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Abstract

The stability of cesium iodide in the presence of UO2�x was investigated at temperatures up to 2300 K and for

0.00 < x < 0.29 in a Knudsen-cell mass-spectrometric apparatus. Heating of CsI and hyperstoichiometric urania,

UO2:29, to 900 K produced Cs2U4O12 with a reaction yield of about 50%. Most of the unreated CsI starting material

was volatilized below 1000 K. The decomposition of Cs2U4O12 was observed between 1250 and 1800 K, producing

atomic cesium observable in the mass spectrometer. At these temperatures, the oxygen potential of the chemical system

appeared to be controlled by the UO2�x. Ó 1998 Published by Elsevier Science B.V. All rights reserved.

PACS: 82.60.H; 28.41.T; 82.60.cx; 82.80.K

1. Introduction

In the event of a severe nuclear accident, radioiodine

is a ®ssion product that can have a deleterious e�ect if it

is released from the reactor containment building. Be-

cause of the excess of cesium to iodine in ®ssion yield

(10 to 1), it is thought that over 99.9% of iodine will exist

in the form of CsI under most accident conditions [1].

Because CsI has a high melting point, 903.5 K [2], it is

involatile outside the core and will likely be dissolved

in the cooling water collected in the containment sump.

Under oxidizing conditions, however, other com-

pounds of cesium can become more thermodynamically

stable than CsI, e.g., Cs2MoO4. The formation of cesium

molybdate under normal reactor operating conditions

has been suggested by Matzke [3], after extremely long

irradiation times (i.e., corresponding to localized burn-

ups in excess of 1900 MW h/kg U), which can lead to

a signi®cant amount of excess oxygen in the urania lat-

tice. As hypothesized for some accident scenarios, fuel

oxidation by the interaction of UO2 with steam,

Eq. (1) can be a very important phenomenon.

UO2 � xH2O) UO2�x � xH2 �above 1320 K in steam�:
�1�

Under these conditions, much of the ®ssion-product in-

ventory may be released because of changes in the mi-

crostructure of the fuel and also because of the

formation of volatile oxides i.e., [4]. Mitigation of the

consequences of a severe accident is a key consideration

in the design of a nuclear power reactor. Computer

modelling of accident scenarios is a tool for understand-

ing the sequence of events and physical phenomena that

govern ®ssion-product and fuel behaviour. Because it is

di�cult to reproduce such complex events in a labo-

ratory, or in a research reactor, much of the code valida-

tion is based on small-scale studies, each of which

focusses on a single parameter. In this case, conditions

of the actual experiment are not set up to emulate an ac-

cident scenario, but are designed to explore the full

range of a single parameter such as temperature, holding

other parameters, such as chemical composition,

constant.

In this study the stability of CsI in the presence of

UO2�x was investigated, with x varying from 0.00 to

0.29. Vapour pressures were recorded using a Knud-

sen-cell mass-spectrometric apparatus. The volatile spe-

cies were identi®ed using appearance potential and
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fragmentation data. The condensed-phase residue was

analyzed by X-ray powder di�ractometry. From these

data, the reactive behaviour of the cesium±iodine±

UO2�x system was investigated up to 2000 K.

2. Experimental

2.1. Apparatus

The Knudsen-cell apparatus consisted of two stain-

less steel evacuated chambers, separated by a 3.18-mm

hole (top aperture), Fig. 1, and a shutter that could be

manipulated from outside the vacuum envelope. One

chamber contained an inductively heated Knudsen cell,

and the other a Finnigan quadrupole mass spectrometer

separated by a water-cooled aperture (hole diameter of

3.2 mm). Both could be evacuated to a minimum pres-

sure of 10ÿ5 Pa, by a Seiko±Seiki turbomolecular pump

and a di�usion pump, respectively. The former was also

able to handle outgassing from the cell or the sample or

from both, and maintained the Knudsen-cell chamber

vacuum below 7 ´ 10ÿ4 Pa.

The Knudsen cell had an ID of 12.7 mm, a length of

34.0 mm, and an ori®ce size of 0.7 mm, giving a Clausing

factor of 0.21 [5] and a ratio of ori®ce size to sample area

of 0.01. Volatile species e�using from the cell ori®ce were

ionized by electron bombardment at 70 eV, 0.50 mA

emission, to produce positive ions, and these were de-

tected with a Finnigan quadrupole mass analyzer. For

appearance-potential measurements, the emission was

reduced to 0.05 mA to stabilize the signal at low electron

energies. Before and after an experiment, the sensitivity

of the mass spectrometer was checked using a calibrated

leak of per¯uorotributylamine (FC43), which was occa-

sionally compared to a silver reference. Mass spectra

were collected on a Gateway 2000 P4D-66, 486 comput-

er using Shrader data acquisition software. Analysis was

performed using a Labview program and a Quattro±Pro

spreadsheet.

In the series of experiments looking at the reaction of

CsI with UO2�x, it was discovered that compounds con-

taining cesium were particularly di�cult to contain [6].

Tantalum was selected as the cell material, since it is cor-

rosion resistant and has a high melting point (3273 K).

In addition, a 1-to-2-lm layer of iridium was deposited

Fig. 1. Schematic of Knudsen-cell mass-spectrometric apparatus.
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on the inside surfaces of both the body and the lid of

newly machined tantalum cells (sputtering done by Al-

berta Microelectronic Centre, Edmonton, Canada). Irid-

ium is quite soluble in tantalum above 1873 K (up to

7.7 wt%), but there was no evidence to suggest that dif-

fusion of the iridium coating into the tantalum, or for-

mation of intermetallic compounds (possible above

2226 K) [7] a�ected the chemistry of the CsI ) UO2�x

system.

The cesium iodide used was 99.999% pure from Ae-

sar. The UO2 was obtained from CANDUâ(CANDUâ

is a registered trademark of Atomic Energy of Canada

Limited) fuel pellets (0.7 wt% 235U), which were crushed

and sieved to obtain particle sizes between 20 and

160 lm. The stoichiometry of unirradiated CANDU fuel

is speci®ed as UO2:0003�0:0002 [8], and the sample used in

these tests was analyzed gravimetrically to be UO2:00�0:01.

Some of the unirradiated fuel was pre-annealed in a

sealed vial at 673 K for 3 d. Although some air was pres-

ent in the vial before sealing, there was no signi®cant

change in the stoichiometry of the urania, as measured

by gravimetry. Samples were prepared for the cell by

weighing out 3 g of UO2 and about 0.12 g of CsI powder

to obtain about 4% CsI by weight in UO2:00. The two

compounds were mixed with a spatula and were added

to the cell. The UO2 stock was kept in an argon-®lled

desiccator to prevent further oxidation. The CsI stock

was kept dry in a desiccator.

In some of the tests, highly oxidized urania was used,

consisting of mixed phases but mainly U4O9, and ana-

lyzed gravimetrically to be UO2:29�0:01. Analysis of this

material by scanning electron microscopy (SEM)

showed that it was composed of individual particles,

10 lm diameter, and soft (easily crushed with a spatula)

40 lm diameter clumps made up of the smaller particles.

The hyperstoichiometric urania was heated with 5 and

11.4 wt% CsI in separate tests.

Some of the appearance potential measurements were

performed using a mixture of CsI + UO2:11, the latter

having been prepared by oxidation of UO2 on exposure

to the ambient air of the laboratory.

2.2. Method

Two types of experiments were performed in the

Knudsen cell. One involved the acquisition of ion inten-

sities as a function of temperature in both the ascending

and the descending temperature-ramp mode, the latter

being a preferable approach [9]. The other involved the

measurement of ion signal at a ®xed temperature as a

function of ascending electron-energy ramp, to give an

appearance potential for the ion. Data were collected

by selecting the temperature or electron energy of inte-

rest and waiting 30 s after the shutter to the mass spec-

trometer was opened before collecting a mass spectrum.

In addition, two background scans were collected (shut-

ter closed), one before and another after each scan. This

methodology was established to minimize contributions

from a time-dependent signal that arose from movement

of the shutter.

Post-test X-ray di�raction (XRD) analysis of the res-

idues from heating was also used to help identify the

condensed phases present at a particular temperatures.

Power to the induction coils was switched o�, and the

sample was cooled several hundred degrees within a

few minutes. Only small samples, 50 lg, were removed

so that enough of the residue remained in the cell to con-

tinue the heating experiment. The sensitivity of the XRD

analysis was about 4 wt% for these samples.

2.3. Calibration procedures

2.3.1. Temperature measurements

The temperature of the cell body was obtained by

focussing a pyrometer into a black-body cavity on the

side of the cell. Four pyrometers were used, which cov-

ered the temperature range from 625 to 3000 K (the

maximum temperature to which the cell was heated).

The lower-temperature pyrometer was a single-wave-

length instrument, whereas the other three were dual

wavelength. Calibration of the temperature measure-

ments was done in situ, previously described in detail

[10], using the melting points of aluminum (933 K), gold

(1337 K) and platinum (2041 K). The precision of the

measurements was �0.4% for the single wavelength py-

rometer (650 to 1000 K) and �0.2% for the dual wave-

length pyrometers (up to 2600 K). The accuracy of the

temperature readings was estimated to be within

�0.8% up to 2300 K.

2.3.2. Vapour pressure measurements

The vapour pressure, p, of the e�using gas was calcu-

lated from the ion intensity, I, at temperature, T, using

the expression

p � IT
rcgfskAg

: �2�

Parameters related to the precursor are the ionization

cross-section, r [11], and the isotopic abundance, g.

The expression also includes a correction for the sensi-

tivity of the instrument as determined from the FC43

calibrated leak, s, and a correction for the area of the or-

i®ce, f. The mass dependence of the quadrupole analyzer

and electron multiplier, c, was determined by analysis of

the fragmentation pattern of FC43. Other e�ects, such

as that of geometry, are included in the kAg term, which

was derived from a calibration with silver. Vapour pres-

sure measurements were determined from data gathered

during a decending temperature ramp. The accuracy of

these measurements depended greatly on the chemical

system being studied, but most uncertainty arose from

the values used for the ionization cross sections at
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70 eV, which were not directly available for the molecu-

lar species. It was estimated that vapour pressure could

be measured to within a factor of 2.

2.3.3. Appearance potential measurements

Appearance potentials were determined from the

plots of ion intensity versus electron energy, as the inter-

section of the linear portion of the plot with the abscissa.

The ®lament voltage was calibrated with appearance po-

tentials measured for the permanent gases, N2, O2, H2O

and CO2, and for silver and argon introduced into the

cell. Uncertainties on the measured appearance poten-

tials were determined to be �0.2 eV below 10 eV, and

�2% above 10 eV.

3. Results and discussion

The results of the Knudsen cell experiments are sum-

marized in Tables 1±3. In Table 1 are presented the ions

observed in the Knudsen cell as the samples were heated

from 600 to above 2000 K. Second law heats of vapor-

ization were calculated from the slopes of the Claus-

ius±Clapeyron plots and are presented in Table 2,

along with the corresponding vaporization or reaction

process. In Table 3 are shown the measured appearance

potentials for the cesium ions observed at di�erent tem-

peratures.

3.1. CsI

A control experiment was performed by heating pure

CsI in a tantalum cell, to provide a baseline against

which the reactive CsI ) UO2�x systems could be com-

pared. The data for Cs� are shown on a Clausius±

Clapeyron plot, Fig. 2. The sensitivity of the experiment

is approximately 10ÿ2 Pa. The solid line shows published

data on the vapour pressure of CsI [2]. Because the cesi-

um ion was the major ion observed above CsI, the data

points need only be multiplied by a factor of 1.2 for a

direct comparison with the solid line, an amount too

small to show up on this logarithmic plot. This factor ac-

counts for the minor ions, CsI�, I�, as well as the small

amounts of Cs2I�, Cs�� and I��. About 1% of the cesi-

um iodide was volatilized in the dimeric form, (CsI)2,

parent of Cs2I� (m/z� 393). There is reasonable agree-

ment between the absolute vapour pressure of CsI mea-

sured in this experiment and the literature values, within

a factor of 2.

The heat of vaporization of CsI(c) to CsI(g),

DvH0
298 K, calculated using the third-law method [12],

was 198 � 3 kJ molÿ1, and is close to that reported by

Cordfunke and Konings [2] or 193 � 2 kJ molÿ1. Above

1000 K, the signal levels dropped below the detection

limit of the apparatus, 10ÿ2 Pa, indicating that the CsI

was depleted from the Knudsen cell. At very high tem-

peratures, above 1700 K, the cesium ion signal is again

above background.

There are a number of explanations for the small

amount of cesium seen at very high temperatures. Simi-

lar high-temperature cesium signal was observed for the

CsI + UO2�x mixtures, and in an earlier study of the

heating of pure Cs2U2O7 [13]. In all of these cases ele-

mental cesium could have deposited on surfaces in the

vacuum chamber, to be revolatilized as the Knudsen cell

was heated past 2000 K. The high temperature cesium

seen above the mixtures of CsI and UO2�x may have

had contributions from the decomposition of ternary

phases, such as Cs2U6O18, or from volatilization of cesi-

um dissolved in UO2 (solubility of 0.16 � 0.04 wt% cesi-

Table 1

Knudsen cell results

Temperature range (K) Ions and intensities relative to major ion Precursor in gas phase

600±1000 I�(1.0), I�2 (0.6) I2

700±1000 Cs�(1.0), I�(0.25), CsI�(0.1), I��(0.02), Cs��(0.01) CsI

Cs2I� (0.005) Cs2I2

1000±1250 Cs�(1.0), I�(0.23), CsI�(0.01), Cs��(0.03) CsI

1250±1800 Cs�(1.0), Cs��(0.17) Cs

1800±2000 Cs�(1.0) Cs

2000+ UO�2 (1.0), UO�(0.6), UO��2 (0.4), UO��(0.26) UO2

Table 2

Postulated reactions of CsI�UO2�x

Temperature range (K) DvH (kJ molÿ1) Second law Reaction

600±800 Not measurable 2CsI�s� � �4x�UO2�x�s� ) Cs2U4O12�s� � I2�g� � �4x��1ÿ x�UO2�s�
800±1000 160 � 20 CsI�c� ) CsI�g�
980±1250 280 � 80 CsI�ad� ) CsI�g�
1250±1800 340 � 60 Cs2U4O12�s� ) 2Cs�g� � 4UO2�s� � 2O2�g�
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um at 2173 K [14]). Neither of these explanations des-

cribe the data very well, in the ®rst case because the sig-

nal for the mixture of UO2:00 was about the same as the

signal for the mixture of UO2:29, which produced much

more uranate. And the temperature pro®le of the Cs�

was quite di�erent from that of the ions from the UO2

precusor, which suggested that the volatilization of Cs

and UO2 was not congruent.

3.2. CsI + stoichiometric urania

Cesium iodide was heated along with the freshly

crushed, unirradiated fuel, and the annealed fuel, in sep-

arate tests. The cesium-ion signal was converted to par-

tial pressure (Pa) and was plotted for these runs as a

function of reciprocal temperature, Fig. 3. The results

for the unannealed and the annealed urania were very

similar, showing that the preparation had little e�ect

on the chemistry of the urania.

The types of ions and their intensities recorded as the

CsI ) UO2:00 mixture was heated up to 1000 K were

similar to those observed when heating pure CsI. Above

1000 K, Cs�, I� and CsI� were observed, which were not

seen when pure CsI was heated in the Knudsen cell. It

was possible that the CsI adsorbed onto the UO2, and

then was vaporized between 1000 and 1200 K.

CsI�adsorbed on UO2� ) CsI�g�: �3�
This phenomenon has also been observed in previous ex-

periments (J. McFarlane and J.C. LeBlanc, unpublished

data, 1994) when CsI was heated in contact with a ThO2

ceramic. The suspicion that surface adsorption was play-

Table 3

Appearance potentials of cesium ions observed above CsIÿUO2�x

Appearance potential of Cs�(�0.2 eV) Temperature (K) Precursor Literature appearance potential values [15]

7.8 746 CsI 7.3±8.3

7.5 893 CsI

7.6 1146 CsI

7.2 1248 CsI

3.8 1629 Cs 3.984

Fig. 2. Partial pressure (Pa) of cesium compounds as a function of reciprocal temperature (Kÿ1). Circles represent data collected in the

current experiment. The solid line is published vapour-pressure data for CsI [2]. The dashed line indicates the detection limit of the

experiment.
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ing a role was strengthened by the observation that 100

times more signal was observed in this region when the

particle size of the dioxide was reduced by a factor of

10 (increasing the surface area by a factor of 10). Trap-

ping of CsI through chemisorption is thought to be less

likely, because the volatilized CsI observed at the higher

temperatures gave the same ionic signature as the lower

temperature CsI.

3.3. CsI + highly oxidized urania

Cesium iodide and highly oxidized urania, UO

2:29�0:01, were heated in combination to increase the yield

of the reaction between CsI and UO2�x to allow identi-

®cation of products by post-test XRD analysis. The re-

sults of heating CsI (4±5 wt%) and UO2:29 between 1300

and 1700 K in an iridium-coated tantalum cell are dis-

played in Fig. 4. The partial pressures of the cesium spe-

cies are shown as a function of reciprocal temperature,

with replicate runs indicated by squares and triangles.

Appearance potential measurements on the individu-

al cesium ions were done to show whether fragmentation

in the ionizer of the mass spectrometer was of a concern,

and to give the identity of the parent molecule (Table 3).

The appearance potential of Cs� observed between 800

and 1000 K was 7.7 � 0.2 eV, indicating that the Cs�

originated from the breakup of the parent CsI [15].

The appearance potential of Cs� at 1200 � 50 K was

very similar, 7.4 � 0.2 eV, suggesting that the Cs� came

once more from CsI dissociation. The appearance poten-

tial of the Cs� at 1629 K was 3.8 � 0.2 eV, suggesting

that the parent species was atomic Cs.

An ion signal from molecular iodine was observed at

lower temperatures, 650±900 K, which dropped o�

as the sample was heated above this temperature. The

m/z� 254 signal was thought to come from I�2 direct-

ly rather than from the fragmentation of Cs2I�2 , because

the temperature dependence of the signal from m/z� 254

was quite di�erent from that of other cesium iodide-de-

rived ions (m/z� 127 (I�), m/z� 260 (CsI�) and m/

z� 393 (Cs2I�)), the latter which parallel the Cs�. In ad-

dition, electron impact ionization studies of cesium io-

dide do not report the formation of I�2 as being

signi®cant [16]. The iodine was likely a product of the re-

action of CsI in the cell. Although a m/z� 254 also cor-

responds to UO�, this species would not have been

present between 650 and 900 K. Ions from the volatiliza-

tion of UO2, including UO�, were observed at tempera-

tures above 2000 K, Table 1.

Because the thermodynamic and appearance-poten-

tial data suggested that the CsI + UO2�x system was re-

active, the condensed phase was analyzed by XRD after

Fig. 3. Partial pressure (Pa) of cesium compounds as a function of reciprocal temperature (Kÿ1) above a mixture of 4 wt% CsI and

UO2:00�0:01. Solid symbols are data from unannealed UO2:00 and crosses are from annealed UO2:00, respectively. Data represented

by squares were collected using a tantalum Knudsen cell and by circles, in an iridium-coated Knudsen cell. The dashed line indicates

the detection limit of the experiment. The solid line is published vapour-pressure data for CsI [2].
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being heated. A mixture of 11.4 wt% CsI in UO2:29 was

heated to 1479 K. By this temperature the iodine signal

had disappeared, indicating that the CsI had either vol-

atilized or reacted. Weighing of the sample after the test

suggested that 44% of the Cs from the cesium iodide

was present after heating. Results of the XRD analysis in-

dicated a substantial amount of Cs2U4O12 was present. If

allowed to cool slowly below 873 K the Cs2U4O12 will dis-

proportionate into a number of mixed phases, such as

Cs2U5O16 + Cs2U4O13 [17]; however, these were not ob-

served in the XRD analysis. Continued heating of the

same sample to 1800 K depleted most of the cesium signal

seen by the mass spectrometer. X-ray di�raction analysis

of this sample showed that most of the cesium uranate

had disappeared, leaving only a trace in with the UO2.

3.4. High-temperature reactions of CsI and urania

Measured heats of vaporization, ion appearance po-

tentials and XRD analysis allowed the species volatilized

from the mixture of CsI and UO2:29 to be identi®ed. At

the lowest temperatures, between 650 and 1000 K, the

volatilization of CsI occurred, and Cs�, I�, CsI� and

Cs2I� were observed in the mass spectrometer.

CsI�s� ) CsI�g�;Cs2I2�g�: �4�
A heat of vaporization to CsI(g) was measured, DvH0

(298.15 K)� 202 � 5 kJ molÿ1. As in the case of pure

CsI discussed earlier, the result was higher than that giv-

en in the literature for pure CsI [2].

Residue remaining in the cell after heating to 1479 K

was identi®ed by XRD analysis as Cs2U4O12, a reaction

product of CsI and UO2:29, Reaction (5), as previously

suggested by Ugajin [18]:

2CsI�s� � 4

x

� �
UO2�x�s�

) Cs2U4O12�s� � I2�g� � 4

x

� �
1ÿ x� �UO2�s�: �5�

As it is heated in a vacuum, cesium uranate decomposes,

releasing Cs and oxygen, Reaction (6) [17]. (No cesium

oxide was observed in the mass spectrometer.)

Cs2U4O12�s� ) 4UO2�s� � 2Cs�g� � 2O2�g�: �6�

That the cesium signal between 1250 and 1700 K arises

from a uranate phase is consistent with the fact that the

UO2:29 produced 100 times more signal in this tempera-

ture range than did UO2:00. This is because formation of

Cs2U4O12 (or any other uranate) requires uranium to be

oxidized beyond the +4 state. In addition, no iodine was

observed in this region, con®rming that the cesium did

not come from CsI revolatilization. Scatter in the par-

tial-pressure data between 1600 and 1700 K may be at-

tributed to interconversion of cesium uranate phases,

such as

Fig. 4. Partial pressure (Pa) of cesium above CsI ) UO2:29 as a function of reciprocal temperature (Kÿ1). Replicate runs are indicated

by the di�erent symbols. The detection limit of the experiment is 10ÿ2 Pa.
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3Cs2U4O12�s� � 2Cs2U6O18�s� � 2Cs�g�: �7�
The condensed phase becomes depleted in cesium

during the process. The post-test XRD analysis was

not sensitive enough to con®rm such a shift in composi-

tion, being limited to about 4 wt%.

Because it is a logarithmic plot, Fig. 4 gives a distort-

ed picture of the relative amounts of Cs� species volatili-

zed as a function of temperature. Consequently the

vapour pressure of Cs� ion has been plotted versus time

over the experimental run, on a linear scale, as shown in

Fig. 5. The quantity of Cs� in each peak becomes appar-

ent: about 50% of the CsI starting material was volatili-

zed as CsI below 1000 K, and the rest was converted to

cesium uranate and subsequently released between 1250

and 1800 K. A small amount, less than 1%, was released

between 1000 and 1250 K, and only 0.1% remained

above 1800 K.

3.5. Control of oxygen potential by urania

When the decomposition of Cs2U4O12 to UO2 is

studied, Reaction (6), it is apparent that at a given tem-

perature at equilibrium, the pressure of the cesium and

the oxygen in the system are not independent, as shown

in Eq. (8):

DrG0�T � � ÿ2RT ln PCsPO2
: �8�

The question to be addressed is what is giving rise to the

partial pressures observed in the Knudsen cell. Are they

strictly based on Reaction (6) alone, or is there external

control of partial pressure of oxygen in the system? Un-

fortunately, the partial pressure of the oxygen could not

be measured directly in the Knudsen cell, because of the

background, so it was determined from the measured

partial pressure of cesium and Eq. (8). The partial pres-

sure of cesium was much higher than the partial pressure

of oxygen in this experiment. Auxiliary data, the

Gibbs free energies as a function of temperature for

the species in Reaction (6), came from Cordfunke and

Konings [2].

The derived oxygen potential, de®ned here as

RTlnPO2, is plotted in Fig. 6 as a function of reciprocal

temperature. If the decomposition of Cs2U4O12 gov-

erned the oxygen partial pressure in the Knudsen cell be-

tween 1250 and 1700 K, Reaction (6), the partial

pressures of cesium and oxygen would be the same

[17]. This was not the case for the system under investi-

gation. Likewise, the pressure of oxygen was not set by

the baseline amount of oxygen in the Knudsen cell

(<10ÿ5 Pa), or by the formation of Ta2O5(b) in the tan-

talum cell (<5 ´ 10ÿ5 Pa) [19].

Fig. 5. Plot of partial pressure (Pa) of cesium species as a function of time (min). Cesium species are evolved from a mixture of

CsI + UO2:29, during descending ramps in temperature. Double-humped peak A shows data that were collected between 1000 and

800 K. The scatter of points, B, refers to data that were collected between 1230 and 1570 K. The sharp peak, C, was collected at

1770 � 5 K.
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Another possibility was control of the oxygen by the

urania in the cell, by having an equilibrium established

between UO2�x and O2. The partial pressure of oxygen

above UO2�x has been characterized by an empirical for-

mulation [20]. Using the criteria set out by Lindemer

and Besmann, in the current experiment the UO2�x

could be represented as a solid solution of UO2/U3O7.

Calculated oxygen potentials over UO2�x from

0.07 < x < 0.15 are plotted in Fig. 6 as solid lines. Su-

perimposed with the lines are points derived from two

separate experiments involving CsI and UO2:29. As can

be seen from the graph, for one of the tests (marked

by x), the oxygen potential appeared to be controlled

by UO2:10�0:01 from 1350 to 1580 K, as indicated by

the bold line drawn through the data points. Data for

another run (marked by +) were not as conclusive; how-

ever, it can be reported that in this case the urania in

equilibrium with the uranate was UO2:11�0:02 from 1350

to 1590 K.

3.6. Comparison to related work

The reactivity of the CsI ) UO2�x system has been

investigated by Ugajin et al. [18]. These authors con-

ducted the experiments at 1073 K, and carefully varied

the oxygen potential by manipulating the CO/CO2 at-

mosphere to which the sample was exposed. The samples

were then analyzed by XRD, and the analytical results

were compared to thermochemical calculations.

At 1073 K, the system of CsI ) UO2:051 was found to

be reactive, forming Cs2U4O12. According to calcula-

tion, the poly-uranate will be stable at oxygen potentials

between )209 and )260 kJ molÿ1 at this temperature. At

lower oxygen potentials, Cs2UO4 is the predominate ce-

sium uranate species. Our study of the CsI ) UO2�x sys-

tem as a function of temperature is in agreement with

these data, showing that the system can react to form ce-

sium uranate, Cs2U4O12 from CsI ) UO2:29. As temper-

atures were increased above 1300 K, in a vacuum, the

cesium uranate decomposed to UO2.

Ugajin and co-workers [18] also predicted the equilib-

rium iodine pressure, I and I2, above the CsI ) UO2�x

mixture as a function of temperature. They determined

the pressure as being little di�erent from the pressure

above pure CsI. These pressures are very low, being of

the order of 0.01 Pa at 1060 K. It was not possible to

measure the iodine partial pressure in the current Knud-

sen-cell experiment, because it was not in chemical equi-

librium with the condensed phase. Reproducible results

could not be achieved between ascending and descend-

ing temperature ramps, unlike in the case of the higher

temperature CsI and Cs results. The iodine was liberated

Fig. 6. Oxygen chemical potential (J molÿ1) as a function of 1/T (Kÿ1). Calculated values of oxygen potential in equilibrium with

UO2�x represented as a solid solution of UO2/U3O7 are shown as lines on the plot, annotated by the value of x in UO2�x. The data

for two separate tests are shown as symbols.
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by the decomposition of CsI, and was slowly depleted

from the Knudsen cell as the experiment continued.

4. Conclusions

The ®nal data obtained for 4 wt% CsI in UO2:00 and

UO2:29 could not have been obtained without ®rst elim-

inating all the artifacts. Di�erences in the various tem-

perature regions of the CsI/UO2�x reaction would have

easily been swamped by signal either from revolatiliza-

tion or reactions with cell materials (such as tungsten).

Cesium iodide was shown to react with the excess oxy-

gen in urania, producing Cs2U4O12. The reactivity of

the system and the decomposition of the uranate above

1250 K appeared to be governed by the chemical poten-

tial of oxygen of the urania in the sample. This phenom-

enon may also govern the speciation of cesium and

iodine found in irradiated UO2 reactor fuel.
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