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A THERMODYNAMIC DATA PROGRAM INVOLVING 
PLUTONIA AND URANIA AT HIGH TEMPERATURES 

Quarterly Report No. 9 - August-November 1969 

E. A. Aitken 
S. K. Evans 

ABSTRACT 

In the eighth quarterly report (GEAP-12032), the continuing scope of work related 
to vaporization of urania, oxygen redistribution in a temperature gradient, and 
sodium fuel interaction was presented. Work progress is presented on these tasks. 

In addition, the scope of follow-on experiments to study mechanistic aspects of 
oxygen redistribution in a temperature is presented. 

1. INTRODUCTION 

This quarterly report is ninth in a series which describes experiments directed toward understanding plutonium 
segregation in urania-plutonia solid solutions used in fast reactor environments. In the eighth quarterly report 
(GEAP-12032) the progress of several experiments which have a bearing on plutonium segregation was described. In 
this report, continued progress in these areas is described. New experiments in the thermal gradient area which will 
provide additional information concerning the mechanisms involved in oxygen migration are discussed. 

2. DETERMINATION OF COMPONENT ACTIVITIES 
I 

The determination o_f uranium activity in a uo2-Pu02 solid solution is being carried out with a transpiration apparatus 
with air and CO/C02 as the carrier gas. Preliminary runs with u3o8 in air to establish the optimum flow rate for the 
system have been completed. The results of these runs are shown in Figure 1. The data indicate that the carrier gas is 
saturated with U03 vapor between about 40 and 80 cc/min flow rate. The values obtained are about 30% lower than 
data reported by Alexander. (l) Differences may lie in temperature calibration. 

Experiments are in progress to determine the U03 vapor pressure in equilibrium with 10 co2/CO and C02/10 CO gas 
mixtures. Following these experiments, the effect of plutonium on the ura·nium activity in the mixed oxide system will 
be deterrnined. · 

3. OXYGEN MIGRATION IN U02-20% Pu02 AND Pu02_x SYSTEMS 

Molybdenum capsules containing hypostoichiometric uo2-20% Pu02 pellets have been heated in a temperature 
gradient fron-1 1200 Lu 1600°C for periods up to ·1070 hours. Data from• mixed oxide capsules heated for 4, 15, 300, 
and 1000 hours has been reported in the sixth and eighth quarterly reports (GEAP-5777 and GEAP-12032). Similar 
data for a capsule heated for 120 hours is presented here. 

,, 
Following the described heat treatments, the capsules were cut open and the pellets were removed. Thermogravimetric 
oxygen-to-metal ratio determinations were carried out on each of the pellets. 
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Figure 2 shows Arrhenius plots relating. the deviation from stoichiometry, x, to the reciprocal temperature for 15-, 
120-, 300-, and 1000-hour temperature gradient anneals of capsules containing (U0.8Pu0.2io2_x· 

The addition of the 120-hour data does not appreciably add to or modify the conclusions discussed in the eighth 
quarterly report. The end cap on this capsule was found to be pushed slightly out of the tube which resulted in an open 
system and increased the hydrogen over-pressure by orders of magnitude from what it was in the closed system. 
Therefore, the he.at of transport measured cannot be correlated directly with those of the other tests in this series. 

Initial expe.riments to determine oxygen migration behavior in Pu02_x in a temperature gradient have been com.pleted. 
These experiments are necessary to relate mixed oxide behavior to the end members ·of the binary system as discussed 
in the eighth quarterly report. Figure 3 represents Arrhenius plots relating the deviation from stoichiometry, x, to the 
reciprocal of temperature for Pu02_x thermal gradient anneals of 15, 100, 300, and 1070 hours duration. The 
3000-hour test originally scheduled was cancelled after the data from shorter time tests indicated that a steady state 
had been reached. 

The behavior of oxygen migration in the Puo2_x system significantly increased the understanding of transport processes 
in the uo2-Pu02 system also. The heats of transport measured for Pu02_x increase monotonically from -15 kcal/mole 
at 15 hours to -4.1 kcal/mole at 1070 hours. Since the heat of transport measured during the 300-hour fun was only 
slightly more negative than that measured during the 1070-hour run, it is assumed that a steady state has been reached 
at 1070 hours. 

The post-test oxygen-to-metal ratios are signi.ficantly higher than the pre-test control specimen, with a random 
variation, a possible indication that the control value was in error or that the furnace gas H20-to-H2 ratio wa·s not 
constant and resulted in an uneven oxygen permeation ratio through the molybdenum tubes. In any event, the post-test 
oxygen-to-metal ratios are not significantly different. 

The basic differences between the mixed oxide and Pu02-x data can be partially explained at this time in terms of 
Aitken's one-component cyclic model for oxygen migration.(2,3) According to this model an effective heat of transport 
may be defined as follows: 

( 1) 

where O* is the heat of transport resulting from oxygen transfer in the gas phase only, Ls is related to the solid state 
oxygen diffusion coefficient, and L

9 
is related to gas phase diffusion of oxygen. 

If it is assumed the 1000-hour uo2-20% Pu02 anneal has reached a steady-state, the heat of transport is 5.2 times 
greater in absolute magnitude than that of the Pu02_x 1070-hour anneal. Since the mechanism for oxygen diffusion in 
the oxygen deficient fluorite lattice is probably oxygen vacancy transport, the oxygen diffusion coefficient should be 
proportional to the concentration of oxygen vacancies in the lattice. While the average oxygen-to-plutonium ratios of 
the 1000-hour mixed oxide and Pu02_x anneal samples are similar ( 1.865 and 1.817, respectively) their 
oxygen-to-metal ratios and hence their oxygen vacancy concentrations are quite different. The 1.817 oxygen-to-metal 
ratio in the Pu02_x system corresponds to a factor of 6.8 more oxygen vacancies than the 1.973 stoichiometry in the 
mixed oxide system. Prigogine(4) has shown that the.coefficient L5. in the phenomenological equation for mass flow 
along a temperature gradient is directly proportional to the diffusion coefficient .. 

lnterpr~tation of Aitken's(2) data indicates that the observed heat of transport in the 1000-hour anneal of the mixed 
oxide corresponds to L/Lg = 2.23. 
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Q* eff /Q* eff 
1 2 

1 +(Ls/Lg) 

1 + (Ls/Lgl 

Q* eff /Qeff = 5· 1 
1 2 

which is in excellent agreement with the.difference observed. 

I~ the one-component cyclic flow model proposed by Aitken, 121 the oxygen in the gas surrounding the pellets in the 
temperature gradient is in local equilibrium with the oxygen in the fuel. Since the mixed oxide and Pu02_x 1000-hour 
anneal systems have similar oxygen activities, the oxygen activities in the gas phase would be similar and result in 
similar gas diffusion coefficients. Thus, the assumption of Lg remaining constant or nearly so between the mixed oxii::le 
a·nd Pu02_x of similar oxygen activity is not unreasonable. . 

The kinetic features of the approach to steady state are observable in the Pu02_x data. The 15-hour anneal exhibits a 
larger negative value for the heat of transport than in longer time tests. The· oxygen migration also demonstrates 
noticeable effect at the highest temperatures of the_ test. Longer time anneals exhibit oxygen migration throughout the 
pellet stack with less negative heats of transport observed as the annealing time is increased. The mixed oxide capsules 
show the same effect in the 300- and 1000-hour anneals, except that a possible interface reaction151 in the mixed oxide 
capsules prevents extensio.n of the oxygen-to-metal ratio gradient to the pellets <1t the lowest temperatures of the test. 
The interpretation of the kinetic phenomena is still under study. 

Several new experiments are being planned to explore the validity of the ideas presented in this report. Thermal 
gradient experiments involving U02-20% Pu02 pellets of 1.93 and 1.99 oxygen-to-metal ratios are planned to 
investigate effects of average stoichiometry on the oxygen migration. An experiment involving uo2-40% Pu02 pellets 
of about 1.82 oxygen-to-plutonium ratio is planned to investigate effects of plutonium content on the oxygen 
migration phenomena. These three experiments will provide ·information regarding the nature of the oxygen migration 
mechanisms by varying both the oxygen vacancy concentrations in the fuel and the average oxygen activity in the fuel. 

Another experiment is planned to investigate the relative roles of solid state and gas phase oxygen transport at 
interfaces between adjacent pellets in the thermal gradient. To prevent the possibility of solid state diffusion Pu02_x 
will be placed in a molybdenum capsule separated by molybdenum spacers. The effect of this blockage of solid state 
oxygen transfer on the heat of transport will be studied. 

4. SODIUM-FUEL INTERACTIONS 

The first set of nickel capsules containing_sodium, sodium oxide, and'urania-plutonia fuel was annealed at 85o0 c in an 
evacuated container. Eight hours after the heat treatment was begun, loss of vacuum occurred in the chamber, 
indicative bf a rupture of one or more ot the capsule experiments. The experiment.was terminated and the capsules 
removed. Weld defects were found in each capsule and resulted in some loss of sodium. Even though the test was 
terminated prematurely, oxygen analyses will be made on the residual sodium; the fuel residue will be analyzed as 
though the experiment had undergone a full 4-day anneal. 

A new set of nickel capsules with the same characteristics as the first set is being fabricated with modifications to 
prevent recurrence of the weld defect problem. The capsules will be annealed at 60o0 c for 7 days. Following the 
anneal, the sodium and·fuel will be characterized as described in the eighth quarterly report. 

6 



GEAP-12047 

REFERENCES 

1. Alexander, C. A., "Vapor-Solid Equilibria in the Uranium Oxide-Oxygen System," Doctoral Dissertation, The 
Ohio State University, 1961. 

2. Aitken, E. A., "Thermal Diffusion in Closed Oxide Fuel Systems," J. Nucl. Matl. 30, 62-73 (1969). 

3. Aitken, E. A., "Thermodynamic Analysis of Possible Chemical Interactions in the System: U02-Pu02, 
Fuel-Sodium-Stainless Steel," Genera I Electric Company, ( G EAP-5683) July 1968. 

4. Prigogine, I., "Thermodynamics of Irreversible Processes," lnterscience Publishers, New York, 1961. 

5. Aitken, E. A., and Evans, S. K., "A Thermodynamic Data Program Involving Plutonia and Urania at High 
Temperatures Quarterly Report No. 8," General Electric Company, (GEAP-12032) September 1969. 

7 



Batte lie Memorial Institute 
Pacific Northwest Laboratory 
P.O. Box 999 
Richland, Washington 99352 

Attn: T. Chikala 
E. A. Evans 

Battelle Memorial Institute 
Columbus Laboratory 
505 King Avenue 
Columbus, Ohio 43201 

Attn: C. A. Alexilnder 

Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, Illinois 60439 

Attn: P. E. Blackburn 
L. R. Kelmal, LMFBR Program 

Office 

Oak Ridge National Laboratory 
P.O. Box X 
Oak Ridge, Tennessee 37830 

Attn: J. L. Scott 

USA EC 
Fuels and Materials Development Branch 
Division of Reactor Development and Technology 
Washington, D.C. 20545 

Attn: J.M. Simmons 4 ff 

G. W. Cunningham 1 

USA EC 
San Francisco Operations Office 
2111 Bancroft Way 
Berkeley, California 94704 

RDT Site Office 
USA EC 
c/o General Electric Company 
310 De Gu igne Drive 
SunnyvalP., California 

Altn: A. W. Larsen 

USA EC 
Division of Technical Information Extension 
P.O. Box 62 
Oak Ridge, Tennessee 37831 3 

GEAP-12047 

DISTRIBUTION 

8 

Los Alamos Scientifi.c Laboratory 
P.O. Box 1663 
Los Alamos, New Mexico 87544 

Attn: J. A. Leary 

Westinghouse Electric Corporation 
Nuclear Fuels Division 
Pittsburgh, Pennsylvania 15230 

Attn: W. L. Lyon 




