f t h e  f a c t  t h a t  t h e  c~mp3unds. 

a r e  f3rmed by remming oxygens fr3m a f i x e d  n e t m r k  3f c a t i m s ,  it seems 

l3gica.l  t h a t  these  a r e  t h e  spaces f i l l e d  a s  t h e  c~mpaund ~ x i d i z ' e s .  I f  

a c a l c u l a t i ~ n  i s  mde nf  t h e  s i z e  3f t h e  "vacancy" i n  PrO1..ll.lt nssuaing 

t h e  st l-ucture t 3  be is~m~rph31-1s w i t h  W6Ol2, t h e  "vacancy" i s  l a r g e r  than 



. . t h e  3 ther  h3les i n  t h e  structure, having diameter 39 2.23 W .  This 

i s  l a r g e  e n ~ u g h  t o  easi1.y accom:l3date an  3xygen atam 3r s i n g l y  chargeci 

axygen, but  a  l i t t l e  sinall f3k a .  d m b l y  charged 3r:ygen having a  radius 

0 

3 '1.4 . Alth~~u-gh it has been p r ~ v e n  tha.t t h e  metal  p o s i t i a n s  i n  these  - 
ttr3 c3mp3unds: WE: i d e n t i c a l ,  the  3xygen p ~ s . i t i 3 n s  may be s l i g h t l y  d i f f e r e n t  , 

du.e t o  . . the  f a c t  t h a t  t h e  e l e c t r 3 s t a t i c  i n ' c e r a c t i ~ n s  3f t h e  two c3mp~unds 

wi th  t h e  ~ x y g e n  a t ~ r n s  w i l l  be q u i t e  d i f f e r e n t .  The mCC12 i s  c3rnpsed 

3f hexavalent and t r i v a l e n t  cati3ns, while PT7012 canta ins  t r i v a l e n t  and 

quadr3valen-b c a t i ~ n s .  The X-ray technique used f3r t h e  s t r u c t u r e  deter -  

rninatians i s  not p a r t i c u l a r l y  s e n s i t i v e  t 3  , t h e  p 3 s i t i ~ n  3f  l i g h t  a t ~ m s  

i n  a  heavy at3m matrix.  Thus, ' t he  c a l c u l a t i 3 n  3f t h e  s i z e  3f the  i n t e r -  

s t i t i a l  h3le may be i n  errDr. The c e l l  parameters and t h e  i n t e r a x i a l  

angle  f 3 r  t h e  t ~ m  c ~ m p ~ u n d s  based up3n t h e  rlicrmb~hed.ra1 c e l l  a r e  

C ~ n s i d e r  n3tr t h e  p ~ r t i ~ n s  3f t h e  curves i n  Figure 2, which have 

an  a c t i v a t i 3 n  energy 3f 18.7 kcal .  An attempt w i l l  be made t 3  oh331 

that , .  a s  f a r  a s  t h e  da ta  c o l l e c t e d  up t o  t h i s  p i n t  a r e  c ~ n c e r n e d ,  

t h i s  p s r t i a n  3f t h e  curves'c3,n be explained 3n t h e  b a s i s  of the re  

being 3ne type 3f defect  f a r  t h e  p a r t i c u l s r  pressure  and temperature 

range aver \rhich t h e  curves w e  l i n e a r .  

One 3f t h e  prirmry reasans f 3 r  'making t h i s  assumptim i's tha.t 

t h e  a c t i v a t i 3 n  energy f3r t h e  d i f f u s i a n  p r ~ e s s  i s  t h e  same a t  b3th 

pressures .  I n  a d d i t l ~ n ,  t h ~ u g h ,  t h e  enthalpy 3f formatiz~n 3f t h e  

de fec t  i n  these  r e g i ~ n s  a s  d.ete:cmined f r ~ m  t h e  TGA +13rlr seems t o .  

i n d i c a t e  t h e  same energy a f  f ~ r m t i ~ n  f a r  the  defect ,  a ,ppr3xirately 



-11 l ~ c a l .  If t h i s  i s  ta-ken a s  a. fa.c-b, even -Lh~v.gh t h e  TCrU data  a r e  n3'i 
I 

conclusive on t h i s  p ~ i . n t ,  t h e  11e:.;i; questioii  i s  t h e  pressure  .dependence 

3f t h e  diff 'usian c ~ e f f i c i e l i t :  The pressw% dependence was measured and 

found t 3  be ( see  Figure 8). C3risider t h e  react:ion f o r  t h e  i n c o r c ~ r a . t i 3 n  

of ~ ~ y g e n  gas . in to  t h e  solid. t3  form ne~l.tra.1 i n t e r s t i t i a l  oxygen a t m s  

.$a2 + V i  4 c i  
1 .-- 

, with  K1 = [ O i l  Ro2e 

3r solving f 3r t h e  cancentra t  i3n of i n t e r  s t  5.t  ial. 3xygen at3ms 

1 - 
[Oi :  = KL Po28. ( 36  1 

The concentrat ion 3f i n t e r  s t  Y b i a l  Dxygen a."iins s r ~ s l d  ciiaage with t h e  

square r o o t  of t h e  Dxygen 'pressure, thus  it can be ru led  3ut a s  the  

de fec t .  

The i n t e r s t i t i a l  a t m  could yiclr up an  e l e c t r ~ n  t 3  form a nega.- 

t i v e l y  charged oxygen according t o  the  r e a c t i c ~ n  

which y i e l d s  . = [o:]~ 
Coil ' . - .  

S e t t i n g  LO$] = P t h e  e q u a t i m  beconies 

L 
[0{-J2 = I;l& Peg: 

and the  pressure dependence of t h e  de fec t s  i s  

A n ~ t h e r  defect  r e a c t i m  which may be p3stiiLated i s  

I 
O i  -). (oih) + h O .  . 

yie ld ing  

K3 = [ ( o i h ) l l p  
[ O i l  

f3r ~rhic l i  t h e  pressure dependence i s  



I n  these e q ~ a t i 3 n s  t e r 3  snecies haviug a pressure dependence 3f 

me-quarter  have been p3stu.lated. The f i r s t  defect  i s  a s ing ly  charged 

oxygen i3n and a d i s s ~ i a t e d  hsle; the  secocd consis ts  3f an a,sssciated, 

daubl-~. ccha..rged 3xygeii and h d e ,  plus a dissscj.a.ted h d e .  T'nese a r e  ns t  

bath .in the  s3 l i d  a't the  same tj.me, f 3 r  i f  they were, the  c3ncentraticsn 

3f the  p w t i c u l a r  deTect could n3.t have been s e t  equal t3- ' the  cancen'crs- 

t i 3 n  3f the  ~ 3 s i t i v e  h3le. 

The dif ference between the  t w 3  types 3f defects i s  subtle;  t h a t  

is, b ~ t h  c3nsis9t 3f .t;T~3 parts--a h3le 8.~16 a negative1.y c'ha.rged .s?ecies. 

H ~ w e v e ~ ,  i n  3ne case the  n e g ~ t i v c  charge c m s i s t s  3f t ~ s 3  associa.ted 

s ~ e c i e s ,  while i n  the  ~ t h e r  t he  negative charge i s  a s i r n ~ l e  s ~ e c i e s .  

With the  infcmm,ti3n a t  hand a c h ~ i c e  bet7:reen these t w 3  defects  cannat 

be made. 

I n  the  d i s c u s s i ~ n  thus Tar, it has been assumed t h a t  t h e . s c t i v i t y  

c ~ e f f i c i e n t s  f3 r  d t h e  s ~ e c i e s  a r e  3ne, a fat$ unverified experimenta:lly 

and p e r h a ~ s  3 p e n . t ~  scrims auestion s ince the  h d e s  a r e  f3rrfied by the  
. . 

r e a c t i ~ n  

and the  . h ~ l e . s  a r e  the  ~ r + "  i m s .  The c3mgsund r l ready csntains a la rge  

number ~f plus-fsur ic~ns.  It i s  assumed, hatiever, t h a t  since t'ne c3m- 

p ~ u n d  i s  r e l a t i v e l y  s tzble ,  it has a unique electr3nic s t ruc twe  and 

t h a t  when t h i s  i s  d i s tu r l~ed  by. addirlg hz~les,  the  a c t i v i t y  c ~ e f f i c i e n t s  

a r e  nearly m e .  , 

Assunir;.ng the  defect  t3  be 3ne 3f t he  t > r 3  t~ rpes  emsidered and 

hence c ~ n s i s t e n t  wi th . the  data a t  present, t he  energetics sf the  

d i f f u s i ~ n  ~ r a c e s s  'can be examined. I n  i t s  sj.mplest forgiulati3n the  

/-- 

d i f f u s i m  c3eff i c i e n t s  can be ;krFtten a s  

D = D:F: .I .I. (40) 



vhere D i s  the  measured d i f fus i3n  c ~ e f f i c i e n t ,  D i  i s  the  i n t r i n s i c  d i f -  

fus i3n coefficieflt,  3r the dFffusi3i-I caeff  icien.t of a d.efect . The .term 

Fi i s  the  a t m  f r a c t i s n  3f %he defects .  This Lat ter  term i s  purely a 

therrn3dynamic term and is  given. by the  e x p r e s s i ~ n .  

G . = AS?/R --LI;/E!/RT 
yi o! e e 

trhere A G O ,  AH0 and AS' a re  respec.tively the  Gibb's f r ee  energy, enthalpjr. 

and entrz~pjr 3f fbrnm.ti3n 3f the  defects .  F3r the  species p r3psed  

above, the equilj.briun1 cons.tanl; can be wrj-tten 

. 5 

and s e t t i n g  [ ( o i h )  ] = P and s31vinC fo r  [(oih) '1 the  temp,. aratuiie and 

dependence i s  

[(oih) = BK; $ P e - b ~ 0 / 2 ~ ~ .  
O? (4 -1 )  

Subs t i tu t ing  t h i s  i n t 3  the  e q u a t i ~ n  f s r  D, the  resu.1-b i s  

This express im indicates  t h a t  thd  d i f fu s  i3n c ~ e f f  i c i e n t  sh3uld be 

przqprt i3nal  t 3  the  f su r th  r33t 3f the  pressun, a result; which was put 

i n t 3  t he  m ~ d e l  thr3ugli the  ch3ice of ' t lie defect  .' It a l s 3  indicates  th.at 

- -. - -  A h -  - - AH* - . . AHact.- 
R 2~- - - -R 

ATJ.ict = .AHrn + I;,PI,-/~. (43  1 

This equati3n a r i s e s  because t he  1lu1:1ber' of defects  a t  c ~ n s t a n t  
I 

pressure of 3xygen changes a s  t he  t empera t~ re  i s  changed. The e n t r ~ p y  

terms i n  tile expressisns abme have been assmed. t o  be independent af 

temnperat~we . 
The infkrrnati3n kn31hrn i s  emugh .I;s estimate Allrn. The activ2.t i3n \ 

energy i s  .I.asvrn f r ~ m  the tempesature dependence of the  d i f fus iz~n  



c ~ e f f  i c ien t  and the ent'nalpy 3f f3rmati3n of the i n t e r s t j - t i a l s  has been 

estimated f r 3 m  the  TG.4 runs. t!e have va-lu-es 3f b3th -40 and -22 kcal 

for  the enthalpy 3f f 3 r n ~ t i ~ n .  These va.lues give respect ively 8.7 

and 13.2 k c a l  f3r  the erihalpy 3f 1n3ti3n. k t  t h i s  time, it i s  n.3t 

p ~ s s i b l e  t 3  say which value i s  c3~rec . t .  Further experinlents w i l l  be 

necessa.ry t 3  decide. 

I n  accardance s:i.th the  f ac t  thak the  d i f f u s i ~ n  czIefficient i s  

dependent 3n the f c ~ ~ r t h  r33t af the  Dxygen pressure , ' the  pre-expz~nential 

terms i n  the  expressi3n f3 r  the diffu.si3n c m f f  i c i en t s  a t  30 afid 214 mm 

pressure sh31iJ-d be i n  t h i s  r a t i a .  Tne r a t i ~  may be expressed a s  

and s3lvine f3r  n 

n = log ( D ~ , / D ~ , )  / log ( P l / ~ 2 )  

and subs t i tu t ing  the experinlental values 3f th.e parameters the  r e s u l t  . . 

. ,- 

Althwgh n i s  n3t equal t 3  0.25, t he  agreement i s  c3nsidered sat-  

i s f a c t ~ r y  since the  range 3ver >rhich the d i f f u s i ~ n  c ~ e f f i c i e n t  was 

measured was l imited and the e x t r a p ~ l a t i ~ n  required t 3  3btain Do was 

qui te  l m g .  The e x p r e s s i ~ n  f3r the d i f f u s i ~ n  c3efficien.t can n3+r be 

where the pi-e-e:ip3nentia.l f  a c t ~ r  i s  the  average 3f the values calculated 

a t  the d-ifferent pressures. 

Unt i l  the discrepancy 'in the TGA w3rk i s  reszIlved, there  i s  pr3- 

bably very l i t t l e  value i n  t ry ing  t 3  analyze .the cui-ves fu.rther as, f a r  

a s  .specific mzchanisms and d.efecl;s a r e  concerned. 



The d i f f u s i ~ n  data,  hnre:rer, d.3 seen t 3  be c3nsis.i;ent. t 3  t h e  

ex ten t  t h a t  both t h e  i s3bar ic  a.nd i s ~ t h e r m . 1  d i f f u s i m  runs ind ica te  a 

brea,l.: i n  t h e i r  b e h a , v i ~ r  a t  820' ( see  F'igmes 2 and 6) .  The l a rge  

presswe dependence 3f 0.38 a t  760" is  i n  agreement w-ith t h e  disc3nti.nuity 

observed i n  t h e  a c t i v a t i m  energy run a.t 214. rm press-me. 

It s h ~ u l d  be ps in ted  3ut t h e  absolute  value 3f t h e  diffu.si3n 

c ~ e f f i c i e n t s  given here c m l d  be i n  e r r c ~ r  by an 3rder 3f rnagnitu.de and 

shauld be c~ns ide rec l  a s  an upper l i m i t  t3  the  r e a l  value. There a r e  a 

uu~foer 3i' reas3ns f 3 r  t h i s :  1 )  t h e  rad ius  3f t h e  spheres used f 3 r  t h e  

c a l c u l a t i ~ n  3f t h e  d i f f u s i 3 n  c ~ e f f  i c i e n t  was t h a t  3btained'  frm t h e  

average 3f t h e  s ieve  s i z e s  u.sed f ~ r  separa t ing t h e  spheres, 2 )  t h e  sarcple 

i s  defj.ilite3-y p lyc rys ' t a . l l ine  and t h e r e f r r e  c ~ n t a i n s  gra.in bmndar ies ,  

and 3)  t h e r e  i s  d i f f i c u l t y  i n  3btaining r ~ h 3 l e  spheres which a r e  n3t 

s l i g h t l y  b r ~ k e n  because 3f t h e  phase t r a n s f ~ r r m . t i 3 n  which must be 

made i n  t h e r e  p r e p a r a t i m s .  

It i s  bel ieved,  h31,?evei-, t h a t  t h e  sa~nj?le has, n3.l; clia.~ged s i g n i f i c a n t l y  

during t h e  ,ccn.kse 3f t h e  run and, t l i e r e f ~ r e ,  t h a t  t h e  r e l a t i v e  values 

3f t h e  d i f f u s i ~ l i  coeff  i c i e x t s  a r e  c3rrec.t. 

The r e l a t i 3 n s h i p  b e t m e n  t h e  pressure  dependence and t h e  diffu.- 

s i 3 n  c ~ e f f i c i e n t  and 3f t h e  excess Dxygen i n  Pr01.714 has n3t been d i s -  

cussed. I n  t h e  sirfiplest case t h e  pressure  dependence.3f the  t-c.13 sh3uid 

be equal; h~nrever, i n  t h e  nieas'inernents s d e  thus  far ,  they a r e  n3.t. 

The r e a s ~ n s  f3i- t h i s  a r e  n3t !mcr!-rn, and t h e  measurements w i l l  n3t  be 

discussed u n t i l  they a r e  m3re f i rmly es tabl ished.  
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I n t r ~ d u c  t i3n 

The pseud~phase r e g i m s  i n  .the PrOx-O2 system remain a primary 

i n t e r e s t  a s  these a r e  perhaps the l e a s t  wel l  understmd areas.  It 

i s  h3ped t h a t  the  study v i l l  give informaati3n c3ncerning the r o l e  3f . 

d i s ~ d e r - o r d e r  t ransf  ~fma.tims i n  these regiaris . The riiicradarra:i.ii 

concept whJh:~ch seems t 3  be the  m3s-t reasosable explanati3n 3f rnuch 3f 

the n3nclassical  b e h a v i ~ r  experienced needs t3 be rigorously examined 

i n  the l i g h t  of X-ray evidence. The Guinier high temperature camera 

i s  n3.1 i n  use and w i l l  give the  m ~ s t  detai led inf~runation possibly 

a t ta inable  by p31~der meth3ds. The diffrac.t3me'ter study reported here 

has yielded s3me use121.1 inf3rmati3n c3ncernj.ng the  at r e g i ~ n  but the 

i n t e r p r e t a t i ~ n s  roade can be regarded 3nly a s  ten ta t ive  due t 3  the 

lack s f  c3mplete detai led da.ta. 

The High Tempera.ture Diffract3meter 'system 

The d: i f f ract~meter  system has been m3dif ied i n  ce r t a in  respects 

since l a s t  described (see p r e v i ~ u s  rep3r"c; f o r  a c3li1plete descripti3n 

3f the apparatu.~) .  The in tens i ty  3f a given r e f l e c t i m  has been 

dmbled by i n s t a l l a t i 3 n  3f a b r ~ a d  f,3cds wpper tube while res3lutj.3n 

appears t 3  be l i t t l e  affected.  Unfortunately s u i e r l a t t i c e  re f lec t i3ns  

~f the ~ r d e r e d  phases undetectable bu-t t he  i r t rp r~ed  in tens i ty  

i n  the  high angle regi3n a l l m s  m3re accurate l a t t i c e  parameter deter-  



I n  order t 3  extend. m x i m  tenperatures atta,inable a t  m e  a t m ~ p h e r e  

pressure, a second auxi l ia ry  furnace was in s t a l l ed  in  the chamber. This 

~ t - 1 6  Rh winding (alumina supp&t ) remains i n  the  chamber when the 

main furnace and sample a r e  remwed. . Po~ier feed thr3ugh i s  v ia  a Conax 

gland which i s  tapped in to  the  op t i ca l  view port: The auxi l ia ry  furnace 

i s  c ~ n t r ~ l l e d  with a small variac.  The maximum temperature now a t t a in -  

ab l e  a t  730 mm O2 pressure is  1160" 

In order t 3  eliminate the step2ed temperature.changes and the c3n- 

s t a n t  a t t en t i ?n  prebi;usly required when making a run, the  22 ampere 

P m e r s t a t  which controls .the main f'urnace has been cmpled t 3  a 

var iable  drive DC mot3r by two 150:l gear reducers. The design 

allrsws use of 3ne 3r. b ~ t h  reducers giving . au tma t i c  increase 3r 

decrease i n  temperature a t  r a t e s  varying between 1000~/'nr and 1o0/hr. . 
The High Temperature Region 

i n  t he  'Prox-O2 System 

The cornp3sitim region Prolpe8 - has been extensively . 
investigated by the thermogrivimetric technique.' A t  l m  pressures' 

phase changes appmach c l a s s i c a l  b e h a y i ~ r .  . A t  higher 02 pre.ssures 

(P > 500 mm) the  curves shmn in Figure 1 have been interpreted i n  

terns 3f the f 3llowing t ransf  3mt i m s  : 

Transformati3ns 1 and 7 zre  seen t 3  be more cz~mplete and the pseud~phase 

at ( s3  cal led due t 3  i t s  r e p r ~ d u c i b l e  bivar iant  character)  s h i f t s  t 3  

2 
higher  c3mposition the  higher the  pressure. A previous Ynvestigatim 

of t h i s  area  with the  diffractc~meter did not yie ld  X-ray evidence fo r  

the  prgp3sed phase changes. F3r t h i s  reason a more detai led s tudy was 

made a t  severa l  pressures. 



Experimental Par t .  --Praseodynium oxide of 99.99% pur i ty  (with 

respect  t o  r a r e  ea r th )  and supplied by the  American Potash and Ch, ~ l n i c a l  

Corporation was applied t o  0.030" a l m i m  s l i d e s  v i a  a toluene s lu r ry  

and mounted i n  t he  high temperature chamber. -Runs' 36, 37, 38, 39'were 

made with t h e  sane sample. Runs 41 and 42 were m d e  with two new 

samples. In a l l  cases a pretreatment o f .  several  hours pumping at  

-- 600' was car r ied  out ins i tuo .  Although i n  many cases complete scans 

were t&en the  per t inent  information is best  gleaned from an examination 

of the  pseudofluorite (200)  re f lec t ion .  Traces of t h i s  peak as a 

function of temperature a r e  shown. i n .  F imres  2, 3, 4, 5, 6,' 7, and 8. 

Heating a t  730 min +.Pressure,  -Run 36.--~s 'shown i n  Figure 2, at 

7460 only pure alpha i s  seen, but by 867' there  i s  approxira te ly  3% t. 

At 98T0there a r e  c l ea r ly  th ree  peaks, with t he  alpha peak i n  t h e  

center  but sh i f ted  toward t he  ut (220) (higher 20).  Relative i n t e n s i t i e s  

as estimated w i t h  the  DuPont curve resolver  indicated t h a t  38% a l p h a ,  

s t i l l  remained. A t  1057' t he  (220) CY r e f l e c t  on a p p a r s  t o  be sh i f ted  

toward t he  (220) at peak indicat ing.  reduction of the  alpha phase. 

There does not seem t o  be a change in r e l a t i v e  amounts of t he  two 

phase's. It is noteworthy t h a t  -although the  (220) .a peak overlaps the  

(220)  UL. peak more than it does t h e  (220) oz, t he  l a t t e r  appears t o  : 

be more intense.  This sane obsermtion i s  made i n  o ther  experiments 

and i s .  a reproducible phenomena. The next scan taken a t  1123°shows 
u 

only the  o phase. 

Cooling a t  5Q0 mm 02. Pressure, Run 37. --At t h e  conclusion of Run 36,' 

t h e  pressure was lowered t o  500 mm and the  cooling cycle.begim. A t  

t he  maximum temperature a broad low in t ens i t y  peak appeared. on t he  

low angle s ide  of the  (440.) a (pseudofluorite (220)) ref lect ion.  which 



pers is ted a t .  lower temperatures. This is  apparently t he  r e s u l t  of 

a p a r t i a l  react ion most probably with the  alunina s l i d e  on which 

the  sample r e s t s .  There a r e  fu r the r  indications from the  tensimetric 

work t h a t  react ion with alumina does take p l a c e . t o  a small extent a t  

e levated temperatures. The r e f l ec t i on  at 1083' shows s p l i t t i n g ,  

whkh i s  not cha rac t e r i s t i c  of a1 a2 resolution.  Although not shown, 

the  (311) r e f l ec t i on  shows.even more c l ea r ly  t h e  growth of a. second 

phase having a smaller l a t t i c e  ~ r a m e t e r  and thereforemore oxidized 

than the  a phase. The growth is  not . t yp i ca l  of t growing i n  a (Run 42) 

but appears t o  be o - a .  The next scan a t  1031' shows 75% conversion 

t o  w with t h e  (220) a peak nearly entered between the  (220) - (220) at 

pair .  A t  99h0, the  a peak is  sh i f ted  s l i g h t l y  toward the  (520) c r t  

r e f l ec t i on  and may have . los t  some in tens i ty .  A t  960°, the  (220) a i s  

l i t t l e  more than a low angle shoulder on t he  a t  (520). A t  930' t he  . 

conversion t o  at  appears complete. We a r e  observing here the  conver- 

s ion  (a + a), -. (a t  + a ) .  It appears t h a t  when at  grows t o  about 75% 

of t he  who.le, the  remaining alpha converts t o  at  only a f t e r  oxidation 

t o  some composition grea te r  than a t  has occurred. It seems qu i te  
. . 

- c l ea r  i n  t h i s  exper.&ent and those fo l l o~? ing  t h a t  t h e  conversion of 

t o  c u t  is  e s sen t i a l l y  complete wel l  above 900'. (on the  oxidation 

cycle)  and one is very.hard pressed t o  explain t b e  X-ray data  i n  

terms of t h e  tensimetrkc r e s u l t s .  As' sh9wn.h  Figure 1, the  thermo- 
., 

grams show a higher composition on the  oxidation cycle u n t i l  about 

825'. It i s  necessary t h a t . a s  much a s  4 6 . u  be  resent. t o  give the  

compositions indicated by the  tensimetr ic .work.a t  temperatures where 

only a t  is. seen by X-rays. This problem has not been.resolved.  

. 



Heating a t ' 500  P I  O7 Pressure, Run 38. - -~t  the  cc1nclusi3n 3f Run 37 

the  s a m ~ l e  was taken thraugh s . n ~ t h e r  heating-c3bling cycle i n  an e f f 3 r t  

ta 'determine the s e r i ~ u s n e s s  3f the  c3ntaclinatim pr=iblem since there  

was evidence t h a t  t h i s  sample had undergz~ne same react ign with the 

substra te .  Al th~ugh the f resh  sa .qle  (Run 36) dec3mpc~sed t 3  a a t  

U23' and 730 rim 0.7, t he  reacted sample was n3t c3mpletely reduced 

t 3  a even a t  a nressure 3f 150 m a  02 and a. t em~era tu re  3f l140°. In 

the  c ~ r s e  3f the  run, several  c3mpetitive r e a c t i ~ n s  appeared t 3  be 

taking place, one ~ f - ~ r h i c h  tras p r ~ b a b l y  at -. a. 

C o 3 l i n ~  a t  730 mm O? Pressure, Run 39.--At the  end of the  500 mn 

heating bramch 3f the  cycle the  sample tras putrqed '3n (at. 1 2 0 0 ~ )  u n t i l  

the  C -.'A t r ans fo rma t i~n  occurred ( n s t  c3mpleted). The pressure, 

was then adjusted t 3  730 mm 0; and the 220 r e f l e c t i m  %?as &served 

while c ~ o l i n g .  The scans are shmn i n  ~igur? 3. A t  10glOa l n ~  angle 

s h ~ u l d e r  a>pears vhich grnrs with c ~ n t i n u e d  c m l i n g  a t  the  expense 

3f the  main peak. A t  1050" the main peak i s  c l ea r ly  s p l i t .  IJe a r e  

3bserGing then t'ne g r s d h  3f ut i n  a phase having a smaller l a t t i c e  

parameter and therefore higher camysi t i sn .  The 3nly phase of higher 

cgmposition knmn a t  t h i s  temperatu-re i s  a. The a + cu c~nve r s ion  

thus must have ~ c c u r r e d  a s  the  pressure was increase.d f r s m t h e  vacuum 

c o n d i t i ~ n  t o  730 mm 02. Accsrding t 3  the  them3gravimetric data, 

the  ry -+ cu 3xidation dses n ~ t  .3ccur u n t i l  under 1100". A t  1021°, the  

, diphasic c m d i t i m  i s  s t i l l  evident but by 989' the  a phase i s  seen 

3nly as  a ,191 angle s h ~ u l d e r  3n the at (220). Although not a s  c l ea r ly  

seen a s  i n  the  500 mn run there  d3es agpear t 3  be s3me s h i f t  of the  

cr peak t 3  higher 28 values r e l a t i ve  t 3 . t h e  at peak ~ 3 s i t i 3 n s  indica- 

t i n g  3 x i d a t i ~ n .  The l a s t  scan a t  941" sh3llr.s ~ n l y  s l i gh t  evidence 3f a .  

The asymmetric form 3f the d3uble pea!< s h ~ u l d  be n ~ t i c e d .  



Heating a t  735 mm @ Pressure, Run' 41.'- he (220) re f lec t ions  a s  a 

function of temperature i s  sho~m i n  Figure 4. The pure cz peak i s  shown 

a t  ngO. A t  881' conversion t o  a c ~  i s  about 5@ complete. A t  9 4 '  cc 

is s t i l l  i n  t he  oxidized form and i s  not c l ea r ly  separated 'from the. 

at (z20), but a t  1005' t he  s h i f t  t o  lower 28 i s  pronounced-, with t he  

a peak near the  center  of t he  cut (220) - (220) doublet. The s h i f t  t o  . .. 

lower 28 continues as the  temperature i s  increased with no s ign i f i can t ;  . 

intensi ty changes. A t  logo0 thc  a (220) and at (220) pcalrc a l m o ~ t  

overlap. A t  1105', the  reduction t o  o i s  observed a s  a decrease in the  

at (220) i n t ens i t y  and by 1133' there  appears t o  be only onephase 

present (a) ,  .though poorly c rys ta l l i zed .  

Cooling a t  635 mrn O;, Pressure, Run 41.--0n t h e  cooling cycle there  

appears t o ' b e  a very broad low angle shoulder at  a l l  temperatures 

which i s  present ly  a t t r i bu t ed  t o  a react ion with the  alumina support. 

A t  1135' the  main peak appeared t o  be single,  but a t  10870 it was s p l i t  

equally with a peak separation of 0.10' 28. Although presence of t he  
-- . 

at (220) r e f l ec t i on  is not c lear , .  peak posi t ions  indicate  t h a t  t he  low 

angle peak must be a, the  high angle peak being the  at (220). Here 

again t he  a -,cz conversion occurred a s  t h e  pressure was ra ised.  A t  

1081' the  growth of at i s  more c l e a r l y  seen by t h e  appearance of a low 

angle shoulder. The growth is: rapid and a t  ,10670 only about.  2* cu 

remainea. A s  t he  temperature was f u r t h e r  lawered, the  a peak s h i f t  was 

not c l ea r ly  seen, but i n  comparing the  1038' and 1011' scans there  

again is some indicat ion of a s h i f t  t o  higher 28 values, .demonstrating 

the. ared - wox react ion.  A t  9 0 '  there  appeared t o  be only t he  uo 

pseudophase. 



- . . - - . . . . . .  . . . . . 

Heating a t  20 rmn O7 Pressure, Run 42.--A 20 mm 3xidati .m-reductim 

cycle was. made f o r  pu-rp9ses 3f c3mparis3n. As .  .shmn i n  Figure 5, with 

heating, the  reduced phase appears i n i t i a i l y  3n the In? angle s i d e .  

~f t he  main peak. The abserved break t 3  cr a t  936" i s  nearly the same 

as fmnd  in . the tensimetr ic  w3rk (932"). 

Co3ling a t  2 0 . m  OpPressure, Run 42.--The usual  1 3 7  pressure 

t ransfmnat i3n  with c o d i n g  from the  a regi3n i s  seen. a s  a g r s r th  

an the  high angle s ide 3f the  main peak. It shmld  be n ~ t e d  t h a t  

t he  a - t ~ x i d a t i ~ n  a t  904" agrees wel l  with the  910: temperature 

abserved i n  the  tensimetric m r k .  . .  

Heating and C33ling Cycles a t  732 mm 0, Pressure 3n a.Platinum 

Base, Run 45.--Since there  appeared t 3  be a c ~ n t a m i n a t i ~ n  prciblem a t  

t he  temperatures reached i n  these experiments, a run was made 3n a 

platinum base. The r a s ~ , ~ . l t s  as s'narrn i n  Figmes 7 and 8 give the 
r 

same in f~ rma t i3n  a s  seen using the  alumina base. The sample d id  n9t 

adhere wel l  . t3  the  Pt and the  run was hampered by the appearance of 
, 

the Pt (200) l i n e  (na t  s h h  i n  the  f igures )  3n the 1nr angle s ide  

af the  (220) oxide re f lec t ions .  

Discussi3n.--The t en t a t ive  i n t e r p r e t a t i ~ n  3f the  r e s u l t s  thus f a r  

.abtained i s  n3t i n  c3mplete agreement with  t h ~ e  made i n  t'ne tens i -  

metric w3rlr. The agreement between runs 3n Pt and alumina bases is  

g39d i n  t h a t  i den t i ca l  phase changes a r e  abserved, hnrever, there  

d3es appear t3 be a temperature s h i f t  3T a s  much a s  50" which i s  n3t 
' 

explained. 

In general, on a heating run, the  grznrth 9f CYL i n  cu is  slm. As 

t h e  temperature i s  raised,  a s  shmn i n  Figure 9, the p3si t i3n 3f the a 

(220) ,'peak and hence i t s  l a t t i c e  parameter changes regularly.  ' It i s  , . 



n3t c lear  a t  t h i s  time whether 3r n3t there  i s  a change i n  s l ~ p e  3f 

the prameter  vs temperature curve a s  i s  suggested by the  data when a 

becomes a m i n ~ r  second phase. I f  it is  assumed t h a t  when an alpha 

peak is  s i tua ted  at  the center 3f the at d ~ u b l e t  t h e i r  comp3sitims 

a r e  the  same, it i s  necessary t h a t  a t  the  higher temperatures, alpha' 

has a l n i e r  c31qosition than at 3r t h a t  an a 4. a t r a n s i t i o n  occurs 
. . 

withcut any apparant disc3ntinuity.  It does n ~ t  seem t h a t  the a 

p r i s r i  assumptim i s  necessarily correct  but t h a t  a t  equal c~mposi-  

t igns  the a parameter may be la rger  than t h a t  3f at. '  Thus a s  the  a. 

(220) peak m3ves alm3st under the  ciz, (220) reflection, '  it i s  not neces- 

sary tha t .  the  overa l l  composition f a l l  beiow t h a t  of what we w i l l  c a l l  

a "ppelf.cct pseudophase. A t  t h i s  point there  i s  no c l ea r  evidence 

f a r  a complete conversic~n t 3  alpha a s  suggested by the  tensimetric 

wgrk. I n  summary then, the  3bserved changes with reduction are:. 

CYax ( 2 3 ~  + at at + ared  0 

With cmling,  a cmple t e  a -+ & change i s  seen 3nly ind i rec t ly  

by the g r d h  of at 3n the  ..- l m  angle s ide of the  . . (220) ref lect ion.  
.. . 

The anmal3usly high posi t ion f3r the  (220) r e f l ec t ion  at  t h i s  stage 

may be re la ted  t3 a difference i n  l a t t i c e  parameter between pu re ' a  

and t h a t  3f a when a min3r phase. As indicated by t h e  d3tted l i n e  

i n  Figure 9, t h e . l a t t i c e  parameter i n  the  farmer case may be smaller 

than f a r  the  l a t t e r .  As the.temperature i s  lnfered there  i s  jn ly  a 

s l i g h t  . sh i f t  3f t'ne a peak t o  higher 28 ( r e l a t i v e  t 3  the at d ~ u b l e t )  

befare what appears t 3  be nearly cgmplete convers-ion t 3  at ~ c c u r s .  

On the bas i s  of the  X-ray data one w3uld have t 3  csnclude t h a t  a t  

920' f a r  example, there  i s  msre alpha on the  reductisn path than' 

in gxidatign' which i s .  c ~ n t r a r y  , t3 e x p e c t a t i ~ n s  f r ~ m  t he  TGA w3rk. 



. - 7  . . , . .  . . . . . . . , . . .  

The p ~ s i t i ~ n s  3f the  tr.rz at peaks. d3 n3t appear , t3 be &ch sh i f ted  

in comparing heatir-g and c m l i n g  scans at s imilar  temperatures. The 

changes seen y i t h  3xidati3n are: 

Althmgh there  i s  n3 d i r ec t  gbservat im 3f e i t he r  a + a  3r 

at -..a t3 the extent seen i n  the  tensimetric wwk, there i s  l i t t l e  

doubt t h a t  b ~ t h  r e a c t i m s  do occur. 

There a r e  ~3lile p s in t s  which a r e  v3rthy 3f fur ther  d i s c u s s i ~ n .  

I n  t h e  preceding acc3unt n3 mentim 3f the pure t phase has been . 

.made. There i s  n3 X-ray evidence (and a l s o  n3 tensimetric eGidence). 

t h a t  one ever 3b ta ins . a  pure t phase a t  these higher $ressures. The 

questis; a s  t3  what r e a l l y  i s  t h i s  pseud~phase (a t  ) c a n n ~ t .  be .answered 

here  but there  a r e  perhaps a few per t inent  ppoints. It i s  ~bse rved  

t h a t  t he  (z20) peak of t he  rhombohedra1 doublet i s  of greater  in tens i ty  
- - 

than the  (220) f o r  the  ur, phase, whereas f o r  pure L these re f lec t ions  

must have equal intensi ty .  The' simplest eAuplanation f 3 r  t h i s  which 

a l s o  explains nicely the higher c 3 q 3 s i t i 3 n  ~bse rved  i s  t h a t  an a. 

'(220) peak i s  hidden under the  z, (520) envelope. There i s  l i t t l e  change 

in the.  i n t ens i ty  r a t i 3  of t h i s  doublet with.change in hemjerature 

which w ~ l d  mean t h a t  the  "hidden" alpha phase i s  e x t r a ~ r d i n a r i l y  

s t ab i l i zed  with respect  t 3  reduc t im.  There i s  evidence already d is -  

cussed tha t .an3ther  kind 3f cu i s  a l s 3  s3mehmr.stabilized (s ince it.  

d ~ e s  n3t c ~ n v e r t  t 3  u t )  but t h a t  t h i s  cc i s  subject  t:, 3 x i d a t i ~ n  and 

r e d u c t i ~ n .  The extra3rdinary s t a b i l i z a t i ~ n  requirement makes the  

simple answer n3t .very acceptable. It i s  h ~ p e d  that the  . high r e s d u -  

t i o n  N3nius-Guinier camera w i l l  give a msre c l ea r  understanding 3f 

t h i s  reg i jn .  



a s  a F u n c t i ~ n  3f Pressure . . . . .  

Lat t ice  p&ameters of the  d i s ~ d e r e d  a phase have been. determined 

a t  638' a s  a f ' unc t i~n  3f Dxygen pressure,  ( ~ u n  44). A s  sh3.m i n  

Figure 10, there i s  ' a  regular v a r i a t i ~ n .  The ca r r e l a t i sn  3f para- 

meter t3 c=rmp3siti3n w i l l  be made a s  the  data bec3mes'aimilable 

f'rom the de ta i led  tensimetric study present ly  being made. 

The N ~ n i u s '  Guinier-Lenne. 

High Temperature Camera ' . '  

A new Ngnius Guinier-Lenne high temperatim camera has been 

aligned' and 'a number of preliminary exp~su res  taken. Res3luti3n i s  

su f f i c i en t  t3  dist inguish.  the  f i n e  s p l i t t i n g  of the  main l i n e s  bf a l l  

the  3rdered phases. ,Supers t ructure  r e f l ec t i ans  a r e  a l s 3  seen with 

longer expqsures and the  temperatures 3f phase changes'as jbserved 

with the new camera a t  a heating r a t e  of l e s s -  than 2'/hr agree well  

with those determined by . the tensimetric meth3d. . . . .  

The vacuum system shzm i n  Figure 11 enables c 3 n t r ~ l  3f pressures 

i n  the  ranges 1 x 10" - 5 x loe3 mm (via the  ion guage and Granville 

Ph i l l i p s  leak valve) and 1 - 800 mm (with the Wallace and Tiernan d i a l  

m n ~ m e t e r ) .  The system has been pumped dnrn t 3  3 x 10'~ t ~ r r  and the  '. . . 

pressure an a 10 mm run did n3t apl?ear t 3  change 3ver a peri3d 3f 

four ' days . 



W e ,  B. G., Bevan, D. J. M., and wing, L., Phi l .  ~ r a n s .  

Burnham, D. A., Thesis, Arizona S ta t e  University (1967). 
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' E ) C P E R D a  PROGRAM FOR CRYSTAL GROWING 

OF RARE EARTH OXIDES 

A s  described i n  the  l a s t  t echnica l  ?r&ress rep3rt1 experiments 

were s t a r t ed  t a  grn? s ingle  c rys t a l s  3f variaus prase3dymium 3xides. 
-. 

Further experiments i n  t h i s  d i r e c t i m  were cgxried ~ u t ,  using t h e  plasma- 

tarch,  v a r i ~ u s  salt-melts and the  hydrotilerma1 methad. 

The experiments with t h e  plasma-tmch shnred t h a t  with arg~n/3xigen 

it was nat passible t o  get a s ing le .  c r y s t a l  ~f prase~dymium ~ x i d e ,  where- 

a s  it was p ~ s s i b l e  t 3  get  small s ing le  c rys t a l s  ~f A-fcrm Nd203. With 

argon/hydr3gen it may be p ~ s s i b l e  t o  abtain  f i 2 O 3  i n  the  A-fxm. 

The' eweriments with different .  salt-melts under atmgspheric c3n- 

d i t i ~ n s  'gave evidence t h a t  ~ n l y  s ing le  c rys t a l s  ~f the  A - f ~ ~ r n  prase~dymium 

z i d e  3r c~mp~unds  c~f  prase~dymium with c ~ m p ~ n e n t s  3f the  f l u  w3uld be 

. synthesized. . A se r i e s  using techniques a l ready  d e ~ e l 3 p & c i ~ ~ , ~ ' ~  f a r  gr&ing 
--- 

s ingle  c rys t a l s  3f Ce02 and/ar Tho2 were carr ied 3ut t 3  check these methgds 

f a r  app l i cab i l i t y  i n  grsr ing s ing le  c r y s t a l  prase3dymia. The r e s u l t s  3f 

these runs. a r e  shm-r~ i n  Ta'ole I. A heavy walled 'cmered platinum crucible 

3 cm by 10 cm was used a s  a c ~ n t a i n e r .  Alth3ugh the  rneth~ds w~rked  sa t -  

. i s f a c t a r i l y  f 3 r  cerium di3xide,.prase3dymium i n  the  t r i v a l e n t  s t a t e  

reacted with c~rnpments 3f the f lux ti f 3 r m  c3qaunds .' It i s  cmceivable 

- t h a t  i f  the  c r y s t a l l i z a t i c ~ n  c 3 d d  be rea l ized  at 3xygen a c t i v i t i e s ' s u f -  

. f i c i e n t l y  high t a  assure the pr~ke3dymium i n  the  te t rava len t  s t a t e ,  higher 

axide c rys ta l s  ~f prase3dymium cauld be grim. 

Other experiments with the  lead f l u x i d e - b  i s m t h  x i d e  and l i thium 

axide-tungsten 3xide melts sh3wed t h a t  the  temperature i n  the  f i r s t  must 



Table I. Rare Earth Oxide Crystal Growth from S a l t  Melts 

I 

Run Mole p'er cent , , High Low Soak , Cooling 
No. b 0 ,  Biz03 PbFh . Temp Temp Time Rate Comments , . 

ceo2 Regular amber colored Ce02 cubee 
1 7.4 14.8 77.8 1250' 900' 1 5  hrs 5 O / h r  2 mm on an edge, f l u o r i t e  

structure,  a = 5.418. 

Ce02 crys ta l s  which were more 
Ce02 i rregular  than the l a s t .  Tend- 

2 7.4 14.8 77.8 1235' 890° 15 hrs 5O/hr ency t o  be i n  c lus te rs  of small 
\ interlocking cubes . X-ray dia- 

gram the  same as run # l. 

Small, transparent, yellow par- 

1250' 895' 15 hrs  5')hr t i c l e s ;  no regularv shape, about .05 mm across, pr inciple  phase 
f luo r i t e .  .. . 

Similar yellow par t ic les  ra ther  
spherical i n  shape, f l u o r i t e  

12500 lo hrs phase a = 5.417, weak unknown 
, . second phas e . 

Yellow material, similar i n  s i z e  
1200° 910° ' 12 hra 5O/hr . and color. 

, . 
. . .L J 

63.6 1U.5' . 890' 4 hrs S0/hr  ~ l a s s y ,  yellow fragments. 
I .  



Table I. ' (cont.) . . . ,  . _ . . - .  . . 
( 

Run .Mole per cent High Low Soak Cooling 
No. LnO, I Temp Temp Time Rate ~ o m ~ e n t  s 

Ce02 LiOH-&O -O3 Moo3 White transparent crystals 

7 4.7 I 37.4 38.8 19.2 
octagonal i n  form, 

1270' 900' 10 b s  5'/hr fluorit- a = 5.412. 

Very green, transparent needles 
-0i. 83 

8 . 14.6 33.5 34.7 17.2 about 3 mm long,, extremely com- 1330' 1050. 15 b s  jO/hr plex X-ray 
. . 

Bo1.83 WO3 
More green, transparent material 

9 28.4 23.5 -- 48.2 1320' 1065' i 5  hrs 3O/b sl ightly crystalline i n  structure 
sharp X-ray diagram of great com- 
plexity. 

Small, s l ightly green, trans- 
-01.83 n F 2  P ~ O  parent material irregularly 

10 . 20.8 26.4 26.4 26.4 1295' 1045" 17 hrs. .3'/hr shaped, complex X-ray diffrac- 
t ion pattern of same phase as 
in # 8. - 

I ' 

Small (1 mm) irregularly. shaped, 
transparent yellow particles. 
Similar in  form t o  those of run 

12750 1050018'05~hrs:~50/hr g.4. S t r o n g l i n e s a r e a f l u o r i t e  
pattern of smaller parameter than 
run #j 4. 



be higher than gOOO t o  grow crystals and in the second higher than 1200°. 

It was found tha t  the second melt the rare  earth oxide reacted with the 

Li20-y-• z W 0 9  l iquid .  below 12000 t o  f o m  an . incongruently melting corn- 
. . 
pound of Li20-ylh&-zlr03 with x = 1.5 for  praseodymium and x = 2 for'cerium. 

In both of the  above melts it i s  only possible t o  gray the A-R2O3. 

A m e  suitable salt-melt was sought which would permit the work t o  

be carried out at a lover temperature so as t o  obtain the C-form of the 

&de. A l i t e r a tu re  survey5'? showed that  the system lead oxide-bismuth . . 

oxide might .be suitable for  growing C-form and also Pro1 In an exper- 

iment with 68 Mol PbO, 27 bl $ ' ~ i * 0 ~  and 5 Mol $ PrOi.83 a t  850' and a 
. .  . 

cooling r a t e  of 3" per hour for  25 hours, hexagonal &aped crystals of 

A'PT2O3 of about 1 mm s ize  were formed. But a t  800°, using the same con- 

ditions, no crystals Are formed, and the X-ray pattern gave evidence for  

the A--O3. Therefore, it seems that  B203 crystals a re  formed a t  

atmospheric conditions only a t  higher temperatures than 800° and a t  th i s  . : 

temperature it is only pos'sible to.prepare crystals of the A-form. 
, . 

E'ailure' of 'ex-pehnents with the plasma-torch and salt-melts t o  pro- 

. . 
duce PT203 crystals  in the cubic habit leave the hydrothermal method as 

Illore l ikely  t o  yield single crystals of C'B2O3. Alternatively, sa l t -  

melts und& oxygen pressure might be used. very slow oxidation of a 

C-Pr203 c rys ta l  a t  low temperature might then yield crystals of Prox with 

?Ihe equipment fo r  nost of the high pressure experiments was made in 

th i s  laboratory. O-ring sealed vessels of 17-4 PH stainless s t e e l  

(chromium-nickel s t ee l )  with a tens i le  .strength of 165,000 ps i  were used. 

The autoclaves having 1" I.D., 2" O.D., and a length between 4" and 12" 
. . . . 

wqe  operable up t o  20,000 ps i  with a safety factor of three. For an,  



experiment a t  temperatures higher than 700' the same type of autoclave 

w a s  used with a small platinum-wound f'urnace .inside, the outside being 
. . 

water cooled. The current and thermocouple leads were brought through 

1/8" holes in the w a l l  and sealed with qoxy-resin of good t ens i l e  strength; 

However, th i s  type of sea l  i s  unsuitable a t  the higher temperatures since 

the epoxy reacts explosively with pressurized oxygen. 

AU. experiments Tarere carried out behind a thick s t e e l  wall. The 

voltage regulator f o r  the  furnace, the  potentiometer for  ' t he  thermocouple 

and the mechahisrn fo r  opening the valve and the mechanism.for quenching 

' the autoclave were arranged i n  such a way behind the  wall tha t  a l l  

experiments could be carried out in safety. The,.pressure gauge could 

be read from behind tine vall by means of mirrors. 
. - 

Ekperiments with the  System Pr203-HpO. --The f i r s t  two hydrothermal 

runs were performed in a way similar t o  the hydrothermal c rys ta l  growth 
. . 

of A1203 and ~ i 0 ~ ~ ' ~  i n  equipment supplied dy ~u toc l ave  mgineers, good 

for 50,000 psi,  but limited t o  temperatures be lm~ 500'. The s tar t ing  

material in the  f i r s t  run was.Pr.01.,83 and 3N Na2C03. The contents of 

the  vessel were heated a t  395' for  60 hours with 22,000 psi, th is  pressure 

10 
being achieved by using a special pump. The second run was carried out 

with Prol., and fi NaOH a t  450' fo r  60 hours with 40,000 psi. 

In both runs the pr  c t  was found t o  be an oxyhydroxide and not an 
D 

oxide as was the  case for  the  system Si02-QO and A1203-H20 under identical  

conditions. The X-ray pattern indicated i n  Table I1 of t h i s  praseodymium 

oxyhydroxide was very similar t o  the  pattern of NdOOH, formed under similar 

conditions, synthesized by Shafer and Roy. ll 



Table 11. X-ray Pattern of FrOOH (form I) 
. . . .  . 

This experiment showed tha t  it would be advantageous t o  f i r s t  establish 

the  phase diagram f o r  the  system b203-&0 before proceeding with more 

hydrothermal experiments f o r  g r o w k  crystals .  

I n  most of t h e  runs *(OH)= was used and was prepared under argon 

t o  avoid t h e  formation of t h e  carbonate. The hydroxide was placed in a 

platinum crucible and l ight ly  closed. After putting the  crucible in tne 

autoclave, t h e  vessel  tras f i l l e d  with water t o  about 70-85$ of i ts  volume, 

closed and then heated. To avoid rehydration a f t e r  the  run, the  samples 

were, both pressure and temperature quenched by opening'the valve of the 

hot bomb t o  t h e  atmosphere and allowing the  water t o  escape quickly as 
. . 

vapor. The vessel  was then'cooled rapidly by immersing it i n  cold water. . 

B e  success of t h i s  method depends on the  fac t  tha t  the hydrates do not 

decompose rapidly a t  t a p e r a t u r e s  near t h e i r  equilibrium dehydration 

temperature in t h e  absence of water. The products were examined by powder 

X-ray d i f f rac t ion  and spect ra l  observation between 25,000 8 and 3500 A. 

Table I11 summarizes .the runs made, 



Table 111. Data f o r  the  System fi2O3'H20 

P r e s ~ u r e [ ~ s i ]  ~ime[hr]  I n i t i a l  condition 
\ 

~ f t e r  run 

The above data  t~ould suggest the  following phase diagram: 

P ~ ( O H ) S  
Pr(0H13 
PrOOH (form 1) 
PrOOH 
FrOOH 
PrOOH 
Oxyhydroxide (form 2 )  
blow up 



!Lhe resul t s  of these few experiments in the  system B2O3'H20 gave e?idence . 

tha t  only a t  temperatures higher than 700' w i . U  it be possible t o  i s e  the  

hydrothermal method for  s ingle crystals  of C-type R20j .  Below 

this temperature t h e  oxides Pr203*H20 and P ~ ~ o ~ ' ~ & o  a re .  formed. The 
.. . 

suggested range f o r  synthesizing C'h2O3 i s  about 750~-800' .and 5000 t o  
>. 

10,000 psi .  . The present equipment i s  inadequate and new equipment i s  

necessa.ry a t  these higher . temperatures, . since the  t ens i l e  strength of the 

externally heated vessel i s  not high.enough as can be seen from the  l a s t  

experiment. of Table 111. 

In an 'experiment with N ~ ( o H ) ~ -  H ~ O  a t  ,680' and 7000 p s i  s ingle . . . 

I - . . . .  

crystals,  very t h i n  needles of -about 2 mm, were formed within 85 hours. 

But i n  an' experiment tr i th P ~ ( o H ) ~ - & o  under tne same conditions only 

oxyhydroxide was formed. The X-ray pattern was different  from the pattern 

of FYOOHj synthesized a t  lower temperatures. It seems tha t  shortly before 

the  t rans i t ion  from PrOOH t o  the  C'R2O3 a high temperature form of 

.R2O3==O o r  a l e s s  hydrated oxide, as  f o r  example Pr2o3=l/2&~, i s  

formed. The X-ray pattern is recorded in Table IV. 

 able N'. X-ray Pattern of Praseodymium Oxyhydrate (form 11) 



The phase diagrams of Nd203-H20 and Sm203-H20 deduced by Shafer and Roy 9 

7 
found the  t rans i t ion  of SmOOH t o  C-Sm203 t o  occur a t  about 600" and NdOOH 

t o  C-Nd203 a t  about 650° a t  a pressure of 7000 ps i . '  The t rans i t ion  from 

the  hydrated t o  the  unhydrated a 2 O 3  by comparison, assuming a uniform 

gradation in properties, should occur a t  about 700". 
., 

Investigation of the  ~ e v e r s i b i l i t y  of R2% Transformations .--Shafer 

and found during t h e i r  hydrotherml eiperiments t h a t  B-Sm203 trans- 

forms t o  C-Sm203 a t  750°, 3000 ps i  ..in a 18 hour run, .A-Nd203 transforms 
. 

,to B-Nd203 a t  . . 4000 ps i  in 42 hours and. B-Nd203 transforms t o  C-Nd203 
- . - 

a t  850°, 5000 . p s i  i n  18 hours. 
. . 

A few experiments were carr ied out with Nd2O3 and -203 t o  investi-  

ga te  t h i s  t rans i t ion  and t o  investigate the  pbss ib i l i ty  of obtaining the 
. . 

C-Pr203 from A-F'r203. 
. - 

Sta r t ingmate r i a l .  After.run ~emp[O~] Pressure[psi] Time[hr] 
. . 

, A - b 2 O 3  ROOH 650" 6000 15 
. A-Pr203 mainly P ~ ( o H ) ~  650° 6000 4. 

P ~ O O H  F T ( o H ) ~  300' 5000 20 
A-pd203 mainly N F O H  650" 7000 7 

7 

..-. 
These experiments sho~.red tha t  A-Pr2o3 did not convert d i rec t ly  t o  C'fi2O3 

. . 

under the  coxiditions o f ,  these experiments. ?Fne follor~in@; mechanism is 
. . 

proposed for  obtaining C'B2O3 from A'F'r2O3: . . 

A - F Y ~ O ~  -+ fi203* 3I&0 - b203* -0 - [ P ~ , = o ~ -  1 /240(?  ) ]  - C-FT~OJ 

The limiting fac tor  in t h i s  sequence of events is t h a t  the  temperature of 

t he  f i n a l  s t ep  must be about 750°. This was not possible with the  present , . .  
- .- 

equipment. - 

A t t e m p t s  t o  Prepare a Higher Oxidation Sta te  of Praseodymium.--In 

1925 the  f i r s t  r e b t  of a praseodymium(~) compound vas published by 
': 

. . 

Prandtl e t  a l .  ,12 but t h i s  work has not been'?epeated.and up t o  t h i s  time 
. . 

. . 



no compound with praseodymium in the  (v) s t a t e  is confirmed. Some experi- 

ments in t h i s  d i rec t ion  w e r e  carr ied out using oxygen, even though experi- 

m e n t s  with fluorine, ca r r i ed  out by a group in Los Alamos13 were not successful. 

Fluorite-type Pro2 might take up oxygen i n t e r s t i t i a l l y  i n  a way similar 

t o  UOa6. If such a compound could be formed, it would probably be s table  

only at low temperatures. An ,oxidizing salt-melt  of LiC104-AgC103 was 

chosen f o r  this experiment a t  a temperature of 270°, since decomposition 

temperature of AgC103 is 270'. A t  t h i s  temperature atomic .oxygen is  

formed which i s  i n . c l o s e  contact with Pro2 i n  the  melt. With LiCIOq-.KMn04 - .  . .  . . 
, . 

t he  experwent could be carried out a t  240°, which i s  the  decomposition 

temperature f o r  m 0 4 .  The experiments vere carr ied out i n  an autoclave . . .. . 
I 

with 10,000 p s i  oxygen pressure. 

After temperature quenching, the  autoclave was opened and-a  spectrum 
. . 

of the  melt taken. But even with. re f lec t ing  spectroscopy no l ines  were 
t 

found i n  the  W-region, as  would be expected (similar t o  Ik2o3) f o r  com- 

* .  pounds having no f - electrons. 
' Z . 

It iqas a l s o  thought possible t o  produce a higher oxide of praseo- 
/ 

dymium i n  the  fo l lowhg manner: 

1. t o  produce the'peroxide R02, where the  praseodymium i s  in the  
.. - 

three-state  

2.  t o  oxidize this peroxide a t  low temperature t o  F!r02.5 with 

praseodpnium in the  four-state  a s  i s  possible with 

3,.. t o  change the  bonding by pressure and get B 2 O 5  in  t h i s  way . . 

with praseodymium. i n  the  (v). s t a t e .  . . 

The preparation of the  praseodymium peroxide has been. reported by 

14  
Ikkarov and Soboleva. They precipitated F ~ O O H ( O H ) ~  from P ~ ( N O ~ ) ~ - H ~ O ~ -  

solution with and dehydrated the  peroxyhydroxide with P2o5 &dm vacuum. . . .  



B i s i  and cler ici15 precipitated ~ ( ~ 1 0 ~ ) ~  from F r ~ ( N ~ ~ ) ~ - s o l u t i o n  with 

NaC102 i n  alcohol .and decomposed the  praseodymium ch lo r i t e  t o  the  s table  

. praseodymium peroxide. 

The peroxide used i n  t h i s  experiment was prepared as described by 

Makarov and Soboleva. Tne first  oxydation experiment a t  80' and 7000 ps i  
I 

,oxygen pressure for '2 days shoved no .reaction. Even a t  i20° and 10,000 

psi oxygen pressure f o r  several days no oxidation was observed. - A t  160' 

and 10,.000 ps i  oxygen the  peroxide Pro2 was decomposed and the  normal 

oxide Pro2 was formed. ' , No further  att,empts t o .  produce pras eodymiun(v) 

oxides were t r ied .  
. . 
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