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Some Aspects of t h e  High Temperature Vaporizat ion Behavior and 
Valence E f f e c t s  i n  Actinide-Oxide Rare-Ear2h-Oxide Systems 

by 

Marvin Tetenbaum 

ABSTRACT 

The vapor i za t ion  behavior  of t h e  neodymium sesquioxide  

phase has  been s tud ied  as a func t ion  of oxygen p a r t i a l  p re s su re  

i n  t h e  temperature  range from 2155 t o  2485 K. Oxygen p o t e n t i a l s  f o r  t h e  

U-Nd-0 system, where Nd/(U + Nd) = 0.1  and 0.2 are h ighe r  than  

those  obta ined  with.  unalloyed u r a n i a ,  A s i g n i f i c a n t  i n c r e a s e  i n  

oxygen p o t e n t i a l  occurs  when cerium i s  incorpora ted  i n t o  t h e  

l a t t i c e  of t h e  U-Pu-0 system f o r  a c t i n i d e  r a t i o  of Pu/(U + Pu) = 

0.2 and cerium-to-metal r a t i o  C e / ( U  + Pu + Ce) = 0.05. Measurements 

of oxygen p o t e n t i a l  a t  2050 K above hypos to ich iometr ic  U-Pu-0 

compositions having plutonium-to-metal  r a t i o s  ranging  from 0.15 t o  

0.30 i n d i c a t e  t h a t  f o r  a given plutonium va lence ,  t h e  oxygen p o t e n t i a l  

is dependent on t h e  plutonium-to-metal r a t i o .  T o t a l  p r e s s u r e s  of 

ac t in ide-bear ing  spgc ie s  es t imated  from our  exper imenta l  oxygen 

p o t e n t i a l s  and t h e  f r e e  e n e r g i e s  of formation of t h e  gaseous and 

condensed phases  are i n  good agreement w i t h  those  ob ta ined  from 

a n a l y s i s  of subl imates  c o l l e c t e d  dur ing  t r a n s p i r a t i o n  experiments .  
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INTRODUCTION 

A knowledge of the high temperature thermodynamic properties of 

actinide-oxide and rare-earth-oxide systems is of importance in under- 

standing the behavior of fast breeder reactor oxide fuels. Of particular 

interest are the oxides of neodymium and cerium, which are major rare-earth 

products. 

will review selected studies at Argonne National Laboratory, previously 

published and recent work, involving the high-temperature vaporization 

behavior of actinide-oxide and rare-earth-oxide systems. Because of sp,?ce 

limitations, only the highlights of these studies will be emphasized. 

In accordance with the theme of this Colloquium, this paper 

Nd303 and U-Nd-0 Systems 

The vaporization behavior of the neodymium sesquioxide phase has been 

studied’ as a function of oxygen partial pressure in the temperature range 

from 2155 to 2485 K by means of a transpiration technique. 

between the total pressure of neodymium-bearing species derived from the 

weight loss of samples and from analysis of sublimates in the condenser 

tube was very good. 

the third-law heat of reaction was found to be AHo = 361.1 - + 1.1 kcaljmol. 

The heat of formation and the dissociation energy of NdO(g) derived from 

this study were Ah:(NdO,g,O K) = -33.7 

0.1 eV, respectively. 

The agreement 

For the assumed reaction Nd203(s) = 2NdO(g) f 1 / 2  02(g), 

0 

0.6 kcal/mol and Di (Nd0,g) = 7.42 - + 
The dissociation energy of NdO(g) is in accord with 

the approximate value expected from the variation of gaseous monoxides and 

heats of sublimation of rare-earth metals as a function of atomic number. 

The value for the heat of formation of NdO(g) derived from this study 

appears to be more in line with the variation in the heats of formation of 

the rare earth monoxides as one goes from lanthanum to lutetium than does 

the heat of formation value of -36.9 kcal/mol given by Ames et a1.2 in their 

1967 assessment. 

i 
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Oxygen p o t e n t i a l s  over t h e  U-Nd-0 system, whc:re Nd/(U + Nd) = 0.1  

and 0.2, have been i n v e s t i g a t e d 3  a t  2250 and 2350 K. 

2250 K are shown i n  F igure  1. 

U-Nd-0 system are h ighe r  (and t h e r e f o r e  more ox id iz ing )  than  those  

obta ined  wi th  unal loyed urania .  The oxygen p o t e n t i a l  a l s o  i n c r e a s e s  

w i t h  i n c r e a s i n g  Nd/(U + Nd) r a t i o  a t  a f i x e d  O/Pl r a t i o .  With t h e  

neodymium assumed t o  be i n  t h e  t r i v a l e n t  s t a t e ,  t h e  h ighe r  oxygen 

p o t e n t i a l  ob ta ined  f o r  Nd/(U + Nd) = 0.2 a t  a f i x e d  O/M r a t i o  can  be 

a t t r i b u t e d  t o  a n  i n c r e a s e  i n  t h e  average va lence  of uranium. 

Typica l  r e s u l t s  a t  

It i s  seen  t h a t  oxygsn p o t e n t i a l s  f o r  t h e  

The 

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

e f f e c t  on t h e  magnitude of t h e  p a r t i a l  en t ropy  and en tha lpy  of s o l u t i o n  

of oxygen i n  t h e s e  compositions.  

X-ray a n a l y s i s  of  several U-Nd-0 s o l i d  s o l u t i o n  composi t ions,  where 

Nd/(U + Nd) = 0.1 ,  showed only  a s ingle-phase ,  face-centered-cubic s t r u c t u r e ,  

and a decrease  i n  l a t t i c e  parameter w i th  inc reas ing  oxygen con ten t .  The 

c o n t r a c t i o n  i n  l a t t i c e  parameter i s  i n  accord wi th  e x p e c t a t i o n s ,  because 

t o  main ta in  e l ec t r i ca l  n e u t r a l i t y ,  t h e  uranium va lence  must i n c r e a s e  from 

i t s  va lue  of 4+ a t  t h e  composition O/M = 1.95 when t h e  condensed phase i s  

oxid ized  toward t h e  s t o i c h i o m e t r i c  composition. A dec rease  i n  l a t t i c e  

parameter w a s  observed f o r  Nd/(U + Nd) = 0.2  a t  a f i x e d  O/M r a t i o .  

reason  f o r  t h e  d iscrepancy  between ou r  r e s u l t s  and t h e  h ighe r  l a t t i c e  

parameter v a l u e s  observed by Wadier -- e t  a1.5 f o r  t h i s  system has not  been 

reso lved .  

The 

U-Pu-0 and U-Pu-Ce-0 Systems 

The p o s t u l a t e  of Markin and McIver , namely, t h a t  oxygen p o t e n t i a l s  

for  t h e  U-Pu-0 system are a func t ion  only  of t h e  va lence  of t h e  metal whose 

o x i d a t i o n  s t a t e  i s  changing, has  f r e q u e n t l y  served as a convenient  b a s i s  f o r  
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intercomparison of oxygen potential measurements made on materials having 

different Pu/(U + Pu) ratios. Thus for hypostoichiometric U-Pu-0, 

oxygen potential is a function of the plutonium valence, and for hyperstoichiometric 

compositions, oxygen potential is a function of the uranium valence. 

postulate was based on interpretations of their'low-temperature (1173-1373 K) 

This 

galvanic-cell measurements on U-Pu-0 compositions having Pu/(U + Pu) ratios 
of 0.11, 0.15 and 0.30. Because of the scatter in their data, it is 

difficult to establish rigorously the dependency of oxygen potential on 

actinide valency. 

Our recent measurements of oxygen potential at 2050 K above 

hypostoichiometric U-Pu-0 compositions having plutonium-to-metal ratios 

ranging from 0.15 to 0.30 are given in Figures 2 and 3. 

to about - +2 kcal) show that oxygen potentials increases with increasing 

The results (good 

Pu/(U + Pu) ratio at a fixed O/M ratio. From Fig. 3, where oxygen potential 

is plotted versus plutonium valency, the results indicate that for a given 

plutonium valence, the oxygen potential is dependent on the plutonium-to-metal 

ratio, increasing with increasing Pu/(U + Pu) ratio; thus, our results are 
not In accord w i t h  t h e  Markin-McIver p o s t u l a t e .  It should be noted t h a t  

measurements of Chilton and Kirkham7 at Windscale with hyperstoichiometric 

U-Pu-0 compositions in the temperature range from 1518 to 1823 K also show 

that oxygen potential is dependent on the U/(U + Pu) ratio at a given uranium 
valence. 

Measurements of oxygen potential as a function of O/M ratio have been 

carried out at 2050 K over the U-Pu-Ce-0 system, with an actinide ratio 

Pu/(U + Pu) = 0.2 and a cerium-to-metal ratio of Ce/(U + Pu + Ce) = 0.05. 

Oxygen-to-metal ratios of the residues were obtained by means of the 

McNeilly-Chikalla method.6 The results are shown in Fig. 4 .  For 

comparison, oxygen potential values obtained with the U-Pu-0 system at 2050 K 

I 
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comparison, oxygen p o t e n t i a l  va lues  obta ined  wi th  U-Pu-0 systems a t  2050 K 

(see above) are included i n  t h e  f i g u r e .  It is  apparent  t h a t  a s i g n i f i c a n t  

i n c r e a s e  i n  oxygen p o t e n t i a l  occurs  when cerium is  inco rpora t ed  i n t o  t h e  l a t t i ce  

of t h e  U-Pu-0 s o l i d - s o l u t i o n  system. 

Est imated va lues  of t h e  va lence  of U ,  Pu, and C e  i o n s  i n  t h e  

compositions i n v e s t i g a t e d  are g iven  i n  Table I ,  and are based on t h e  

r e d u c i b i l i t y  of t h e s e  ions  being i n  t h e  sequence C e  3: Pu > U .  A sharp  

i n c r e a s e  i n  t h e  va lence  of cerium occurs  i n  t h e  r eg ion  i n  which t h e  

composition of t h e  oxide  mixture  exceeds O / M  = 1.975 and approaches O/M = 

2.00; a t  t h e  l a t t e r  composition, t h e  va lences  of C e ,  Pu,and U are a l l  4+. 

T o t a l  P res su res  of Uranium- and Plutonium-Bearing Spec ies  Above 
U-Pu-0 Systems 

I n  t h e  earlier s t u d i e s 2  of oxygen p o t e n t i a l s  over  t h e  U-Pu-0 system 

i n  t h e  temperature  range from 2150 t o  2550 K,  a l i m i t e d  number of measurements 

were a l s o  made of t h e  t o t a l  p r e s s u r e  of ac t in ide -bea r ing  s p e c i e s .  

The ac t in ide -bea r ing  subl imates  were c o l l e c t e d  i n s i d e  a tungs t en  condenser 

t u b e  and subsequent ly  d i s so lved  by repea ted  washings w i t h  h o t ,  concent ra ted  

a 

n i t r i c  a c i d .  These s o l u t i o n s  were analyzed f o r  uranium and plutonium by 

means of standard analytical techniques. The total pressure of uranium- 

and plutonium-bearing s p e c i e s  der ived  from t h e  chemical ana lyses  and 

t r a n s p i r a t i o n  measurements are given i n  Table 11. 

t h e s e  s p e c i e s  can a l s o  be es t imated  from our  exper imenta l  oxygen p o t e n t i a l  

The t o t a l  p r e s s u r e s  of 

v a l u e s  and t h e  f r e e  e n e r g i e s  of formation of t h e  gaseous and condensed phases .3’10 

The c a l c u l a t e d  p res su res  of .uran ium and plutonium s p e c i e s  are shown i n  column 4 .  . 

The agreement i s  very  good between t h e  exper imenta l  and c a l c u l a t e d  va lues  f o r  

uranium p r e s s u r e s ,  and is reasonable  between t h e  exper imenta l  and c a l c u l a t e d  

v a l u e s  fo r  plutonium p res su res .  

a c t i n i d e  p r e s s u r e s  c a l c u l a t e d  from t h e  mass-effusion and mass-spectrometr ic  

For comparison t h i s  t a b l e  a l s o  inc ludes  

i 
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measurements of Battles -- e t  a l . ,  l 1  and Ohse and Olson.12:’ The d a t a  of Ohse 

and Olson w e r e  f o r  composi t ions of Pu/(U + Pu) = 0.15; t h e s e  d a t a  were 

r e c a l c u l a t e d  t o  enable  comparison wi th  d a t a  obta ined  wi th  Pu/(U + Pu) = 0.2.  

The agreement betwezn t h e  v a r i o u s  sets  of measurements i s  reasonable .  

A l i m i t e d  number of measurements of sample weight l o s s e s  w e r e  a l s o  

made du r ing  t h e  course  of t h e  t r a n s p i r a t i o n  measurements, and from t h e s e ,  

t h e  t o t a l  p r e s s u r e s  of ac t in ide -bea r ing  s p e c i e s  were es t imated .  

b a s i s  of mass spec t romet r i c  measurementsll  9 

On t h e  

t h e  average molecular  weight  of 

t h e  gaseous s p e c i e s  w a s  assumed t o  be 270 over  t h e  compositions ranging  from 

O/M = 1.93  t o  1.95, w i t h  UO2(g) being t h e  predominant s p e c i e s  above t h e  

condensed phase.  The r e s u l t s  are a l s o  given i n  Ta.ble 11. The agreement 

between t h e  v a l u e s  of t o t a l  p re s su re  of ac t in ide -bea r ing  s p e c i e s  de r ived  

from a n a l y s i s  of t h e  subl imate  and those  der ived  from weight- loss  measurements 

is  ve ry  good. Thus, f t  apqears  t h a t  weight- loss  measurements on t h i s  system 

can serve as a b a s i s  f o r  approximating t h e  t o t a l  p r e s s u r e  of ac t in ide -bea r ing  

s p e c i e s  over t h e  U-Pu-0 system. F i n a l l y ,  t h e  agreement between t h e  c a l c u l a t e d  

v a l u e s  of t o t a l  a c t i n i d e  p r e s s u r e  der ived  from oxygen p o t e n t i a l  measurements 

and those  de r ived  from t h e  v a r i o u s  procedures  ind ica t ed  i n  Table I1 i s  good. 
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Figure 1. Oxygen Potential as a Function of O/M Ratio for 
U-N;I-0 and U O Z - ~  Systems at 2250 I(. 

(ANL-3 08-3 6 8 9 ) 
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Figure 2. Oxygen Potentials over Hypostoichiometric U-Pu-0 
Com?ositions at 2050 K 

(308-77-44) 
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Figure 3. Oxygen Potentials vs. Plutonium Valence for 
Hypostoichiometric U-Pu-0 Composjtions at 2050 K. 

(ANL-308-77-46) 
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Figure  4 .  Oxygen P o t e n t i a l s  Over U Pu 0 and 0.8 0.2  2-x 
0 CornposLtions a t  2050 K ('0. gpU0. 2). 95 05 2-x 

(308-77-42) 
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Table I. Estimated Values f o r  the Valence of U, Pu, and 
Ce Ions  in U-Pu-Ce-0 Solid-Solution Systems where 
Pu/(U + Pu) = 0.2 and Ce/(U + Pu + Ce) = 0.05. 

O/M U Pu Ce 

1.943 

1.949 

1.958 
1.967 

1.970 

1.975 

1.981 

+4 

+4 

+4 
+4 

+4 
+4 
+4 

+3.66 

+3.73 

+3 .82  

+3.92 

+3.94 

+4 
+4 

+3 

+3 

+3 

+3 

+3 

+3 

+3.24 
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Table 11. Ca lcu la t ed  and Experimental Values f o r  T o t a l  
P r e s s u r e s  of Actinide-Bearing Spec ies  ove r  

Pu * 0 
‘0.8 , 0.2 2-x 

T r a n s p i r a t  i o n  Mass Spec. & 
Mass E f f u s i o n  

-AG ( 0 2  1 Measured Rat t les  Ohse & 
T, K k c a l  O/M Calc (Sub1 i m a t  e 1 e t  a l .  Cilson 

-log p ( U ) ,  a t m  

2150 117.3 1.935 6.14 5.96 5 .91  - 
2150 105.3 1.951 6.04 5.92 5.80 - 
2250 101.3 1.959 5.29 5.33 5.06 5 .01  

2450 107.5 1.922 4.43 4.38 (4.08) - 
2450 105.1  1.928 4.39 4.47 (4.08); - 

- log p(Pu) a t m  

2150 117.3 1.935 6.20 6.73 6.34 - 
2150 105.3 1.951 6.54 6.62 6.40 - 
2250 101.3 1.959 6.12 6.04 5.84 5.87 
2450 105.1 1.928 4.65 5.15 (4. 81)a - 
2450 107.5 1.922 4.54 4.94 (4. 75)a - 

Wt 
Loss Sub 1 i m a  t e 

2150 117.3 1.935 5.87 5.89 5 . 7 1  5.77 - 
2150 105.3 1.951 5.92 5.84 5.73 5.70 - 
2250 101.3 1.959 5.23 5.24 5.17 4.97 4.95 
2450 105.1 1.928 4.20 4.39 - (4. O l ) a  - 
2450 107.5 1.922 4.18 4.27 - (4. OO)a - 

a Extrapola ted .  


