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OXYGEN POTENTIAL CHANGES IN MIXED OXIDE FUELS 

by Donald R. Ola.nder 

Inorganic Materials Research Division of the 
La"wTcncc Berkeley Laboratory and the 

Department of Nuclear. Engineering, Uni veTS ity of' California 
Berkeley, California 94720 

ABSTRACT 

An analytical model for calculating th~ evolution of the 

oxygen potential profiles in a fuel pin undergoing irradiation 

is presented. Perturbation of the oxygen balance due to burnup 

is coupled with. oxygen migration along the temperature gradient 

by the CO 2/CO mechanism. Migration of the metallic fission 
. 

products and the heavy metals is not permitted. Three chemical 

equilibria are assumed to be attained at each point: oxygen 

distribution between the gas phase and the fuel matrix; the 

gas phase reaction among CO 2, CO, and 02; a~d the partitioning 

of molybdenum between metallic inclusions and the fuel oxide 

phase. 

The primary effect of coupling the oxygen transport phenomenon 

to the chemical effect of fission is to smooth out variations in 

the oxygen potential along the temperature gradient. Burnup 

increases the oxygen potential of initially hypostoichiometric 

fuel at all points along the temperature gradient but the process 

. . is retarded by the buffering effect of molybdenu!Tf. 
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1. Introduction 
.-

The chemical changes induced in the oxide material of 8n 

operating fuel pin of a fast reactor arc thought to be due to 

four processes: 

(1) Oxygen redistribution by the iemperature gradient; 

(2) Destruction of uranium and plutonium and generation 

of fission products having quite different affinities for oxygen 

than the heavy metal atoms which they replaced. 

(3) Migration of volatile, oxygen-bearing fission products 

(primarily cesium and molybdenum) under th~ influence of the 

temperature gradient. 

(4) Migration of uranium and plutonium, probably by vapor 

transport. 

The cause of oxygen migration has been satisfactorily 

explained by a gas phase transport mechanism involving a e0 2-

eo mixture (1). This analysis has been applied only to unirradiated' 

fuel. 

The effect of burnup on fuel chemistry has been studied 

experimentally and theoretically by many authors (1-6). These 

analyses have all been of the "no-transport" type; that is, they 

have invoked an oxygen balance which requires that all of the 

oxygen liberated by the destruction of fissile species remain 

in the region where the fissions occurred. The oxygen is permitted 

either to'combine with electropositive fission products or 

dissolve in the fuel-fission product matrix, _ thereby rendering 

it hyperstoichiometric with respect to th.e fresh. fuel. Th.e 

buffering action of fission product molybdenum is important in 
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th.is process. 

Experimental evidence of cesium' and mOlybdenum migration 

in the temperature gradient of oxide fuel has been obtained (7) 

but no comprehensive account of the kinetics of the process or 

of its effect on fuel chemistry has been reported. 

Plutonium redistribution in a thermal gradient has been 

attributed to thermal diffusion (the Soret effect) (8). However, 

the most likely mechanism of this process is vapor phase migration 

of gaseous oxides of the heavy metals. Other than thermodynamic 

prediction of the partial pressures of the volatile species, 

a quantitative model of their transport has not yet been 

proposed. 

The primary objective of analyses of these four phenomena 

is the prediction of the 6xyg~n potential as a function of radial 

position within the fuel pin. The oxygen potential at the outer 

fuel surface is most important, since it determines the ability 

of the cladding to resist oxidation. In additio~~ redistribution 

of fuel constituents affects thermal conductivity, melting point, 

and swelling behavior. 

The purpose of the present study is to combine the processes 

of 'oxygen redistribution by COZ/CO gas phase transport with the 

chemical effects of burnup in order to obtain a better estimate 

than is presently.available of the evolution of the oxygen pot

ential profile in fuel rods undergoing irradiation. Available 

theoretical and experimental information pertaining to the 

individual phenomena (items 1 and 2 above) are utilized, the 

only- innovation being to remove the no-transport restriction in 
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the second process. Oxygen is permitted to move along the 

temperature gradient in order to equalize the imbalances in the 

oxygen potential created by burnup. 

A complete description of the chemical effects of burnup 

requires that the process of vapor migration of fission products 

and fissile species be incorporated into the analysis. This 

step is not attempted here. 

2. Concentration Changes' During Burnup 

Consider a small region of mixed oxide fuel material which 

initially contains NU atoms of uranium and Npu atoms of plutonium. 

The number of oxygen atoms' associated with this quantity of heavy 

metal atoms is: 

(.1) 

where aiM is the oxygen-to-metal ratio of- the as-fabricated fuel. 

The initial cation fraction of plutonium is: 

(2) 

After burnup 8, the fraction of the initial heavy metal 

atoms which remain is given by: 

1 - 6 (.3) 

and the ratio of plutonium to total h.eavy metal atoms is 
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(4) 

From Eqs (3) and (4), the number of uranium and plutonium atoms 

remaining after burnup B is: 

NU :::: (l-q) (I-B) (NU
O + N° ) Pu 

N = q(1-8) (N° + N° ) Pu U Pu 

(5) 

(6) 

The value of q depends upon the local conversion ratio and 

its variation with burnup. This quantity must be obtained from 

detailed reactor physics calculations. A constant conversion 

ratio of unity (which means that Npu = Npu)h.as been selected 

for the present study, since values in this neighborhood appear 

to represent typical fast reactor designs (Table 3 of Ref. 1, 

Ref. 9). In this case, q is: 

q = qol (1-8) (7) 

For the purposes of the present analysis; the fission 

products may be collected into groups characterized by particular 

chemical states. The number of fission product atoms in a 

particular. group present after burnup 8 "is given by: 

(8) 

where Yi is the cumulative yield of all of th.e fission products 

in group i. 

I .' 
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Eqs(S) ,(6), and (8) are valid only if migration of the 

fission products and the heavy- metals is neglected. Even in the 

absence of- migration 1 the quantities NU' Npu ' and Ni are independent 

of position along the temperature gradient only if the burnup and 

the conversion ratio are constant over the cross section of the 

fuel pin. 

3. Fissidn Prodti~t Yields 

The cumulative yields of those fission products important 

in fuel chemistry have been determined from burnup codes by a number 

of authors. Table 1 shows tJH~ calculated yields for a variety 

of fuel compositions, irradiation times and cooling times. After 

"'100 days of irradiation the cumulative yields appear to be 

independent of all parameters except the nature of the fissile 

species and perhaps the neutron spectrum (4). All of the results 

in Table 1 are for a fast neutron spectrum. The second and third 

columns represent yields when most or all of the fissions occur 

in U-23S. The next four columns give the yields from Pu-239 

and any higher isotopes of plutonium that have grown in due to 

successive neutron capture. When compared to U-23S fission, the 

Pu yields show the characteristic augmentation of the noble 

metals at the expense of 2r, the rare earths, and Ba-Sr. The 

sum of the yields in Table 1 is not two because the very small 

yield fission products have not been included. However, the 

groups included in the table account for 96% of all of the fission 

products. 
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4. PhIs ica~ __ S tate oftlte Fission Pro'ducts 

At eaclL location in the fuel, the follm·dng four phases 

arc assumed to coexist: 

(1) The oxide matrix, containing in solution U, Pu, 

Y, th,e rare earths 1 Zr, Nb, and part of the Mo. 

(2) A metallic phase containing the noble metals Ru, 

Tc, Rh, Pd and the remainder of the :Mo. 

(3) An oxide phase containing the Ba and Sr. 

(4) A gas phase consisting of a mixture of CO 2, CO, and 02 

in a much larger quantity of rare gases (either helium or fission 

Xe and Kr). 

The fission products which either are produced in very low 

yield or do not combine with oxygen are neglected. Possible 

formation of CSZO has not been considered. Neither has the 

intermetallic phase containing compounds such as UPd3 (10). 

It is immaterial for the present analysis whether the zirconium 

is wholly dissolved in the matrix or whether part of it is in 

the form of zirconates in the Ba-Sr oxide phase. In either 

case, Zr exerts its normal +4 valence. 

The gas phase is assumed to be contained in cracks along the 

entire length of the temperature gradient. These cracks provide 

a means of oxygen communication with all parts of the fuel. 

5. Chemical Equilibria 

The following reactions are assumed to have attained 

thermodynamic equilibrium at all points along the temperature 

gradient: 
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OZ.(g) = 20 (sol' n in matrix) 

, 1 
CO (g) + iD2(g) = C0 2Cg) 

(9) 

(10) 

Mo(sol'n in metal) + 02(g) = Mo0 2(sol'n in matrix) (11) 

(a) Oxygen Potentialoftheru~J:. 

Equilibrium of Eq(9) requires that: 

~ T~SO = RTlnpO 
Z 2 

(12) 

Oxygen pOtentials over unirradiated mixed oxide fuels have 

been reported by Rand and Markin (1). These results have been 

fitted by temperature independent values of ~~ and ~SO ' 
2 2 

which depend only upon the valence of the heavy metal atoms. 

The variation of ~HO and ~SO with plutonium or uranium' 
2 2 

valence is shown in Figs. 1 and 2 along with linear approximations 

which were utilized in the calculations. Because the computations 

cannot tolerate a discontinuity in ~GO at exact stoichiometry, 
2 

linear connecting functions were used for valences between 

3.999 and 4.001. The relations employed are: 
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LlS O = -18. 5S + 1. 845 x 10 4 (V- 4) (13b) 
2 

. Vu > A. 001: AHO _. -65 
2 

C13c) 

The enthalpy values in Eq (13) are in kcal/moleand the entropies 

are expressed in eu. The choice ±O.OOI uhitsfrom stoichiometry 

for the valency limits of the connecting fUnctions is not 

critical. The results were unaffected by fitting the connecting 

functions at ±0.01 on either side of V=4. 

Following Johnson et al (5), it has been assumed that 

Eqs(13) apply to the oxide matrix whether or hot fission products 

are present. The dissolved fission products, irrespective of 

their valency, are assumed to behave as inert diluents in the 

fuel. They are entirely analagous to the uranium in hypostoichio

metric material or to the plutonium cations in hyperstoichiometric 

fuel. 

(b) Oxygen Redistribution 

The oxygen partial pressure at any point along the 

temperature gradient is determined by the local Peo IPeo ratio 
2 

in accordance with the equilibrium constant of Eq(lO): 

where: 

-RTlnKe = 

1 . 
2RTlnpO 

2 

-67.5 + 20.75T 

(14) 

(15) 
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Although neither the non-volatile fissipn products nor the 

heavy metals are permitted to migrate along the temperature 

gradient, oxygen may do so via the Rand-Markin CO 2/CO mechanism. 

The model of oxygen redistribution by molecular diffusion of the 

species CO 2 , eo, and 02 in the inert gas filling the cracks in 

the fuel (11) requires that the eo2/eo ratio at each point 

satisfy the equation: 

. 2 [( p e ° 2) 3 + (peo 2) 2 ] + 

--:7p K Peo Peo e,e 

Peo 2 (I-B) 
Peo 

= B (16) 

where Pc is the constant total carbon pressure and B is a constant. 

This formula is equally valid for irradiated as well as unirradiated 

fuel, since it depends only upon the assurnptions·of transport by 

molecular diffusion and the impermeability of the boundaries at 

the hot and cold ends. The variation of the CO 2/CO ratio along 

the temperature gradient is governed by the coefficient of the 

first term in Eq(16), in which .Ke is the equilibrium constant 

for reaction (lO)~ 

(c) Partitioning of Molybdenum 

The distribution of fission product molybdenum between 

the oxide matrix and the metallic inclusions is determined by 

the equilibrium of Eq(ll), for which: 

[ 

y. rna triX] 
-nG o = RTR.n ~ + Mo metal 

fMo 
[

matriX] YM·· . 
RTR.n ~etal 

YMo 
(17) 

nGMo is the standard state free energy of formation of 

Mo0 2(s), which has been taken from various sources as (12-14): 
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~G~o = -137.1 + 39.3T (18) 

y~~trix is the cation fraction· of 1-10 in th.e oxide matrix and 

metal . 
YMo ~s the atom fraction of Mo in the noble metal alloy ~n 

which the solvent is a mixture of Ru, Tc, Rh, and pd. The second 

term on the right hand side of Eq(17) is the logarithm of the 

activity coefficient ratio of Mo in these two ph~ses. Unfortunately, 

this ratio ~s not known, and the calculations have been performed 

for ratios of unity and 10. 

The atom fraction ratio in Eq(17) may be expressed in 

terms of the quantity f, which is the fraction of the total 

molybdenum at a particular point which is oxidized to MoO Z' 

It may vary with position. In terms of f, the atom fraction of 

Mo in the matrix is: 

matrix 
YMo (19) 

and the atom fraction of Mo in the noble metal includions is: 

metal 
YMo = 

(1-£) NMo 
NNM +. (1- f)NMo 

(20) 

where NNM stands for the sum of Ru, Tc, Rh, and Pd. Utilizing 

Eqs(S), (6), and (8) in Eqs(19) and (20), the atom fraGtion 

ratio is: 

y~~trix 
metal 

YMo 
= ·f r:T 

.... -Y
NM

+ (1- f) Y Mo . 
(21) 
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Attainment of chemical equilibrium of Reactions (9) - (11) 

means that oxygen potentials in Eqs(12) , (14), and. (l7) must be 

equal. 

6. Oxygen Balance 

The final relation needed to completely determine the 

system is an oxygen balance. Because of oxygen transport along 

the temperature gradient, a local oxygen balance cannot be 

written. Even in the presence of oxygen migration, however, the 

impermeable barriers at the ends of the temperature gradient 

imply that total oxygen is conserved. The oxygen balance 

assumes the form: 

= NBa-Sr + 1 
, 0 r 

L 

I N~atrix dz 

o 

(22) 

where z is the distance along the temperature gradient and·L is 

the distance between the hot and cold ends. To simplify the 

analysis, a one-dimensional rectangular geometry has been used 

in place of the actual cylindrical geometry of a fuel pin. 

N~a-sr is th~ amount of oxygen associated with the Ba-Sr oxide 
'matrix. phase, and NO 1S the number of atoms of oxygen in the 

region of the matrix which initially contained N~ atoms of oxygen. 

The amount of oxygen contained in the gas phase is neglected 

compared to that bound in t~e solid oxide phases. 
.. 

Th.e oxygen associated with th.e cations in the two oxide 

phases is found by charge balances, whic~ insures electrical 



neutrality of tlLese phases: 

2Nrnatrix 
o 
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The valences of uranium and plutonium arc restricted by: 

Vu = 4 for VPu < 4 

VPu = 4 for Vu > 4 

(23) 

(24) 

(25) 

which reflects the inability of Pu to assume a valence greater 

than 4 and of U to be reduced to a valence less than 4. 

Insertion of Eqs(23) and (24) into Eq(22) and utilizing 

Eqs (1), (5), (6), and (8) yields the relation: 

= [ZYBa - sr + 4YZr -Nb + 3YY_RE + 4YMo r fd(Z/L)] B 

+ (I-B) f[ qVpu + (l- q )VUJ d(z/L) 

o 

7. Solution Method 

o 
(26) 

The temperature is assumed to vary linearly between specified 

hot and cold end values, for whicIL 2500 0 K and lOOOoK, respectively, 

have been used in all of t~e calculations reported here. The 

initial plutonium content C~) and the oxygen':to-metal ratio 
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(O/M) are specified. Only the compositions UO.SPuO.201.96 and 

UO.8PuO.20l.98 have been analyzed. In principle, the total carbon 

pressure in the gas is a parameter of the system. Ho,,",cvcr, the 

c02/CO ratio over hypostoichiometric fuel is so low that the 

first term on the left hand side of Eq(16) is negligible for all 
-3 carbon pressures greater than 10 atm. Consequently, Pc need 

only be assumed to be large. 

The solution proceed~ as follows; A value of B is guessed 

and the PCO IPCO ratio is computed from Eq(16) for all z/L 
2 

(because the C02/CO ratios are so small, this is equivalent to 

guessing a constant Value of PCO IpCO)' The oxygen potential 
2 

at all positions is then determined from Eq(14). The local 

values of the uranium and plutonium valences corresponding to 

these oxygen potentials are determined from Eq(12) with the aid 

of Eqs(13). The molybdenum atom fraction ratio is eliminated 

by combining Eqs(17) and (21) and the oxidized fraction at eac~ 

position f is determined from the previously cOl~uted oxygen 

potentials. The accuracy of the initial guess of the constant 

B is determined by substitution of the profiles of the heavy 

metal valences and the fraction of oxidized molybdenum into the 

oxygen balance, Eq(26). If this relation is not satisfied, 

a new value of B is selected and the procedure is repeated 

until the overall oxygen balance is satisfied . 

. The principal information obtained from th.e calculation is 

the variation of the. valences of the h.eavy metals and the fraction 

.of No present as Mo0 2 as functions of position along the temp

erature gradient. The former, in conjunction with the temperature 



-14-

profile, is utilized to generate the variation of the oxygen 

potential with. position by use of Eqs (12) and (12). 

8. Result~ ~nd Discus~ion 

The most important effect of oxygen transport in the gas 

phase on fuel chemistry is to smooth out variations of thermo

dynamic properties along the temperature gradient. This tendency 

maybe illustrated by considering unirradiated fuel in a linear 

temperature gradient. Fig. 3 shows the change in plutonium 

valency and fuel oxygen potential with position at zero burnup. 

The dashed lines apply before oxygen redistribution by the CO 2-CO 

mechanism in the gas phase· has occurred. Eqs(12) and (13ab) 

were used to obtain these curves. The solid lines in Fig. 3 

show the same profiles after oxygen has been moved from the hot 

to the cold ends in accordance with the Rand-Markin model. In 

the absence of oxygen redistribution, the oxygen potential 

decreases from -97kcal/mole at the high temperature end to 

-154 kcal/mole at the cold end. After oxygen migration, the 

corresponding oxygen potentials are -119 and-129 kcal/mole, 

respectively. When oxygen can communicate with all parts of the 

fuel, large differences in oxygen potentials are greatly reduced 

but the value of the fuel-clad interface is increased. 

It should be emphasized that the profiles of Vpu and 

flGO attained in the presence of oxygen transport are not fixed 
2 

solely by thermodynamic considerations. Rath.er, they represent 

a stationary state in which- the final profiles are determined 

by the transport mechanism and the transport properties. In 
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general, the profiles depend upon the amount of carbon impurity 

in th.c fuel, the ratio of tfLe diffusion coefficients of 02' CO 2 

and CO in the gas phase and the assumption that molecular 

diffusion is the sole means of oxygen migration. The Rand

Markin model (i.e., constant Peo /Peo) is simply a special case 
Z 

of this transport mechanism which is achieved when the carbon 

pressure is high or the initial fuel is h)~ostoichiometric. 

the e0 2/co ratio noted on Fig. 3 and succeeding plots is the 

value which permits all equilibria and the oxygen balaIlce to 

be satisfied. This ratio is a convenient measure of the average 

oxygen potential over the temperature range to "fhich fuel is 

sub j ect. 

Fig. 4 shows the results of the calculation when all 

parameters are the same as in the unirradiated case just dis-

cussed but at 5% burnup. The dashed lines in the figure show 

the results when oxygen redistribution is not permitted. They 

were computed by the method described in the previous sections 

except that the equilibrium of reaction (10) was not considered 

and the integrals in the charge balance of Eq(Z6) were replaced 

by local values. Because of the low O/M of the original fuel, 

less than O.Z% of the Mo is oxidized to MoO Z' In the absence of 

02 transport, the plutonium valence takes on its maximum value 

. (i.e., when f=O) , which is given by: 

(Vpu) max 
=2(O/M) - .4.(1-6.) (l-q)- ( 2YBa-Sr + 4YZr-Nb + 3Yy -RE}S 

(1- 6) q 
(27) 
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For the conditions of fig. 4, CYPu)max is 3.86 compared to 3.60 

for the as~fabricated fuel.· As a consequence of this uniform 

increase in valence (in the no-transport case), the oxygen 

potentials of t110 fuel simply increase by 10 kcal/mole along 

the entire temperature gradient. 

Coupling oxygen migration with fuel burnup smooths out the 

oxygen potential profiles in the samc manner as it did in the 

unirradiated casco Fig. 4 shows that the variation of the 

fraction of Mo which is oxidized is also considerably reduced. 

This behavior is a direct consequence of the altered oxygen 

potential distribution which occurs when oxygen migration is 

permitted. 

The variation of th.e plutonium valence is markedly reduced 

as a result of burnup. In the unirradiated fuol, the hot end 

valence was nearly 3.0, but at 5% burnup, the valence here is 

~3.S. The fuel does not become hyperstoichiometric at any 

position, however, because of the free energy "barrier" presented 

by the abrupt change in llGO at exact stoichiometry. 
2 

Fig. S shows the condition of a mixed oxide fuel of initial 

O/M = 1.98 (compared to 1.96 in Fig. 4) at 5% burnup. The hotter 

portions of the fuel have become slightly hyperstoichiometric 

as a result 6f burnup and between 20 and 35% of the Mo is 

present as Mo02 . Not all of the Mo is oxidized des~ite the high 

oxygen potentials because according to Eq(ll), this element is 

not in a pure state either as a metal or as an oxide. Consequently, 

discontinuous changes in the fraction of and in the oxygen potential 

of the fuel are not to be expected from the present model. 
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Although the fraction o£ mOlybdenum present as the oxide is a 

function of location in the temperature gradient in both Figs. 4 

and 5, this variation is not due to migration of No proper. The 

same concentration of total molybdenum is present at all positions. 

The top cur~es in Fig. 4 and 5 only shnw how it is partitioned 

between the metallic inclusions and the oxide matrix. 

The effect of burnup on the chemical properties of the fuel 

of initial O/M = 1.96 is illustrated in Figs. 6 and 7. As has 

been found by others, burnup of the mixed oXide fuel increases 

the oxygen potential. There is no discoritinuity in the variation 

of ~Go- with burnup at a critical value of B, as was calculated 
2 

by Johnson et al (5). However, the change becomes rapid in the 

region 0.07 < 8 <0.09 for a fuel with an initial O/M = 1.96. 

In this range, the heavy metal valence is in the range very 

close to exact stoichiometry where ~GO is changing rapidly. 
2 

In this region, Fig. 7 shows that the fractioh of Mo as the oxide 

increases. by more than two orders of magnitude,which reflects 

the increase in oxygen potential. At 8=0.09, the fuel is slightly 

hyperstoichiometric over the entire length. The chemical state 

of the ·fuel of initial O/M = 1.96 at 9% burnup is nearly the 

same as that of fuel of initial O/M = 1.98 at 5% burnup. 

In Figs. 8 and 9, the region of rapid change of ~GO and 
2 

f with 8 for DIM = 1.98 is between B = 0.03 and 0.05, which is 

consistent with the computations of Johnson et al (5). At burnups 

greater than that required to render the fuel hyperstoichiometric, 

not all of the Mo has been oxidized. For 8.>0.05 in Fig. 9, the 

oxygen potential continues to increase slowly with. B as the 
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fraction f asymptotically approaches unity. The plateaus of 

constant 6GO · at higJL burnup calculated by others (6.7) are 
2 

not found by the present method because of the type of molybdenum 

eq uil ibrium as s umed CEq (11) ) . Becalls e pure rhas (.5 0 f Mo and MoO 2 

are not present, the buffering action of this fission product 

extends over a broader rang~ of oxyg6n potential than would be 

the case if Mo did not form solutions with the noble metals and 

the oxide matrix. 

Effec·t of the Choice of Parameters 

The results presented in Figs. 4-9 utilized the cumulative 

yields reported by O'Boyle et al (second column of Table 1) 

which represent fuel containing both U-235 and Pu-239. Ca1-

culations were also performed using the fission product dist-

ribution typical of Pu-239. Since there are no major differences 

between the yields from such fuels as reported by various authors 

in Table 1, the distribution utilized by Anselin (fourth column) 

was utilized. The oxygen potentials and fraction of oxidized 

Mo for a fuel of initial DIM = 1.98 at 5% burnup are shown in 

Fig. 10. The major difference in the two fission yields is the 

larger portion of noble metals compared to oxide-formers in Pu-239 

fission compared to U-235 fission. This difference tends to force 

more oxygen into the Pu-239 fuel, thereby oxidizing the heavy 

metals instead of fission product cations, than is the case in 

U-235 fuels.. The lower curves in Fig. 10 show oxygen potentials 

which. are .2-4 kcal/mole larger in tlie case of Pu-239 yields 

than for the mixed U-235, Pu-239 fuel. The smaller yield of 
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of stable fission product oxides in the fonnor causes rv50% 

more of the mOlybdenum to be oxidized than in fuels with sign

ificant quantities of U-235. Th.e differences do not increase 

significantly at burnups greater than 5%. 

The calculations presented until now assumed that the 

molybdenum activity coefficient ratio of Eq(17) was unity. 

Fig. 11 shows the effect on the oxygen potential at the fuel 

surface of setting this ratio equal to 10. No change is 

observed until the oxygen potential is larger than -115 kcal/mole. 

At lower 6GO ,all of the molybdenum is present as metal and 
2 . 

the activity coefficients do not affect the oxygen balance. 

Similarly, when essentially all.of the Mo is present as the 

oxide (which requires burnups in excess of 10% even for a fuel 

of initial DIM = 1.98), the solid and dashed curves of Fig. 11 

would join again. At intermediate burnups where mOlybdenum 

distributions in comparable amounts between the metal and oxide 

phases, increasing the activity coefficient ratio by a factor of 

10 produces a rv3 kcal/mole increase in the oxygen potential at 

the clad surface. 



Table 1 ~ CUIJiulativeFissionProduct' Yields in 'a Fast Neutron Spectrum 

O'Bolle et al (2) Anse1in (3)a Rand-Markin (1) Davies&Ewart (4) Johnson et a1 (5) 
Fuel 17.7% Pu Val·· 

15% Pu-239 15%Pu-239 20% Pu enen Composition 65.5% U-235 U-235 Pu-239 85% U-238 85% U-Z38 80% nat i 1 U 16.8% U-238 

Mo 0.231 0.240 0.203 0.203 0.206 0.025 4 or 0 

Zr+Nb 0.279 0.299 0.204 0.208 0.219 0.212 4 

Ba+Sr 0.135 0.149 0.096 0.103 0.109 0.106 2, 

Ru+Tc+Pd+Rh 0.320 0.263 0.515 0.456 0 

Y+RE's 0.524 0.534 0.471 0.431 0.493 0.486 3 

Cs 0.190 0.188 0.178 0.187 0 

Xe+Kr 0.248 0.241 0.248 0 

athe cumulative yields used in ref. 3 were taken from L. Burris and J. Dillon, ANL-5742 (1966) 
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fIGURE CAPTIONS 

,-

I. Partial molal enthalpy-of oxygen in mixed U""Pu oxides (1) 
- - -

2 • Partial molal entropy of oxygen in mixed U-Pu oxides (1) 

3. Oxygen potential and plutonium valence profile~ in unirradiated 

fuel of initial composition UO.SPuO.20l.96 

4. Profiles in fuel of initial composition UO.SPuO.201.96 after 

5% burnup. 0" Boyle yields. Mo ideal. 

5 . Profiles in fuel of initial composition UO.SPuO.201.9B after 

5% burnup. O'Boyle yields. Mo ideal. 

6. Effect of burnup on oxygen potential profiles of UO.SPuO.20l.96' 

O'Boy1e yields. Moideal. 

7. Effect of burnup on the profiles of the fraction ofMo 

oxidized for UO.BPuO.201.96' O'Boyle yields. Mo ideal. 
• 

B. Effect of burnup on oxygen potential profiles of UO.SPuO.201.98' 

O'Boyle yields. Mo ideal. 

g. Effect of burnup on the profiles of the fraction of Mo 

oxidized in UO.SPuO.20l.9S' O'Boyle yields. Mo ideal. 

10. Effect of cumulative yield distribution on the profiles of 

the oxygen potential and fraction of Mo oxidized for 

UO.8PuP.ZOl.98 at 5% burnup. 

11. Variation of the oxygen potential at the fuel surface with 

burrtup for two Mo activity coefficient ratios. O'Boyle yields. 
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~--------=--------LEGALNOTICE--------------------~ 

This report was prepared as an accoun t of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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