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ABSTRACT

Measurements of the oxygen potential for urania-plutonia mix-
tures show an increase with increasing plutonium content. The

oxygen potential model for uranium-plutonium oxide has been extended

to include the effects of burnup on oxygen potential. The model

predicts an increase in oxygen potential with burnup for both

enriched and nonenriched hypostoichiometric fuel, with the non-
enriched fuel exhibiting a higher rate of increase in oxygen
potential with burnup than does the enriched fuel. Knudsen
effusion-mass spectrometric studies of the urania-molybdia system
have shown that molybdia has limited solubility in urania at
high temperatures and that the solid solutions exhibit positive

deviations from ideal behavior.

The kinetics of the reaction of gaseous cesium with hyper-

stoichiometric urania is being studied. The reaction rate has
been found to depend linearly on the initial U/O ratio of the
urania.

Measurements of the carbon activity above a U-Pu-C system
have shown segregation to monocarbide and sesquicarbide phases,
with the sesquicarbide phase exhibiting a higher plutonium content.
A handbook of thermophysical and mechanical properties of carbide
and nitride fuels has been compiled to serve as an authoritative
source of properties data for persons working on advanced fuels.

A limited number of measurements were made to determine the
trapping efficiency of lithium for tritium ions. A trapping
efficiency of lithium for tritium was determined to be about 90%.

SUMMARY

Oxide Fuels Chemistry and Thermodynamics

The information obtained in this program can be used to interpret and
evaluate the performance of fast-reactor fuels. The effect of fuel burnup
on oxygen potentials, the modeling of transport chemistry and the interactions
of fuel with fission products are being studied to provide the data base
needed to assure long-term operation of LMFBR fuels.
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Effect of Burnup on Oxygen Potentials. Measurements to characterize the
effect of plutonium valency on oxygen potential have been made at 2050 K

for hypostoichiometric U-Pu-C compositions having plutonium-to-met.al ratios
ranging from 0.15-0.30. Higher oxygen potentials were obtained with
increasing plutonium/metal ratio at a fixed oxygen/metal ratio. When plotted
against plutonium valency, the results show that oxygen potential is

dependent on the plutonium-to-metal ratio. These results do not support
the hypothesis that AG(0 2 ) values for the mixed U-Pu-C system are functions
of the metal whose oxidation state is changing. Measurements of oxygen
potentials over the U0. 8 0Pu0. 2 002-x system have been made in the relatively

low temperature range 1300-1413 K; the results are compared with oxygen

potentials derived from thermogravimetric and galvanic cell measurements, and
Blackburn's model. The oxygen partial-pressure dependency was found to be

approximately, which suggests that singly charged vacancies predominate

at low temperatures as compared with doubly charged vacancies at higher

temperatures. A significant variance in oxygen potential occurs when

cerium is incorporated into the lattice structure of the U-Pu-C system.
Total pressures of actinide-bearing species determined from experimental oxygen

potentials and the free energies of formation of the gaseous and condensed
phases are in good agreement with those obtained from analysis of sublimates

collected during transpiration experiments.

Chemical Modeling of Fast-Reactor Mixed-Oxide Fuel System. The oxygen
potential model for mixed uranium-plutonium oxide fuel has been extended to
include the effects of ournup on oxygen potential. The model, based on

relationships between cation and anion concentrations in the lattice and
oxygen pressures, now includes measured or estimated equilibrium data for

all fission products likely to be oxidized in the fuel. The new model
predicts an increase in oxygen potential with burnup for both enriched and

nonenriched hypostoichiometric fuel, with the nonenriched fuel exhibiting

a higher rate of increase than does the enriched fuel. Enriched hyper-

stoichiometric fuel exhibits a decrease in oxygen potential with burnup,
whereas the oxygen potential of nonenriched hyperstoichiometric fuel is

relatively constant with burnup.

Mass Spectrometry of the Urania-Molybdia System. The effect of molybdenum
on the oxygen potential in the urania-molybdia system is being studied
using a Knudsen effusion-mass spectrometry method. The results indicate

that molybdia has limited solubility in urania at high temperatures and
that the solid solutions exhibit positive deviations from ideal behavior.
The deviation from ideal behavior decreases as the concentration of molybdia
in the solid solution decreases.

Chemistry of Irradiated Fuels

The study of the chemical behavior of irradiated fast-reactor fuels

has as its principal objectives the fundamental understanding of the in-
reactor behavior of fast-reactor fuel elements and the development of models
to describe fuel-element performance under a variety of reactor operating
conditions. Recent work has included examinations of irradiated fuel and
laboratory studies of the interaction between fission-product cesium and
urania blanket material. Emphasis is being placed on understanding the
conditions that can lead to the restriction of gas flow in fuel pins through
the transport and reaction of fission-product cesium with the urania blanket.
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Fuel and Claddin Chemistry. Studies of the spatial distribution of
fuel constituents and fission-product elements in irradiated mixed-oxide
fuels have continued. Electron microprobe data are presented on the radial

redistribution of selected fission products. Variations were noted in the
redistribution of fission-product neodymium. Possible causes of this

variability are discussed.

Kinetics of the Cesium-Urania Reaction. The kinetics of the reaction

of gaseous cesium with urania is being investigated. The reaction rate has

been found to depend linearly on the 0/U ratio of the urania at the start

of the reaction. Lower reaction rates are observed for lower 0/U ratios.
The reaction has been found to be only slightly dependent on the temperature

of the urania in the range 670-1070 K, and has an activation energy of
15 6 kJ/mol.

Advanced Fuels Chemistry and Thermodynamics

The program on advanced fuels is aimed toward obtaining chemical and

thermodynamic property data for actinide carbide and nitride fuels to ensure

a reliable thermochemical data base because these fuels are candidates for

future LMFBRs. Program focus was on single-phase and two-phase (MC-M2 C3 )
mixed-actinide carbide fuel.

High-Temperature Vaporization Behavior of Actinide Carbide. Experiments

to determine the carbon activity above the ternary U-Pu-C system have been
initiated. Equilibration of a UO. 80PuO. 20C0 .9 8 with a H2/CHI carrier gas

having a carbon activity of approximately 0.6 yielded a residue of composition
C/(J + Pu) = 1.05. X-ray analysis of the residue showed the presence of
monocarbide and sesquicarbide phases. In the sesquicarbide phase, segregation

of plutonium had occurred, and the plutonium content in this phase, was

significantly higher than in the monocarbide phase. Equations are presented

for the temperature dependency of actinide and carbon pressures above the

monocarbide and sesquicarbide phases as functions of Pu/(U + Pu) ratios.

Phase Equilibria in Actinide-Fission Product-Carbide System. Studies

of the phase equilibria in mixed uranium-plutonium carbide fuel containing

selected fission products were planned. The work carried out in preparation

for these studies was that of defining the system of greatest interest and

that of assembling the necessary equipment. However, these studies have been

postponed indefinitely, and no further work in this area is being planned.

Data Compilation. A handbook titled Thermophysical and Mechanical
Properties of Advanced Carbide and Nitride Fuels is being compiled to serve
as an authoritative source of data in support of the national effort to

develop advanced carbide and nitride fuels for FBRs.

Fusion Reactor Studies

A limited number of measurements were made on the trapping efficiency of
liquid lithium for tritium ions. This trappir.g efficiency must be known for
evaluating the use of liquid lithium in fusion reactors. The data obtained
indicate a trapping efficiency of about 90%. No further work is planned in
this area at this time.
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I. OXIDE FUELS CHEMISTRY AND THERMODYNAMICS
(C. E. Johnson)

The major objective of this program is to obtain data on phase equilibria,
thermodynamics, kinetics, and chemistry that are needed for interpreting
and evaluating the performance of fast-breeder-reactor fuel. Data are

sought to aid in the understanding of cladding attack, oxygen aad fission-
product transport within the fuel, plutonium segregation, and fuel swelling.

The information obtained should prove valuable in devising methods for

controlling these deleterious processes. Mathematical models are also

being developed to enable predictions to be made of in-reactor fuel performance.

A. The Effect of Burnup on Oxygen Potentials

(M. Tetenbaum)

1. Oxygen Potential and Actinide Valency

Markin and Mclveri have postulated that oxygen potentials for the
mixed-oxide U-Pu-O phase system can be considered as functions only of the va-

lence of the metal whose oxidation state is changing. Thua, for hypostoichiometric

fuel compositions, oxygen potentials are a function only of the plutonium

valence; and for hyperstoichiometric compositions, oxygen potentials are a

function only of the uranium valence. These assumptions are based on inter-
pretations of laboratory galvanic cell measurements made at 1073, 1223, and
1373 K on U-Pu-O compositions having Pu/(U + Pu) ratios of 0.11, 0.15, and
0.30. Examination of Markin and McIver's plot of the oxygen potential
AG(02 ) vs. plutonium valence at 1173 K reveals considerable scatter in their

data. With such scatter it is difficult to establish rigorously the
dependency of oxygen potential on actinide valency. It should also be noted

that recent work of Chilton and Kirkham2 at Windscale with hyperstoichiometric
compositions indicates that oxygen potentials are dependent on the Pu/(U + Pu)
ratio at a given uranium valency. On the other hand, the model proposed by
Blackburn3 , for UO2+x and U1_Puy02+x, which assumes the existence of

U2+, U4+, U6+, Pu2+, and Pu4+ cations, yields results that are in excellent

agreement with a wide body of oxygen potential measurements for the U-Pu-O

system. The work described below was undertaken to further characterize

the effect of plutonium valence on oxygen potential.

Oxygen potential measurements were made on mixed-oxide fuel composi-

tions having Pu/(U + Pu) ratios of 0.15, 0.20, 0.25, and 0.30. The measure-

ments were made using equilibration techniques, with a carrier gas consisting
of helium containing 6% hydrogen and varying amounts of moisture. The
residues were analyzed for oxygen-to-metal ratios by means of the McNeilly-
Chikalla method.5 The results are shown in Fig. 1.1.

As expected, the results show that oxygen potential increases with
increasing Pu/(U + Pu) ratio at a fixed O/M ratio. Fig. 1.2 shows a plot of
AG(02) vs. plutonium valence at 2050 K over the composition range investigated.
The results indicate that for a given plutonium valence, the oxygen potential
is dependent on the plutonium-to-metal ratio.

Figure 1.3 shows a plot of the deviation from stoichiometry, x, in
UO.80Pu0.200 2-x and UO.75PuO.2502-x (for which extensive measurements were
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1.90 1.92 1.94 1.96 1.98 2.00
0/M RATIO

Fig. I.1. Oxygen Potentials over Hypostoichiometric
U-Pu-O Compositions at 2050 K

3.5 3.6 3.7 3.8
Pu VALENCE

3.9 4.0

Fig. 1.2. Oxygen Potentials vs. Plutonium Valence for
Hypostoichiometric U-Pu-O Compositions at 2050 K

so

90

100

110

0
E

0
"0

2050 K

/x

/

0 0.15
O 0.20
X 0.25
O 0.30

1201-

130

90

100

110

0
E
0

N
0L

Q(

2050 K

xO0

x

Dx 0
00 "o

0X

"
Pu

U+Pu
" 0.15
O 0.20
X 0.25
O 0.30

I I I 1 I

120

eU r-



6

I.0

I.'

1.2 x /02

x .3 2050 K
0

1.4 x xlrp0Z3.

'.5

1.6
Pu

A!L{"Pu)
1.7 00.20

x 0.25

1.e I I I I
9 10 11 12 13

LOG p0 2 atm

Fig. 1.3. Plot of x in UO.80PuO. 2 0 02-x and U 0 . 7 5 PuO. 2 5 02_x as a

Function of Oxygen Partial Pressure at 2050 K

obtained) versus the partial pressure of oxygen for the 2050 K isotherms.

The oxygen-pressure dependency of x was found to be approximately proportional

to P0 2 1/6. From defect theory, this dependency suggests the possibility

that doubly charged oxygen vacancies predominate at high temperature.

Kofstad 6 has analyzed the low-temperature (1073-1373 K) measurements of

Markin and McIver' for the composition UO. 7 0Pu0. 30 02 -x. For values of

x _ 0.1, Kofstad finds that the oxygen-pressure dependence of x can be

approximated by P0-1/3

2. Low-Temperature Oxygen Potential Measurements

Measurements of oxygen potentials over the U-Pu-0 system, where

Pu/(U+ Pu) = 0.2,have been made in the relatively low-temperature range 1:00-
1413 K via gas equilibration techniques, with a carrier gas consisting of
hydrogen containing varying amounts of moisture. The oxygen-to-metal ratio

of the condensed phase was obtained by means of the McNeilly-Chikalla methods
and also from a knowledge of the moisture evolved during reduction of the
initially stoichiometric mixed-oxide charge. The results are good to about
+2.6 kcal and +0.002 0/M units as shown in Fig. 1.4. They are consistent with
the expected trend of increasing oxygen potential with temperature and comp-

osition.

To provide a common basis for comparing our data with those of other
workersj 7 we recalculated their data to yield values based on a plutonium
composition of Pu/(U + Pu) = 0.2. In the 0/M composition range from 1.96 to
1.98, our experimental W(02) values are approximately 2-4 kcal more negative
than those based on the work of Markin and McIver' (galvanic cell measurements,
1073-1373 K) and are approximately 3-5 kcal more positive than those derived
from the measurements of Woodley7a (thermogravimetric technique 1223-1673 K).
In addition, Woodley 7b has recently made measurements at 1300 K on material
from the same lot as that used in our investigations. These results (good to
about +2.6 kcal) correlate reasonably well with his earlier work 7a and are
within the estimated experimental error of our measurements. For example,
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at a common O/M ratio of 1.9/8, we obtained AZ(02 ) = -13/.2 + 2.6 kcal/mol

and Woodley obtained AG(02 ) = -142.4 + 2.6 kcal/mol. Although these error
limits are greater than we would like, these data appear to suggest that the

Markin-McIver data may be slightly too positive. On the other hand, extra-

polation of the high-temperature data of Tetenbaum 9 to lower temperature tends

to favor the Markin-McIver values. For example, extrapolation of the high-

temperature data to 1300 K and O/M = 1.978 yields AG(02 ) = -132~3 kcal/mol
in comparison with AG(02 ) = -133.7 kcal/mol for Markin-McIver. Thus, in

considering_all the data that are available at low temperatures, we find a

spread in AG(02 ) values of 10 kcal/mol. It is obvious that additional exper-

imental work needs to be done and consideration should be given to use of

another experimental technique for measurement of oxygen potentials. In this

regard, Woodley7b plans to utilize an emf probe to examine material from his

thermogravimetric experiments for an additional data point.

110

120

E 130

1413/K

i 140 -
' ~ 1300 K

1338 K

150 -

60
1.90 1.92 1.94 .96 1.98 2.00

O/M RATIO

Fig. 1.4. Oxygen Potentials Above Hypostoichiometric U0. 80Pu0.2002-x
Compositions in Low-Temperature Region (1300-1413 K)

Based on the temperature coefficients derived from our measurements
at high temperatures (2150-2550 K) above the composition 0/M = 1.96, calculated
AG(02) values were obtained at 1100, 1138, and 1413 K that are in good agree-
ment with the experimental values shown in Fig. 1.4.

Figure 1.5 shows a plot of the deviation from stoichiometry, x, in

U0.8Pu0.20 2-x versus the partial pressure of oxygen for the 1300, 1338, and
1413 K isotherms. The oxygen partial pressure dependency of x was found to
be approximately P02 . From defect theory, this dependency suggests the
possibility that singly charged oxygen vacancies predominate at low tempera-
tures as compared with doubly charged vacancies at higher temperatures. This
appears to be consistent with the results of our high-temperature measurements
at 2050 K and grea er, which gave an oxygen partial pressure dependency of
approximately P 021 6-
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Fig. 1.5. Plot of x in U0 .80PuO.2 002-x as a Function of

Oxygen Partial Pressure Between 1300-1413 K

3. Oxygen Potentials Over U-Pu-Ce-O Systems

Measurements of the variation of oxygen potential as a function of

0/M ratio have been carried out at 2050 K over the U-Pu-Ce-O system, with an
actinide ratio Pu/(U + Pu) of 0.2 and a cerium-to-metal ratio Ce/(U + Pu + Ce)
of 0.5. In making these measurements, the same gas equilibration technique was
used as that mentioned in the preceeding section. Oxygen-to-metal ratios of

the residues were obtained by means of the McNeilly-Chikalla method. The
results to date are shown in Fig. 1.6. For comparison, oxygen potential values
obtained with the U-Pu-O system at 2050 K are included in this figure. It is
apparent that a significant increase in oxygen potential occurs when cerium
is incorporated into the lattice of the U-Pu-O solid-solution system.

Estimated values of the valen'e of U, Pu, and Ce ions in the

compositions investigated are given in Table 1.1. A sharp increase in the
valence of cerium occurs when the composition of the oxide mixture exceeds
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TABLE 1.1. Estimated Values for the Valence of U, Pu, and Ce Ions
in U-Pu-Ce-0 Solid Solution System, where Pu/(U + Pu) =

0.2 and Ce/(U + Pu + Ce) = 0.05

O/M U Pu Ce

1.943 +4 +3.66 +3

1.949 +4 +3.73 +3

1.958 +4 +3.82 +3

1.967 +4 +3.92 +3

1.970 +4 +3.94 +3

1.975 +4 +4 +3

1.981 +4 +4 +3.24

0/M = 1.975 and approaches the stoichiometric composition where the valence
of Ce, U, and Pu is four.

4. Revised Partial Thermodynamic Quantities

The 2050 K isotherm discussed above is consistent with the higher

temperature isotherms previously reported9 for the U-Pu-0 system [in which
Pu/(U + Pu) = 2.] in that the plot of AG(0,) vs. 0/M appears to be linear over
the composition range investigated. The isotherms investigated to date are

summarized in Fig. 1.7. Revised values for the partial molar entropy and
partial molar enthalpy of solution of oxygen based on a least-squares analysis

of the data are given in Table 1.2. For comparison, partial thermodynamic
quantities obtained from the measurements of Markin et al., 1,1 0 and Javed
and Roberts 1 1 ,12 on the U-Pu-O system, and of Tetenbaum and Hunt 1 3 on the
U02-x system are also tabulated.

Consistent with expectations, our oxygen-potential values over the
U-Pu-0 system, where Pu/(U + Pu) = 0.2, are considerably higher (and therefore
more oxidizing) than those obtained over unalloyed urania. Our values are
also higher than those obtained by extrapolation1 0 of the low-temperature
(1023-1320 K) galvanic-cell measurements of Markin and Mclverl and of the
transpiration measurements (1273-1973 K) of Javed and Roberts. 1 1,12 Of
particular interest is the fact that our oxygen potentials are approximately
15 kcal more positive than the extrapolated values of Javed and Roberts.

1 1 12

Javed14 also studied the UO 2-x system and obtained more negative values at
each 0/M ratio than those of Tetenbaum and Hunt.13 Javed's more negative
values may have resulted from high values obtained for the 0/M ratios, owing
to the oxidation of the sample residue during cooling in the relatively
high-volume system used in his experiments. It should be noted that the
kinetic model developed by Lindemer and Bradley1 5 for the synthesis of
hypostoichiometric mixed-oxide compositions by hydrogen reduction at tempera-
tures ranging from approximately 1700-2100 K yields results which indicate
that the extrapolated oxygen potentials based on the work of Markin et at.
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are too negative by about 5-8 kcal for a given 0/M ratio. It follows, therefore,
that the measurements of Javed and Roberts are suspect.

5. Total Pressures of Uranium- and Plutonium-Bearing Species Above
U-Pu-0 System

While oxygen potentials were being measured over the U-Pu-O system
in the temperature range 2150-2550 K, a limited number of measurements were
also made of the total pressure of actinide-bearing species. The actinide-
bearing sublimates were collected inside a tungsten condenser tube 1 6 and
subsequently dissolved by repeated washings with hot concentrated nitric
acid. These solutions were analyzed for uranium and plutonium by means of
radiochemical procedures, combined with mass-spectrometry. The total pressure
of uranium- and plutonium-bearing species derived from the chemical analysis
and transpiration measurements are given in Table 1.3. The total pressures
of these species can also be estimated from our experimental oxygen potential
values and the free energies of formation of the gaseous and condensed
phases.9' 1 7 Equations for the temperature dependency of actinide-bearing
species as a function of composition were previously summarized. 9 The calcu-
lated pressures of uranium and plutonium species are shown in column 4. The



TABLE 1.2. Partial Molar Enthalpies and Entropies of Solution of Oxygen
as Functions of Composition in the U-Pu-O and U-0 System.

(U0 .8Puo.2)02-x

This Work
0/M 

-

-6H0291 -AS0 2,
kcal eu

251.2

243.5

235.9

228.2

220.6

58.0

57.3

56.7

56.0

55.3

Javed & Roberts

-AHO , -02,
kcal eu

237.8

237.1

234.7

229.1

48.9

50.1

53.0

53.1

Markin et al.

-AH0 2, -AS0 2,
kcal eu

193.1

191.3

189.7

185.0

180.4

30.6

31.4

32.2

32.2

32.1

U02 -x

Tetenbaum & Hunt

-AH0 2, -AS0 2,
kcal eu

308.8

306.1

302.8

301.0

299.2

65.2

65.1

64.9

65.4

66.2

1.92

1.93

1.94

1.95

1.96

r-
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TABLE 1.3. Values for Total Pressure of Uranium and
Plutonium Species over U 0 .8Pup.202-x

Mass Spec. &
Transpiration Mass Effusion

Calc. Measured Battles Ohse &

T,K -AG(0 2), O/M (Sublimate) et al. Olson

-log p(U), atm

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

-log p(Pu), atm

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 (4.74) -

aExtrapolated.

agreement is very good between the experimental and calculated values of

uranium pressures, and is reasonable between the experimental and calculated
values of plutonium pressures. This table also includes actinide pressures
calculated from the mass-effusion and mass-spectrometric measurements of

Battles et al., 1 8 and Ohse and Olson.1 9  The data of Ohse and Olson were
for compositions of Pu/(U + Pu) = 0.15; these data were recalculated to enable
comparison with data obtained with Pu/(U + Pu) = 0.2. The agreement between
the various sets of measurements is reasonable.

A limited number of measurements of weight loss of the sample under
investigation were also made during the course of the transpiration measure-
ments. From these weight-loss measurements, the total pressure of actinide-
bearing species can be estimated. As a first approximation, the average
molecular weight of the gaseous species was assumed to be 270 over the composi-
tions ranging from 0/M = 1.93 to 1.95, with U02 (g) being the predominant species
above the condensed phase. The results are given in Table 1.4. The agreement
between the values of total pressure of actinide-bearing species derived
from analysis of the sublimate and those derived from weight-loss measurements
is very good. Thus, it appears that weight-loss measurements on this system
can serve as a basis for approximating the total pressure of actinide-bearing
species over the U-Pu-0 system. Finally, the agreement between the calculated
values of total actinide pressure derived from oxygen potential measurements
and those derived from the various procedures indicated in Table 1.4 is good.
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TABLE 1.4. Calculated and Experimental Values for Total Pressure

of Actinide-Bearing Species over UO.8PuO.202-x

Mass Spec. &
Transpiration Mass Effusion

-AG(0 2 ), Wt. Battles Ohse &

T,K kcal 0/M Calc. Sublimate Loss et al. Olson

-log p [ U(g) + Pu(g)], atm

2150 117.3 1.935 5.87 5.89 5.71 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 -- (4.01) a

2450 107.5 1.922 4.18 4.27 -- (4.00) a

aExtrapolated.

B. Chemical Modeling of Fast-Reactor Mixed-Oxide Fuel Systems
(P. E. Blackburn)

1. Oxygen Potential Model for Uranium/Plutonium Oxide-Fission Product
System

The oxygen potential of uranium-plutonium oxide fuel is one of
the major factors in cladding corrosion. Oxygen is the driving force for
cladding attack and its thermodynamic potential determines the activity and
chemical state of the corrosive fission products. In previous reports
(ANL-7922, p. 21; ANL-7977, p. 12; ANL-75-48, p. 14), we developed equations
for oxygen potentials of unburned uranium oxide and uranium-plutonium oxide.
In addition, we derived equations for the redistribution of oxygen in irra-
diated fuel. This redistribution is caused by a thermal gradient in the
fuel. 2 0 An oxygen gradient results which shows a marked increase in oxygen
potential near the cladding, as compared with the oxygen potential of un-
irradiated fuel in which the oxygen is evenly distributed. In many cases,
the fission products found in irradiated fuels form less stable oxides on
the average than the burned uranium and plutonium they replace. There are
also differences between the changes in oxygen potentials produced by fission
products from burning 2 35U and those from burning 2 3 9Pu.2 1 Because of these
factors, we have developed an oxygen-potential model for oxide fuel containing
fission products.

A computer program was written to compute oxygen potentials for the
fuel-fission product system. This program is similar to those for the U-03

and U-Pu-04 ,2 systems in that the oxygen pressure is a function of the cation
distribution and the oxygen concentration. In an earlier report (ANL-75-48,
p. 14) equations were given for the dependence of the cation ratios of uranium
and plutonium on the oxygen pressure and concentration, and included a
temperature-dependent equilibrium constant. The equilibrium constants for
uranium are based on urania thermodynamic and phase data. The constants for



14

plutonium are based on literature data for the U-Pu-O system and on estimates
using Pu-0 thermodynamic data and Ce-0 phase data.

For fission products the temperature-dependent equilibrium constants
are based either on literature data for oxygen pressures over binary fission-
prod'ct oxides or on integral thermodynamic data for fission-product oxide

systems adjusted for phase boundary effects observed in the U-0 and U-Pu-O

systems.

The effects on oxygen potentials of the alkali and alkaline-earth
uranates and binary oxides, as well as the alkali molybdates, are included

in the computer program. For computational purposes, barium and strontium

were treated as if the increased oxygen in the uranates is balanced by an

increase in the valence of barium or strontium cations from two to four. This

expedient was used because the concentration of BaUO or SrU0 depends on
the oxygen pressure and the barium or strontium concentration, rather than
on the uranium concentration even though the actual increase in the valence

of uranium is from four to six.

A similar device was used to compute the amount of cesium and

rubidium, which form either alkali uranates and/or molybdates. In this case,
the cesium and rubidium are considered to be either zero-valent or divalent,

whereas, in fact, they are monovalent, combined with hexavalent uranium and

molybdenum, in the uranates and molybdates. Although the uranates and

molybdates are most likely to appear as separate phases, the present model

treats these phases as if they were dissolved in the fuel.

To simplify calculation, the fission products were grouped according

to similarities in chemical properties. Thus, barium and strontium are
combined and labeled BS, cesium and rubidium are labeled CR, and yttrium and
all the rare earths, except cerium, are labeled RE. The rare earths, RE,
are given a fixed valence of three for all temperatures and compositions,
whereas cerium, Ce, may be either trivalent or tetravalent, depending on the
oxygen potential.

All the selenium, tellurium, iodine, and bromine are assumed to
react with cesium and rubidium (CR) to form CR2 Se, CR2 Te, CRI, and CRBr as

separate phases that condense at the cladding or at the cooler end of the
fuel pin. The rubidium and cesium concentrations in the fuel are therefore
reduced to account for the formation of halides, tellurides, and selenides.

Of the remaining fission products, only those forming relatively
stable oxides are taken into account in the computation. Zirconium is
trivalent and tetravalent. Niobium is zero-, di-, tetra-, or pentavalent.
Molybdenum is zero- or tetravalent in the program; thus, instead of being
hexavalent as in the molybdates, the additional charge is ascribed to the
alkali metal for computational convenience (see above). Technetium and
cadmium are zero- or divalent. Indium and antimony are zero- and trivalent.
Tin is zero-, di-, and tetravalent.

The computer subroutine is outlined below. The chemical symbols
(e.g., U = uranium concentration) are used for concentrations of each
element except where combinations are used as described above (e.g., CR =
Cs + Rb). These same symbols followed by digits are used for concentrations
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of cations of the given valence (e.g., Pu4 = concentration of PU+4). Single,
double, or triple letters followed by chemical symbols are used to identify

the particular equilibrium constant. For example, QNb, QQNb, and QQQNb are

equilibrium constants for calculating the di-, tetra-, and pentavalent
niobium concentrations (Nb2, Nb4, and Nb5), as shown in Eqs. 49-51. To

calculate the zero-valent niobium concentration requires all the equilibrium

constants, as seen in Eq. 48.

The subroutine requires temperature in kelvins (T), concentrations
of uranium (U), plutonium (Pu), oxygen (Ox), and all fission products

described above, trial values for the O/M ratio (0/M equals oxygen divided
by all the metal ions in the oxide phase), trial values of the oxygen

pressure (G = P021/4), and trial values for cesium pressure (PCS).

The cesium pressure may be controlled (1) by liquid cesium at

temperature, T1 , a lower temperature, such as that of the cladding wall or

(2) by dissociation of Cs 2UO4 at temperature, T, or at the fuel surface

temperature. The first case is given by

PCS = exp(-8200/T1 + 8.6) (1)

and the second is given by

PCS = exp(-58600/T + 23.6)/P0 21/2 (2)

where PO is the oxygen pressure computed from the program. The lower of
these two cesium pressures is that needed in the program. Because of the

cesium-oxygen pressure relation, the PCS values are obtained by convergence

during iteration of the program.

The equilibrium constants used in Eqs. 28-60 are given by

AU = exp(78260/T - 13.6) (3)

AAU = exp(16350/T - 4.96) (4)

BPu = exp(47000/T - 11.25) (5)

BBPu = exp(25100/T - 4.92) (6)

CBS = exp(47000/T - 12.6) (7)

DCd = exp(38000/T - 14.7) (8)

ECR = exp(70400/T - 29.5) (9)

EECR = exp(99600/T - 31.7) (10)

FCe = exp(20300/T - 4.9) (11)

HIn = exp(73000/T - 27.9) (12)

PMo = exp(83600/T - 25.6) (13)
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QNb = exp(48800/T - 10.3) (14)

QQNb = exp(59600/T - 14.4) (15)

QQQNb = exp(22100/T - 4.8) (16)

RSb = exp(48500/T - 19) (17)

SSn = exp(43000/T - 14.5) (18)

SSSn = exp(43600/T - 16.7) (19)

VTe = exp(32000/T - 12.9) (20)

WZr = exp(36300/T - 6.5) (21)

The following relations are used for convenience:

G = P0 214 (22)

G2 = G2  (23)

G3 = G 3  (24)

G4 = G4 (25)

OM2 = (0/M) 2  (26)

02M = SQRT(0/M) (27)

The following equations are iterated while adjusting the oxygen
pressure (G = P0 1/4) until the oxygen pressure calculated from the cation

concentration in2 the fuel, Oy (Equation 62), converges to that in the fuel,
Ox. The cesium pressure convergence also is involved in the iteration.

Pu2 = Pu/(1 + G-BPu/02M + G2-BPu-BBPu/OM) (28)

Pu3 = G-BPu-Pu2/02M (29)

Pu4 = G-BBPu-Pu3/02M (30)

BS2 = BS/(1 + G2-CBS/OM) (31)

BS4 = BS2-G2-CBS/OM (32)

CdO = Cd/(1 + G2-CCd/OM) (33)

Cd2 = Cd0-G2/OM (34)

CRD = CR/(1 + G2-ECR-PCS + G4-EECR-PCS/0M2) (35)

CRMo2* = CRO-G4-EECR-PCS/0M2 (36)

CRMo2 = cesium + rubidium in Cs 2Mo04 or Rb2MoO 4
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CRU2** = CRO-G2-ECR PCS/OM (37)

U2 = (U - Cr2/2 - BS4)/(1 + G2-AU/OM + G4-AU-AAU/OM2) (38)

U6 = U2-G4-AU-AAU/OM2 (39)

U4 = U - U2 - U6 (40)

CR2 = CRU2 + CRMo2 (41)

Ce3 = Ce/(1 + G-FCe/02M) (42)

Ce4 = Ce3-GFCe/02M (43)

InO = In/(1 + G3'HIn OM3/2) (44)

In3 = InO x G3-HIn/OM3/2 (45)

MoO = (Mo - CRMo2/2)/(1 + G4-PMo/OM2) (46)

Mo4 = Mo0G4-PMo/OM2 + CrMo2/2 (47)

NbO = Nb/(1 + G2-QNb/OM + G4'QNb QQNb/OM2
+ G4-G-QNb-QQNb-QQQNb/OM5/2) (48)

Nb2 = Nb0-G2-QNb/OM (49)

Nb4 = Nb2-G2-QQNb/OM (50)

Nb5 = Nb4-G-QQQNb/02M (51)

SbO = Sb/(1 + G3-RSb/0M3/2) (52)

Sb3 = Sb0-G3-RSb/0M3/2 (53)

SnO = Sn/(1 + G2-SSn/OM + G4-SSn-SSSn/0M2) (54)

Sn2 = SnO-G2-SSn/OM (55)

Sn4 = Sn2-G2-SSSn/OM (56)

TcO = Tc/(1 + G2-VTc/OM) (57)

Tc2 = TcO-G2-VTc/OM (58)

Zr3 = Zr/(1 + G-WZr/02M) (59)

Zr4 = Zr3-G-WZr/02M (60)

OM = sum of all oxidized metals (61)

**
+ rubidium in Cs2U0 4 or Rb2UO4
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Oy = U2 + Pu2 + BS2 + Cd2 + CR2 + Nb2 + Sn2 + Te2
+ 1.5(Pu3 + RE + Ce3 + In3 + Sb3 + Zr3)
+ 2(U4 + Pu4+ BS4 + Ce4 + Mo4 + Nb4 + Sn4 + Zr4)
+ 2.5 Nb5 + 3U6 (62)

One method found useful for adjusting the oxygen pressure (G) is to

choose an initial oxygen potential (e.g., -100 kcal) and then add or subtract

from the chosen value an incremental potential (initially 50 kcal). After

each iteration, the increment is diminished by 1/3. If Oy is greater (or
less) than Ox, the increment is subtracted (or added). Iteration is continued
with each new value of G to calculate the cation valence distribution until
(Ox-Oy)/Ox is equal to the desired precision.

The computer program has been used to calculate the oxygen potential

changes with burnup for urania-20% plutonia fuels having initial oxygen-to-

metal ratios of 1.95, 1.97, 1.99, 2.00, and 2.01, and varying in their
isotopic specificity for uranium. Figure 1.8 shows curves for 2 3 8U-2 3 9Pu

fission (dashed lines) and 2 3 5U_ 2 39 Pu fission (solid lines). The results

for O/M = 1.95, 1.97, and 1.99 are qualitatively similar to those given by
Johnson et al., 16 where fission-product oxides were computed as separate

phases. The fissioning of 2 38U- 2 39 Pu fuel results in a greater oxygen potential

than does the 2 3 5U-2 3 9Pu fuel. All EBR-II irradiations have been of the

latter type. An even greater difference is computed for hyperstoichiometric

fuel (0/M = 2.01). In this fuel the oxygen potential of the 2 3 8 U-2 3 9Pu mixed

oxide is high and remains nearly constant with burnup, but in the fully

enriched 235U-2 3 9Pu mixed-oxide fuel, the oxygen potential shows a large drop

between 2 and 4 at.% burnup. Similar effects are seen for stoichiometric

fuel. The decrease in oxygen potential for 2 3 5U- 2 3 9Pu fission may explain

why little serious corrosion of the cladding by stoichiometric fuel is observed

after irradiation in EBR-II. For 2 38 U-2 39Pu fission in stoichiometric or

hyperstoichiometric fuels, cladding corrosion would be expected to be greater.

The oxygen-potential computer code (described above) for fuel and

fission products was added to the computer code for calculating uranium,
plutonium, and oxygen redistribution during burnup. The latter code was

used to compute the effect of burnup on oxygen distribution and on oxygen
concentrations for fuels with initial O/M ratios of 1.97 and 2.01. All
calculations were made for mixed-oxide fuel at a power rating of 13.3 kW/ft,
and a fuel surface temperature of 1123 K (950*C). During its execution,

the code simulates (1) an increase in fuel density that produces a central

void, (2) plutonium redistribution, and (3) variation in temperature at the

void edge (%2230-2700 K). Nearly all of the actinide redistribution occurs
before 0.1 at.% burnup has been achieved. The oxygen is assumed to be at

its steady-state distribution at all times, in accordance with the model

described in ANL-8122, pp. 29-30.

Figure 1.9 shows the oxygen potential at the fuel surface and at

the void edge (for steady-state oxygen distribution) as a function of burnup
for the four fuel compositions 2 3 8U .8

2 3 9 Pu0 .201. 9 7 , 
2 3 8U 0 .8

2 3 9Pu 0 .202.0 1 ,
23 5U6. 8

2 39 Pu0 .2 0 1 ,.9 7 , and 235U0 .8 23
8 Pu 0 .2 02 .0 1,with the latter two fuels

being fully enriched. There is a significantly lower oxygen potential for
the 235U-enriched fuel because of the greater amount of oxide-forming

fission products as compared with that for a fuel having only 2 39 Pu as the

fissioning material. With 2 3 5U-enriched fuel, the most important difference
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is an increase in the concentrations of barium, rare earths, molybdenum, and

zirconium. All of these fission products form stable oxides (e.g., BaO,

La203, Mo0 2, Zr02 ) and some form mixed oxides (e.g., BaUOi and Cs2Mo04).

Oxygen is tied up by these oxides, and since these oxides have low oxygen

potentials, the total oxygen potential of the fuel-fission product system is

lowered.

By contrast, nonenriched mixed-oxide fuel produces less of these

fission products, resulting in a fuel-fission product system that becomes more

oxidizing with burnup. In Fig. 1.8 the effect of burnup on oxygen potential
is shown. The figure indicates that the oxygen potential of the nonenriched

fuel with an 0/M ratio of 1.97 increases until it is almost as high as the

oxygen potential of fully enriched fuel with an 0/M ratio of 2.01 at 12 at.%

burnup.

Oxygen redistribution caused by the thermal. gradient in the fuel

results in a decrease in oxygen concentration in the center of the fuel and

an increase at the fuel surface. Since the curves shown in Fig. 1.8 are for
steady-state oxygen distribution, the oxygen potentials are generally higher

at the surface and lower at the void edge than the oxygen potential in

homogeneous unirradiated fuel.

C. Thermodynamics of the Urania-Molybdia Systems

(Irving Johnson)

Studies of tha thermodynamics of the urania-molybdia system are being

made because they are important to understanding the chemistry of fission-

product molybdenum in irradiated urania-plutonia fuels. Fission-product
molybdenum has been shown to be involved in the oxygen balance in irradiated
mixed-oxide fuel pins, and, through its role in the formation of gaseous

cesium molybdate, in the thermal transport of cesium and molybdenum in the

fuel pin. Cesium molybdate may also be involved in the corrosive attack of
the inner wall of the cladding that has been observed in some fuel pins.

The present studies of the urania-molybdia system were done using a
Knudsen effusion-mass spectrometric technique. In this method, the vapor

pressure of the gaseous species in equilibrium with urania-molybdia samples
at elevated temperatures is determined from the intensities of the mass

spectra peaks of the species. Previous reports on those studies (ANL-7822,
p. 15 and ANL-7922, p. 18) indicate that the intensities of the gaseous
molybdenum oxide peaks observed over mixtures of urania and molybdia were
smaller than the intensities observed over mixtures of molybdia and molybdenum.
These observations indicate that the molybdia activity in urania-molybdia
mixtures, when at elevated temperatures, is less than that of pure molybdia,
and hence, some interaction between the two oxides occurs.

When mixtures of urania and molybdia are heated, the mass spectrum
undergoes a series of changes with time. Initially, the relative ion-currents

(i.e., partial pressures) for the various gaseous molybdenum oxides (Moo,
Mo0 2 , Mo0 3, and Mo0 3 polymers) were the same as those observed over pure
molybdia. After a period of heating, the relative values of the ion-currents
for the gaseous molybdenum oxides were observed to decrease, with the onset
of the decrease depending on the initial composition of the mixture. In
some cases, the values of the ion-currents stabilized at some lower set of
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values and were reproducible over a range of temperatures for an extended
period of time. In other cases, the period of stability for the ion-current

was very short, and then the values continuously decreased with time of

heating (ANL-7922, p. 20).

In an attempt to obtain a system of known phase composition, mixtures

deficient in oxygen, as compared with mixtures of stoichiometric urania and

molybdia, were prepared and their behavior on heating was studied. These

oxygen-deficient mixtures were made from either very hypostoichiometric urania

(0/U = 1.72) and molybdia or slightly hyperstoichiometric urania (0/U = 2.07)
and molybdenum metal. It is believed that when such mixtures are heated, a

mixture of urania, molybdia, and molybdenum metal is initially formed. If

all three solid phases were in equilibrium, the gas phase of such a mixture

would have a fixed composition. This was observed initially for the

U01.72 - Mo02 mixture but not for the U02.07 - Mo mixture. In all cases,
after a period of time, the partial pressures of the gaseous molybdenum

oxides began to decrease. This decrease was attributed to the disappearance

of the molybdia solid phase by vaporization and dissolution, yielding a
two-phase system composed of a urania phase containing Mo0 2 in solid solution

and molybdenum metal. Analyses indicated that the oxygen was in excess of

that needed to form U0 2 with the uranium present. This excess oxygen was

assumed to form Mo0 2 which, at high temperature, was in solid solution in

the urania phase. X-ray diffraction analysis verified the presence of urania
and molybdenum metal in the quenched samples at room temperature. The amount

of molybdia present, if it had separated from the solid solution, would have

been too small to detect by X-ray diffraction.

The results obtained from these mixtures are given in Table 1.5. Two
of the mixtures were made by mixing hypostoichiometric urania and molybdia,
whereas the third mixture was prepared from hyperstoichiometric urania and
molybdenum metal. The final composition was determined by chemical analysis
of the residue present in the effusion cell after quenching the residue from
its final temperature. The molybdenum oxide activity was computed from the
ratio of the ion-currents for Mo03 over the oxygen-deficient mixture and a
molybdia-molybdenum mixture, using the equation previously reported (ANL-7922,
p. 19). According to the analysis, excess metallic molybdenum was present
in all experiments.

TABLE 1.5. Molybdenum Oxide Activity in Urania-Molybdia Systems

Final Composition
Expt. Initial wt % Final

ca a X b X c
No. Components U Mo Temp, K Mo02  Mo02  MoO2

U/Mo-10 U01.72 Mo0 2  82.88 5.51 1965 0.274 0.0396 6.9

U/Mo-ll U01.72 Mo0 2  81.98 6.28 1756 0.518 0.0616 3.4

U/Mo U0 2.7  Mo 74.04 15.93 1649 0.040 0.00668 6.0

a = activity of molybdia in urania-molybdia system.

b
X = mole fraction of molybdia in urania-molybdia system.

c = activity coefficient of molybdia in urania-molybdia system.
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The values of the activity coefficient of molybdia in the U-0-Mo system
are all greater than one, thereby indicating positive deviations from ideal
solution behavior. Activity coefficients greater than unity are observed for
systems of two substances with only slight mutual solubility. Thus, it appears
that urania and molybdia have limited mutual solid solubility at the tempera-
tures of the present studies. The data are too meager to predict the effect
of temperature on the mutual solubility. It should also be noted that the
activity coefficient of this system would be expected to be dependent on
concentration. This is seen in the results for the first two samples (at
nearly the same temperatures) for which the activity coefficient is seen to
increase with an increase in concentration. This suggests that at very low
molybdia concentrations the activity coefficients would be expected to be only
slightly greater than unity.

From the MoO 2 activity, the temperature, and the assumption that the
Mo activity is unity, the oxygen potential (RT In PO,) may be computed. The
oxygen potential was found to vary from about -301 k1 for the first two

samples to -347 kJ for the third sample. Pure urania would have an 0/U
ratio of 2.001 and 2.0001, respectively, to correspond to these values of

the oxygen potentials. The presence of molybdia ii solid solution in the
urania phase would be expected to change the relation of the oxygen potential

to the oxygen-to-metal ratio. Calculations using a quasichemical theory
similar to that used by Blackburn for the urania system3 indicate that as the

molybdia concentration of the solid solution is increased the oxygen-to-metal

ratio should decrease for the oxide solid solution in equilibrium with metallic
molybdenum of unit activity. These same calculations indicate that, for the
range of molybdia concentrations used in these experiments, the uranium oxide

in equilibrium with pure metallic molybdenum would be very slightly hypo-
stoichiometric, with 0/M varying between 1.9990 and 1.9999 as the Mo/(Mo + U)
ratio varies between 0.05 and 0.001. Thus, the assumption that the overall
0/M ratio for the oxide phase is two, as was used in the above estimate of

the composition, appears reasonable.

The results of the present studies indicate that molybdia has a limited
solubility in urania and that the solid solutions exhibit positive deviations
from ideal behavior. There is some indication that the positive deviations
decrease as the concentration of molybdia in the solid solution is decreased.
The deviations also appear to decrease as the temperature is increased,
suggesting that only small positive deviations from ideal behavior would be
observed at the high temperatures and the low molybdia concentrations found
in the central region of fast-reactor fuel pins. If these results are
indicative of the behavior of molybdia in the mixed urania-plutonia system,
then only small corrections need to be applied to the values of the oxygen
potential that have been estimated from the Mo0 2/Mo ratio for irradiated FBR
fuel pins. 2 2 As this work has been discontinued, additional data defining
more rigorously the activity of molybdia in dilute molybdia-urania systems
will have to be obtained at a later time.
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II. FUE. AND CLADDING CHEMISTRY
(C. E. Johnson)

The study of the chemical behavior of irradiated fast breeder reactor

fuels has as its principal objectives the fundamental understanding of

fission-product behavior and the development of models to describe the in-

reactor performance of mixed-oxide fuels under various operating conditions.

In recent laboratory experiments, emphasis has been placed on understanding

the relationship between cesium transport and local oxygen potential as it

relates to the formation of cesium uranate and the restriction of axial
gas flow in the fuel and blanket regions. Special emphasis has been placed

on kinetic studies of the reaction between gaseous cesium and hyperstoichio-

metric urania. The formation of low-density cesium uranate or cesium urano-

plutonate in the fuel can cause fuel swelling and gas-flow blockage.

A. Kinetics of Cesium-Urania Reaction

(D. C. Fee, W. Shinn, I. Johnson, G. Staahl, and C. E. Johnson)

The transport and reaction of fission-product cesium in a fuel element
during irradiation may affect the performance of the fuel pin in a variety

of ways. In the current studies, the conditions which lead to the restric-

tion of gas flow in a fuel element caused by the transport and reaction of
cesium with fuel and blanket materials are under investigation. The
restriction of axial gas flow within a fuel element would be especially

important in the case of the vented fuel elements that have been proposed
for gas-cooled fast breeder reactors; however, such a flow restriction, if

complete enough, would also liad to undesirable effects in liquid-metal-
cooled fast breeder-reactor fuel elements.

Previous Knudsen effusion-mass spectrometric and calorimetric studies

on the cesium uranates allow the prediction of the conditions under which
gaseous cesium will react with urania to form cesium uranate. However,
these predictions are based on thermodynamic arguments and do not take into
account the kinetics of the reaction. Therefore, it is necessary to
experimentally determine the rate of the reaction under the conditions that

are predicted by thermodynamic computations to lead to the reaction.

The chemical reaction for the formation of Cs2Ui4 by the reaction of

gaseous cesium with urania may be written as follows:

2Cs(g) + 02(g) + U02 (s) = Cs2U04 (s) (1)

where the oxygen pressure and urania activities are those applicable to the
hyperstoichiometric urania (UO2 + x) present. The results of computations of
the equilibrium cesium pressure are given in Table II.1 as a function of the
0/U ratio (2 + x) of the urania and the temperature. Thermodynamic data for
Cs2UO4 were obtained from O'Harel and Osborne,

2 for UO2 from Rand and
Markin,3 and for gaseous cesium from the JANAF Tables. 4 In addition, we used

the relation between the 0/U ratio and oxygen pressure over urania developed
by Blackburn. 5 The data in Table II.1 indicate that as the deviation from
stoichiometry approaches zero, the cesium pressure increases rapidly. Because
of the large change in oxygen pressure as the 0/U ratio approaches the
stoichionietric value, it is difficult to predict the exact value of the
stoichiometry of urania at which the cesium pressure corresponds to that of
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TABLE II.1. Cesium Pressure in Equilibrium with Urania and
Cs2UO4 (Computed from Thermodynamic Data)

873 K 1073 K 1273 K

0/U p(Pa) O/U p(Pa) 0/U p(Pa)

2.000002 1.11 x 10-3 2.000002 8.43 2.000003 3.82 x 10+3

2.00018 1.47 x 10- 5  2.0003 7.75 x 10-2 2.00016 7.42 x 10+1

2.0032 8.26 x 10-7 2.010 2.30 x 10-3 2.0031. 3.83

2.013 1.95 x 10-7 2.031 7.12 x 10~4 2.0082 1.42

2.054 4.62 x 10-8 2.092 2.20 x 10-4 2.055 1.97 x 10-1

2.184 1.09 x 10-8 2.131 7.34 x10-2

liquid cesium in equilibrium with the urania. Thus, it may be concluded that
when an excess of cesium reacts with hyperstoichiometric urania, the amount
of Cs2U04 formed is limited by the amount of oxygen in the urania in excess
of that needed for stoichiometric urania; therefore, the reaction is

xCs(g) + U02 + x = 2 Ux Uo2 + 2 Cs2U04 (2)

Because the density of Cs2U04 (-6.65 x 10-3 kg/cm3) is less than that of
U02 (--10.96 x 10-3 kg/cm 3 ), the formation of Cs2 UO4 causes the volume of the

system to increase. The maximum expansion of urania depends on its initial
stoichiometry (assuming that sufficient cesium is available). Whether the
expansion leads to pressure on the cladding or gas-flow restriction depends
on the initial porosity of the urania pellet. The conditions for the onset
of pressure on the cladding have been discussed elsewhere.6 It is the objec-
tive of the present studies to determine the conditions under which flow
restriction occurs.

A series of experiments has been performed to determine the conditions
of temperature and cesium pressure under which hyperstoichiometric urania
reacts with gaseous cesium at a reasonable rate. In these experiments, a
weighed sample of powdered urania was exposed to a slowly flowing stream of
high-purity helium containing gaseous cesium. After a suitable time period,
the urania (plus the reaction product) was removed from the reaction vessel
and weighed. The results of these experiments at various urania temperatures
and cesium pressures are given in Table 11.2. It is seen that, except in
the case of Expt. 4 wherein the cesium pressure was only slightly greater than
required for reaction, all samples showed a significant gain in weight.

In the experiments showing an increase in weight, the urania powder
changed from black to dark reddish-brown. Samples of the urania after
exposure to cesium were placed in capillaries and powder X-ray diffraction
patterns recorded. As expected, the strongest lines were those due to
urania; in addition, several faint lines were observed that could be assigned
to the principal lines of the Cs2U04 diffraction pattern. Thus, under the



27

TABLE 11.2. Reaction of Gaseous Cesium with Urania (U02. 0 6 8 )

Wt. of Weight
Expt. Max. Cs Temp., Urania, Exposure Change,
No. Pressure, Pa K g Time, hr g

4 3 x 10-4 670 0.5104 5.5 0.0004

7 5.0 x 10~4 1070 1.4889 5.5 0.0371

8 5.0 x 10~4 1070 1.5777 5.5 0.0325

9 4.6 x 10-3 1070 1.6043 5.5 0.0296

10 0.69 x 10-3 1070 1.5358 5.0 0.0214

11 0.38 x 10-3 970 1.5989 5.0 0.0257

12 0.34 x 10-3 870 1.5408 5.0 0.0178

13 0.34 x 10-3 770 1.5665 5.0 0.0298

14 0.34 x 10-3 570 1.5170 5.0 0.0362

conditions of these experiments, the reaction of gaseous cesium with hyper-
stoichiometric urania (U02.068) yields the normal cesium uranate (Cs2U04).

An estimate of the extent of Reaction 2 may be made from the initial

weight of the urania, the weight gain of the samples, and the initial 0/U
ratio. For example, in Expt. 7, the 1.4889 g of U02 .068 contained

5.98 x 10-3 g (1.4889 x 0.068 x 16/271) of oxygen in excess of that needed
to form exactly stoichiometric U02 . If all the excess oxygen was converted

to Cs 2U04, the weight gain would be 4.97 x 10-2 g (5.98 x 10-3 x 266/32),
since for each mole of oxygen (02) two gram atoms of cesium (Cs) are needed

(Eq. 1). The observed weight gain was 3.71 x 10-2 g, or about 75% of the
maximum possible gain.

Currently, a detailed study of the kinetics of the reaction of gaseous
cesium with hyperstoichiometric urania is under way. In an apparatus
constructed for this study, the urania sample is held in a nickel cup
suspended by a platinum :ire from the beam of a Cahn electrobalance. The
sample cup is positioned in the center of an externally heated stainless
steel reactor tube. The cesium-helium gas mixture is prepared by the passage

of high-purity helium over a liquid cesium sample that is positioned below
the urania sample and for which independent temperature control is provided.

Baffles placed in the reactor tube between the cesium source and the urania
provide adequate gas mixing and uniformity in temperature.

The procedure is as follows: A sample of urania powder (%1.5 g) is
weighed and suspended from the balance. The cesium source (250-300 mg Cs)
is contained in a sealed glass ampule which is placed in a stainless steel
ampule crusher located in a cup within the reactor tube. The reactor tube
is evacuated to a pressure of 1 Pa; then the flow of high-purity helium is
started. When the cesium and the urania attain the desired temperatures,
the cesium-containing ampule is broken. A short time after the ampule is



28

broken, the reaction of gaseous cesium with urania is observed as a rapid
weight increase.

A typical record of weight change with time is shown in Fig. 11.1.
Segment AC indicates a weight loss that will be discussed later. The
weight increase in segment CE is attributed to the reaction of gaseous

cesium with urania. Attempts have been made to correlate the rate of weight
gain in the linear portion of trace CE with the experimental variables.

The data are shown in Table 11.3. The induction period is the time interval
between breaking the cesium capsule and the onset of increase in weight.
The total weight gain, measured by the Cahn balance, is the difference in
weights at point E and point C in Fig. II.1.

TABLE 11.3. Summary of Cesium-Urania Reaction Data

Initial Weight of U2 .0 68 Samples = 1.50 g
Temperature of Cesium Source = 570 K

0/U at U0 2 + x Helium Induction Total Wt. Approx.

Expt. Start of Temp., Flowrate, Period, Gain, mg Rate
No. Reaction K 10-6 m3/min min mg/min

17 2.058 870 54.7 5 37.8 0.324

19 2.056 1070 54.7 9 27.6 0.711

20 2.051 1070 54.7 15 21.7 0.557

21 2.052 670 54.7 30 42.0 0.253

23 2.050 970 54.7 15 25.7 0.515

24 NAa 870 18.2 90 41.7 0.141

27 2.054 870 45 21 30.2 0.351

31 2.019 1070 45 14 4.0 0.183

34 2.042 870 45 17 27.1 0.303

35 2.046 770 45 16 31.5 0.222

36 2.049 670 45 19 35.3 0.214

aNot available.

The effects of sample temperature and the initial 0/U ratio of the
urania on the rate of the reaction are shown in Fig. 11.2. The cesium source
was held at 570 K for all experiments shown in Fig. 11.2; this resulted in a
cesium pressure of 3 x 10-2 Pa. No attempt was made to account for the
differences in helium flow rates (55 vs. 45 x 10-6 m3/min) shown in Table 11.3.
However, in one experiment with an extremely low flow rate, the rate of
weight gain was reduced (see Expt. 24). As shown in Fig. 11.2, the dependence
of the reaction rate on the initial 0/U ratio of the urania can be represented
for each sample temperature by a linear relationship passing through the origin
(0/U = 2.00, the hypostoichiometric boundary of the fluorite phase at these
temperatures). From thermodynamic considerations (see Table II.1), the
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reaction is predicted to cease for stoichiometric urania.

The 0/U ratio at the start of reaction was computed from prior deter-
mination of the 0/U ratio of the urania by chemical analysis and the recorded

weight loss of the urania sample on heating to reaction temperature. This

weight loss is shown as segment AC in Fig. I.1. On initial heating, the
sample weight loss was rapid (segment AB). After heating for 35 minutes,
a thermocouple mounted on the wall of the reaction chamber indicated that a

constant temperature had been reached (870 K for Expt. 34). After heating
for 40 minutes, the rate of weight loss of the urania decreased. After

heating for 50 minutes, the rate of weight loss became linear (segment BC).
Of the total 2.65 mg weight loss in segment AC, 2.30 mg was lost during the
time interval AB.

The weight loss observed during the time interval AC is attributed to
the loss of water from the urania. Smith and Leitnaker7 have monitored

coulometrically the evolution of water from hyperstoichiometric urania when

heated under a flowing stream of dry nitrogen gas. The observed water

loss on heating from 296 to 373 K depended on the moisture content of the
atmosphere in which the urania was stored and varied from 600 to 25,000 ppm.

The water loss on heating from 373 to 1073 K was 750 ppm, and was independent
of the moisture content of the atmosphere in which the urania had been stored.

The rate of water loss was not reported. The rate of weight increase on
exposure to a moist atmosphere was rapid (4 mg/g in 15 min). Although this
observation appears to preclude an accurate independent determination of the
O/U ratio of a dried urania sample after it has been removed from the reactor
vessel, our experience indicates otherwise. Urania residues from two blank

experiments (no cesium was introduced) were analyzed and found to have 0/U
ratios of 2.044 and 2.039. Calculations made from the weight losses observed
in these runs (in the AF portion of Fig. II.1) gave 0/U ratio values of
2.044 and 2.037, respectively. It has been observed that, in the absence
of cesium, the weight loss shown by segment BC decreases linearly for some
period (CF) and then remains constant (FG). Thus, point C would represent
our best estimate of the sample weight at the time of the initiation of the

reaction with cesium.

An Arrhenius plot of the experimental data is shown in Fig. 11.3. The
ln k data are taken from Fig. 11.2 at 0/U = 2.06, but, of course, any 0/U
data taken from this figure would lead to the same result because all the lines
in the figure have the same intercept. The activation energy for the reaction

of gaseous cesium with Uo 2 + x was determined to be 15 7.5 kJ/mol. This
activation energy must be regarded as a preliminary value because the oxygen
potential and the level of trace impurities in the helium carrier gas were
not well controlled. However, the low activation energy for the reaction of
gaseous cesium with urania does offer some insight into the reaction mechanism.
The activation energy for oxygen diffusion in hyperstoichiometric urania is
112 20 kJ/mol.8 Consequently, the reaction of gaseous cesium with urania
is viewed as cesium reacting with excess oxygen on the surface of urania
particles, and the reaction rate is not limited by oxygen diffusion to the
particle surface to react with cesium.
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III. CHEMISTRY AND THERMODYNAMICS OF ADVANCED FUELS
(C. E. Johnson)

In the advanced-fuel program, investigations were focused on the

thermodynamic properties of actinide carbide and nitride fuels in an effort
to provide a needed thermochemical data base for these fuels since they
are candidates for future IFBRs. In initial studies, emphasis was placed

on single-phase and two-phase (MC-M2C3) carbide fuel. A limited number of
transpiration measurements were made to determine the carbon activity and
actinide activity in the U-Pu-C system. Calculation of the partial pressures
of species over the U-Pu-C system were extended to include a wider range of

Pu/(U + Pu) ratios. Equilibria studies of mixed uranium-plutonium carbide
fuel containing fission products have been postponed.

A. High Temperature Vaporization Behavior of Actinide Carbides
(M. Tetenbaum)

1. Carbon Activity of U-Pu-C System

Knowledge of the thermodynamic properties of actinide carbide
systems is important in understanding and predicting the behavior of carbide
fuels under various reaction conditions. In particular, measurements of the
activities of carbon and actinides in samples of carbide nuclear fuel of
well-defined composition are needed over a wide range of temperatures to
establish reliable thermodynamic quantities and to define phase-boundary
compositions. Carbon activity data can also be used to predict possible
carbon embrittlement of cladding by carbide fuel, define the chemical state
of fission products, and assess the effect of additives on the properties
of fast-reactor fuels.

A limited number of measurements of carbon activity above the U-Pu-C
system, with an initial Pu/(U + Pu) ratio of 0.2, were carried out at 2050 K
by means of a flowing-gas technique' in which H2-CH4 mixtures in helium were
used as the carrier gas. Tentative values of the carbon activity, a , were
found to be 0.35 and 0.62 in experiments in which the compositions
[C/(U + Pu)] of the residues were 0.96 and 1.05, respectively. The composi-
tion of the sample (as received from LASL) prior to equilibration with the
H2-CH4 carrier gas was 0.98.

X-ray analysis of a residue that had been equilibrated with a
carrier gas having a higher carbon potential than that used in the above
experiments showed the presence of monocarbide and sesquicarbide phases in
approximately equal amounts. Lattice parameter measurements of the residue
indicated that segregation of plutonium had occurred, with the sesquicarbide
phase having a significantly higher plutonium content than the monocarbide
phase. The following lattice parameters were obtained: for monocarbide,
a = 4.961 0.002 X, and for sesquicarbide, a = 8.093 0.002 A. From a
plot of the variation of lattice parameter of the (U- Pu)2C3 phase with
plutonium content based on the data of Leary et al., 2 we estimate that the
sesquicarbide phase contains about 20 mol % Pu2C3. It should be noted that
the recommended value3 for the lattice parameter of uranium monocarbide is
4.560 0.002 A. The above segregation phenomenon is qualitatively in
accord with the calculations and observations of Potter et al.4-6
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2. Assessment of Vaporization Behavior of U-Pu-C System*

In a previous publication,7 equations were presented for the

temperature dependency of the partial pressures of actinide and carbon
species over the U-Pu-C system in which the iniital composition Pu/(U + Pu) =

0.2. These equations were developed from the generalized thermodynamic
relationships given by Potter et al.4-6 and the latest values 3-7 for the free
energies of formation of the gaseous species and condensed phases. In order
to meet the needs of scientists and engineers involved in the field of
advanced-fuel LMFBR systems, we have extended our calculations to include
a wider range of Pu/(U + Pu) ratios. Table III.1 shows equations for the
temperature dependency of the partial pressures of several gaseous species
above the monocarbide phase (at the lower phase boundary) and sesquicarbide
phase (at the upper phase boundary) as functions of Pu/(U + Pu) ratio. 8

Calculated values for the temperature dependence of the important Pu(g) species
above these phases are shown in Fig. III.1,
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Fig. III.1. Calculated Values for the Temperature Dependence
of Pu(g) Pressures Above U-Pu-C System

*
Collaboration with A. Sheth, Argonne National Laboratory, is acknowledged.
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TABLE III.1. Equations for the Temperature Dependency of Actinide

and Carbon Pressures Over Monocarbide and Sesquicarbide

Phases in the U-Pu-C System

log p = - A xT104 + B (2000-2500 K)

Pu(g) U(g) CT(g) UC 2 (g)

Uix1 Pux1 C

A

1.97
1.93
1.91
1.88
1.85
1.81
1.77
1.74
1.71

B

3.60
3.63
3.65
3.64
3.62
3.59
3.54
3.51
3.47

A

3.15
3.11
3.08
3.06
3,03
2.99
2.95
2.91
2.89

B

6.22
6.05
5.93
5.80
5.67
5.45
5.23
5.01
4.79

A

3.81
3.85
3.88
3.90
3.93
3.97
4.01
4.03
4.06

B

8.47
8.59
8.70
8.79
8.88
9.01
9.14
9.19
9.30

A

3.92
3.95
3.99
4.01
4.04
4.08
4.12
4.15
4.18

B

8.09
8.20
8.30
8.37
8.43
8.53
8.59
8.62
8.58

U1-x2Pux2Ci.5

x2 A

2.26
2.23
2.20
2.18
2.16
2.12
2.07
2.01
1.95

B

4.67
4.74
4.77
4.79
4.81
4.78
4.68
4.56
4.42

A

3.19
3.17
3.15
3.12
3.10
3.04
2.98
2.93
2.86

B

6.40
6.30
6.18
6.07
5.94
5.68
5.40
5.11
4.74

A

3.74
3.76
3.77
3.78
3.79
3.82
3.85
3.88
3.92

B

8.17
8.23
8.25
8.29
8.32
8.41
8.51
8.61
8.77

A

3.85
3.85
3.86
3.87
3.88
3.89
3.91
3.94
3.95

B

7.82
7.81
7.82
7.84
7.82
7.81
7.80
7.79
7.71

The following generalizations can be made concerning the vaporization
behavior of the U-Pu-C system: (1) Pu(g) is the predominant species above
the U-Pu-C system and the Pu(g) pressure increases with increasing
Pu/(U + Pu) ratio. (2) The calculations of Potter et aZ. show that in the
diphasic U 1_x Puc C - U1_x Pux2C1.5 region, the sesquicarbide phase will be
richer in pluioniLm than tie monocarbide phase; however, this segregation of
plutonium decreases with increasing temperature. (3) Mixed-carbide fuel
material will generally be contaminated with sesquicarbide during fabrication.
Our calculations show that the presence of 10 to 20% of the sesquicarbide
phase will have a negligible effect on the vaporization behavior of the
U-Pu-C system in the temperature range 2000-2500 K.
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B. Phase Equilibria in Actinide-Fission Product Carbide System

(D. C. Fee)

Development of oxide-fueled breeder reactors has been under way for

some time. However, it has been recognized that fuels other than oxides may

be required to obtain optimum performance of the breeder reactor. Carbide

and nitride fuels have better neutronic properties and higher thermal con-

ductivity than oxide nuclear fuels. These properties will allow operation
of fuel pins at higher linear power ratings and will also allow enough
flexibility in design to optimize the breeding ratio and minimize fabrication
costs and fissile material inventory. However, the successful utilization
of carbide and nitride nuclear fuels will require a detailed knowledge of

the chemical, thermodynamic, and physical properties of the fuel and the

fuel-fission-product mixture formed during irradiation. Knowledge of the

chemical state of the irradiated FBR fuel is essential.

During irradiation, the formation of new phases at the fuel-cladding
interface or changes in the alloy chemistry of the cladding material can

significantly affect the load-bearing capacity of the cladding. In addition,
knowledge of the chemical state of irradiated fuel is critical to safe fuel-

element performance because of the narrow homogeneity range of single-phase
advanced fuels. For example, in carbide fuel, a slight change in the C/M

(M = U + Pu) ratio leads to adjacent two-phase regions M + MC or MC + M2 C3 .
Hypostoichiometric mixed carbide contains free uranium and plutonium metal

that may cause a rapid breeching of the cladding via the formation of

eutectics with components of the cladding. Hyperstoichiometric mixed carbide,
containing the less stable sesuicarbide phase (M2C3 ), leads to greater

carburization of the cladding. Carburization of the cladding involves the

transfer of carbon from the fuel to the cladding and diffusion of carbon in

the austenite matrix accompanied by carbide precipitation. The net result is
that the ductility of the cladding decreases.

Current predictions10 of the chemical state of irradiated carbide fuel

are based on studies of ternary actinide-carbon-fission product systems.

The predicted C/M ratio during irradiation remains constant or decreases

depending on the solubility of the lanthanide and alkaline-earth fission

products in the mixed-carbide fuel. Because of this uncertainty, current fuel

test pins are made slightly hyperstoichiometric (excess sesquicarbide).
Precise knowledge of phase equilibria relations in irradiated mixed-carbide

fuel would result in precise requirements for the initial fuel stoichiometry

and could have a significant impact (thinner cladding, fewer failures) on the

overall economics of advanced fueled fast breeder reactors. In addition,
accurate information on the chemical state of irradiated fuel would result

in improved fuel properties data (thermal conductivity, swelling, etc.),
which, on being incorporated into computer codes such as UNCLE, would improve

modeling of fuel element performance during irradiation.

The solubility of the lanthanide and alkaline-earth fission products in
mixed uranium-plutonium carbide and the effect of zirconium and yttrium on
this solubility appear to determine the chemical state of irradiated carbide

fuel. The predicted C/M (M = U + Pu) ratio during irradiation remains
constant or decreases by 0.05 C/M units (at 10 at.% burnup), depending on

the solubility of the lanthanide and alkaline-earth fission products.

Further, the nature of the intermetallics formed between the actinides and
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ruthenium, rhodium and palladium are not yet well defined.

Studies were planned of the phase equilibria in mixed uranium-plutonium
carbide fuel containing selected fission products. The work carried out in
preparation for these studies was mainly that of assembling the required
materials and equipment. However, these studies have been postponed
indefinitely, and no further work in this area is being planned.

C. Data Compilation
(D. C. Fee, C. E. Johnson, and A. Sheth*)

The increasing demand for electrical energy is creating a growing burden
on our nation's fuel resources. Addition of nuclear power plants to the

existing power-generating systems should provide the needed electrical energy

into the 1980's; however, the successful introduction of fast breeder reactors

into utility generating systems will be necessary to maintain an adequate

supply of reactor fuel and keep the cost of electricity at a reasonable level.
It is expected that the first-generation breeder reactors will not be intro-

duced on a commercial basis before the mid-l'80's and that these reactors
will be powered by mixed-oxide fuels. However, breeder-reactor research has

indicated that fuels other than oxides may provide improved performance; thus,
alternative fuel systems are being considered for the long term. The most

promising of these appear to be the carbides and nitrides of uranium and
plutonium. In addition to processing neutronic properties more conducive to

breeding, these advanced fuels have thermal conductivities that a:e about
five times that of mixed-oxide fuels. The higher thermal conductivities permit
operation of fuel pins at higher linear power ratings and allow design flex-
ibility to optimize breeding performance and minimize both fabrication costs

and fissile-material inventory. These attractive features have resulted in
a growing interest in the development of carbide and nitride fuels.

In support of the national effort to develop advanced carbide and nitride
breeder-reactor fuels, a handbook titled Thermophysical and Mechanical Properties
of Advanced Carbide and Nitride Fuels is being compiled for use as an
authoritative source of property data. Because research in the area of

thermophysical and mechanical properties of these fuels is an on-going effort,
this handbook will be continuously updated to provide the best available
data for participants in the advanced carbide/nitride fuel program. Because
the handbook will reflect a consensus of workers in the field, it will have
several advantages. Firstly, it will provide in-depth information that is
not available in any other single document and should meet, through constant

revision, all the overlapping requirements and data needs of the various
activities in the advanced fuel area. Secondly, the handbook will provide
a consistent set of data for use in the national advanced carbide/nitride
fuel program; this consistency is especially important where only limited data
exist. Finally, the compilation of existent data in a single handbook readily
reveals deficiences in the thermophysical and mechanical properties data for
advanced carbide and nitride fuels. Thus, the handbook will be useful for
identifying areas requiring additional research in the national program.

*Reactor Safety and Materials Group, Chemical Engineering Division, Argonne
National Laboratory.
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Initially, this handbook will comprise thermophysical and mechanical

properties data for UC, PuC, (U,Pu)C, UN, PuN, and (U,Pu)N. Data for the
sesqui- and dicarbides and sesqui- and dinitrides, as well as data for

carbonitrides will be added later.

A separate section is being allotted to each compound and will list the
recommended values (in SI units) for eacF property of the compound. References

.o literature data will accompany each recommended value so that the reader

may consult the original work. The properties for each compound are being
divided into five categories and arranged alphabetically within each category.

The category headings and properties in each category are as follows:

A. Physical: critical constants, density, emissivity, lattice con-
stants, melting point, surface tension, thermal expansion.

B. Thermodynamic: compressibility, enthalpy, entropy, free energy of

formation, heat capacity, heat of formation, heat of sublimation, heat of

vaporization, vapor pressure.

C. Mechanical: creep, elastic constants, fracture stress, hardness,
stress relaxation, thermal stress, Young's modulus.

D. Transport: diffusion, electrical conductivity, grain growth,
Seebeck coefficient, thermal conductivity, thermal diffusivity, viscosity.

E. Chemical: compatibility with cladding, kinetics, phase equilibria.

Work on this handbook began with the preparation of a biblography of
properties data (the first entry in the list given below) on carbides, nitrides,
carbonitrides, oxycarbides, and oxynitrides of uranium, plutonium, and mixed
uranium-plutonium compounds. Literature references were sought in Nuclear

Science Abstracts and Chemical Abstracts. The bibliography contained 743
entries and included literature through September 1974. Selected values for
properties data have been updated since then by means of formal and informal
contacts with researchers in the properties field. Work leading to the

information contained in this handbook continued with the issuance of critical
reviews of the chemical, mechanical and thermodynamic properties of UC,
U2C3, PuC, Pu 2C3, (U,Pu)C, (U,Pu)2C3, UN, U2N3, PuN, and (U,Pu)N. The critical
reviews listed below represent the efforts of staff personnel from Argonne
National Laboratory, Battelle Columbus Laboratories, and Los Alamos Scientific
Laboratory. The critical reviews contained references, discussions, and
comparisons of experimental techniques and data, and the rationale and method
of analysis used in establishing the recommended thermophysical and mechanical
properties values that now appear in this handbook. The bibliography and
critical reviews are as follows:

ANL-CEN-AF-100
Bibliography of Properties Data on Actinide Carbides and
Nitrides

A. Sheth, S. D. Gabelnick, M. S. Foster, M. G. Chasanov,
and C. E. Johnson (September 1974)
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ANL-AFP-2
Equation of State for Advanced Fuels

A. Sheth and L. Leibowitz (October 1974)

ANL-AFP-3
Thermal Conductivity Values for Advanced Fuels

A. Sheth and L. Leibowitz (November 1974)

ANL-AFP-7
Elastic, Diffusional, and Mechanical Properties of Carbide

and Nitride Nuclear Fuels

J. L. Routhbort and R. N. Singh (March 1975)

ANL-AFP-8
Review of the Thermodynamics of the U-C, Pu-C, and
U-Pu-C Systems

M. Teteubaum (ANL), A. Sheth (ANL), and W. Olson (LASL)
(June 1975)

ANL-AFP-9
Chemical Compatibility Between Cladding Alloys and
Advanced Fuels

D. C. Fee and C. E. Johnson (May 1975)

ANL-AFP-10
Phase Equilibria and Melting Point Data for Advanced Fuel
Systems

D. C. Fee and C. E. Johnson (June 1975)

ANL-AFP-11
Equation of State and Transport Properties of Uranium

and Plutonium Carbides in the Liquid Region
A. Sheth and L. Leibowitz (September 1975)

ANL-AFP-12
Equation of State and Transport Properties of Uranium
and Plutonium Nitrides in the Liquid Region

A. Sheth and L. Leibowitz (October 1975)

LA-6037-MS
Review of Thermal Expansion and Density of Uranium and
Plutonium Carbides

J. F. Andrew and T. W. Latimer (July 1975)

BMI-X-659
Thermodynamic acid Transport Characteristics of Actinide
Nitride Fuels.

C. A. Alexander, J. S. Ogden, and M. P. Rausch (July 1.975)

LA-6096
Electrical and Thermal Transport Properties of Uranium
and Plutonium Carbides: A Review of the Literature

H. D. Lewis and J. F. Kerrisk (March 1976)
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The sections of the handbook detailing the thermophysical and mechanical
properties of UC, PuC, and (U,Pu)C have been completed. Work is continuing
on UN, PuN and (U,Pu)N. The open literature is constantly being reviewed
for relevant properties data and, as these data become available, revised

pages will be issued for insertion in the handbook.
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IV. FUSION REACTOR STUDIES

(C. E. Johnson)

A program was undertaken to measure the trapping efficiency of liquid

lithium for tritium ions. However, this program was terminated after a
limited number of experiments had been carried out. The results of these
experiments are briefly discussed in the following paragraphs.

A. Tritium Trapping by Liquid Lithium
(A. K. Fischer)

The ion microprobe mass analyzer (IMMA) was suitably modified for the
measurements. A substage assembly was designed to allow liquid lithium

samples to be bombarded without harm to IMMA's delicate mechanical and
elr:trical components. The molten lithium was held in an iron crucible.

Radiological safety considerations limited the tritium inventory in the IMMA
to 4 Ci. After bombardment, the iron crucible was sealed in a helium-filled
container and sent to ANL-Idaho for tritium analysis.

A total of five runs were made: three blank runs (Runs 1, 3 and 5) and
two T+ bombardments (Runs 2 and 4). In Run 1, difficulties were encountered
in obtaining an adequate T+ ion beam current. Apparently, tritium had
exchanged with residual H20 on the Molecular Sieves, forming HTO which was
readily adsorbed. Consequently, insufficient T2 was available for T+ ion
production. This problem was overcome by fabricating a vacuum manifold which
was attached to the instrument gas-supply inlet and enabled the T2/Ar gas
mixtures to be prepared without coming in contact with the Molecular Sieves
until the gas mixture was pumped out of the instrument after the last experi-
ment. In this way, exchange with H20 was eliminated.

In the blank runs, a Faraday cup intercepted the ion beam so that ions
did not contact the molten lithium. The tritium content for a blank run,
therefore, represented the tritium that was absorbed by the lithium and the
iron crucible surfaces in the residual vacuum of about 10-5 to 10~4 Pa. The
major tritium-bearing species present in the residual vacuum probably were
HTO and HT.

Ion dosage during an experiment was measured by interrupting the beam
with the Faraday cup after every hour or so of bombardment. An average ion
current was calculated for the interval between interruptions. Integration
over the period of exposure of the lithium to the beam gave the total ion
dosage for the experiment.

In the experiments, an ion beam of 20 keV energy was used and the molten
lithium samples were in the temperature range 523 to 548 K. Mass analysis of
the primary ion beam showed weak peaks at masses 5 and 7, which can be
attributed to the H2T+ and HT2+ ions. Their presence indicated that conditions
in the duoplasmatron allowed triatomic species to form and that the m/e = 3
peak might reflect both H + and T+ ions. Since the success of the measurements
depended on knowing the T4 ion current, it was necessary to assess the con-
tribution of the H3+ ion to the total ion current of mass 3.

An assumption was made to regard the triatomic H3+, H2T+, HT2+, and T3+
species statistically as a subset of all species involving H and T. The four
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triatomic species were included to determine whether any isotope effect
existed at the high temperatures involved. Thus, as far as bond :ag considera-

tions might relate to probabi.ities, the likelihood of an H-T bond was the

same as that of a H-H or a T-T bond. This is supported by the equality of
measured equilibrium constants and statistically calculated equilibrium
constants for each of such reactions as H2 + T2 F 2HT. A random distribution of

H and T atoms was assumed to prevail within the subset of the triatomic species,
with the relative amounts of these species being iven by the ratio of the

terms of the cubic binominal expansion, namely, a : 3a2 b: 3ab2 :b 3, in which

the respective terms reflect the relative amounts of H 3+, H 2T+, HT 2+, and T 3 +
and a and b represent the number of H and T atoms involved in this sub-system.

The T3+ peak (m/e = 9) was not observed, but enough data for the mass 5 and
7 peaks (H2T+ and HT2+) were available to test this approach. The ratio of

H2T+ to HT2+ ion currents should be 3a
2 b: 3ab2 or a:b. The ratio of H3+ to

H 2T+ ion currents is a
3: 3a2b or a: 3b. Thus, the ratio of H 3+ to H2T is

1/3 the ratio of H2T+ to HT2+. From measured ion currents of H2T+ and HT2+,
the H 3+ ion current was calculated and subtracted from the measured m/e = 3
ion current to give the T+ ion current.

The data for Runs 2, 4 and 5 are tabulated in Table IV.l. In Run 1,
which was an exploratory run, insufficient T+ ion production occurred and it

is not included in the table. Run 3, a blank experiment, was of questionable
validity because impurities were introduced into the system owing to the
failure of the ion pump, and it also is not included in the table.

TABLE VI.1 Measurements on the Trappin Efficiency of
Molten Lithium for 20 keV T Ions

Run Total T, Exposure, Trapped T, T+ Dose Trapping
No. Purpose mole min mole mole Efficiency

2 Bombardment 1.06 x 10-10 461 3.6 x 10-11 4.4 x 10-11 82%

4 Bombardment 9.28 x 10-11 423 2.88 x 10~11 2.91 x 10-11 99%

5 Blank 5.31 x 10~11 353 -- -- --

For purposes of applying the blank correction to Runs 2 and 4, the
amount of tritium found in Run 5 was multiplied by the ratio of exposure
time to bombardment time to obtain the amount of background tritium that
would have been absorbed in the absence of the ion-beam. (Exposure time is
not the same as bombardment time; the latter was about 4 hr.) The net tritium
content, due to beam impact, is listed in the tables as "Trapped T". The
blank correction was found to be as much as 70% of the total tritium content
of a run. A blank correction of this magnitude is consistent with earlier
scoping calculations based on the kinetic theory of gases. These calculations
indicated that under the vacuum conditions expected during a run, the absorbed
tritium level could build up to much more than the implanted amount. Factors
mitigating against such a build-up were as follows: (1) the geometry in the
substage assembly allowed the gas phase access to the sample only through a
small fraction of the solid angle involved in the theoretical calculation;
(2) the gas-flow path to the vacuum pump bypassed the sample; (3) the ion
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pump was more effective for HT than for argon; and (4) the sticking coeffi-
cient on the lithium surface might be less than the unity value assumed in
the theory.

The possibility of having to correct the m/e = 3 ion current for 3He+
from the decay of tritium atoms was considered. The possibility of ionizing

helium in the IMMA was considered to be poor; however, data are not available

for this assumption. Therefore, a mixture of 1% 4He in Ar was examined with
the IMMA. A peak in the mass spectrum for m/e = 4 could barely be detected.
Thus, a contribution from ionization of 3He could be dismissed. In addition,
it was known that the tritium used did not contain a significant amount of

3He.

Calculations indicated that the H 3+ ion current for Run 2 was 0.18 nA and
for Run 4, 0.15 nA. Since the m/e = 3 ion current was about 0.47 nA in Run 2
and about 0.30 nA in Run 4, about 40-50% of the m/e = 3 ion current was

carried by H3+ ions. With a correction for the H3+ ion current available, the
dosage of T+ ions was calculated and listed in the table, along with values

for the trapping efficiency.

The limited data in Table IV.1 indicate an average trapping efficiency of
90%, with an average deviation of 8%. The main reason for the + 8% error
bar is that the HT2+ ion current, ranging from 0.003 to 0.020 nA, had to be
measured at the limit of sensitivity of the IMMA current meter (0.3 nA full
scale). In Run 4, the HT2+ ion current was 0.003 nA; in Run 2, the current
was higher and presumably was measured more accurately. If Run 2 is regarded
as being more accurate than Run 4, there may be justification for weighting
the 8% error bar on the 90% average trapping efficiency more heavily on
the negative side than on the positive side.

Because of the H3+ com onent of the m/e = 3 ion beam, the bombardment
process was not simply of T impact on the lithium surface. Instead, the
process involved the co-bombardment of lithium by T+ and H3+. In this
bombardment, several phenomena must be considered. Incoming ions become
implanted atoms in the metal by a combined process of penetration and
neutralization. Once implanted, the atoms will move through the metal by
convective and diffusive processes. Some will diffuse to the surface, and, of
these, some will escape to the gas phase. Of those on or near the surface
at the impact point of the ion beam, some will be sputtered into the gas
phase. The composite of all these processes is measured as the "trapping

efficiency". Obviously, H3+ ions could contribute to loss of T from the
liquid metal by sputtering without any compensating gain in T content of the
melt, and a depressed trapping efficiency could conceivably result. However,
because of the low concentrations of trapped materia) involved in these
experiments, the loss by sputtering may be considered to be minimal.

The trapping efficiency reported here is consistent with that reported
by Erents et al. for measurements 3 of the trapping efficiency of lithium
for keV deuterium ions by an indirect method. Their technique involved the

comparison of the partial pressures of the re-emitted species in the gas
phase over the lithium with the partial pressures of the same species over a
100% re-emitting target surface. They interpreted their results as showing
a uniform 97% trapping efficiency in the temperature range from 452 to 673 K.
However, inspection of the 20 data points on their curve in this temperature
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range shows values from 65% to 98%, with an average value of 92% and an
average deviation of t 6%. In the narrower temperature range corresponding

to the present study, 7 points, from 92% to 98%, are shown, giving an average

trapping efficiency of 96% with an average deviation of 2%.

In the absence of additional information, further speculation of any

differences between our results and those of Erents et tiZ. wouid be unproduc-

tive. The fusion reactor designer can regard the trapping efficiency of

lithium for tritium ions to be about 90% for conditions such as those reported
by us and by Erents et al.
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