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A thermochemical model to describe the chemical state of irradiated nuclear fuel has been advanced and
validated by comparison to results of experiments on naturally-enriched UO2 with additions of selected
simulated fission products. These experiments involved controlled oxidation in Ar/H2O/H2 gas mixtures
conducted at the Atomic Energy of Canada Limited–Chalk River Laboratories. A coulombic titration tech-
nique provided measurements of moles of oxygen acquired by the samples in relation to oxygen poten-
tial. Emphasis was placed on the role of molybdenum in buffering the oxidation of fuel.

This treatment is expected to be especially useful when integrated into fuel performance codes that
make use of thermodynamics as boundary conditions in heat and mass transfer computations.

Crown Copyright � 2010 Published by Elsevier B.V. All rights reserved.
1. Introduction

The fissioning of oxide fuels generates a multi-component sys-
tem of more than 40 elements [1,2]. The fission products may be dis-
tributed among several phases depending on the temperature,
pressure, and composition (burnup) of the fuel-element system.
The chemical state of the fuel influences the physical properties
including the thermal conductivity, swelling, and melting point, as
well as the potential release of fission products for both normal
operation and transient conditions [3]. Gaseous fission products
(xenon and krypton) released to the fuel-to-clad gap and plenum
regions strongly influence the thermal conductance in the fuel-
to-clad gap, internal gas pressure and stresses on the cladding. In
addition, the knowledge of the chemical state of fission products
in irradiated fuels and the conditions that cause them is of
importance in interpreting post-irradiation examination data of
discharged fuel, long-term spent fuel storage, and possible repro-
cessing [4,5].

The chemical state of the fuel and fission products is typically
determined from out-of-pile release experiments, dissolution
experiments, post-irradiation and metallographic examination
[6–10]. Theoretical methods have also been used to complement
such examinations, where it is implicitly assumed that the system
is in thermodynamic equilibrium [11,12]. Progress in the develop-
ment of a reasonably comprehensive thermodynamic model for
010 Published by Elsevier B.V. All

ran).
irradiated fuel at the Royal Military College of Canada, encompass-
ing the U–O system, and the fission product and actinide compo-
nents is reviewed in Ref. [11]. This model is built on a large body
of existing experimentally determined properties for individual
compounds brought together within the framework of classical
thermodynamics using Gibbs energy minimization [11]. The model
is designed to predict the phases and proportions for twenty-
three1 of the most abundant elements, fission products and activa-
tion products.

The thermodynamic data for the thermodynamic model are
critically assessed in Ref. [13], and summarized in Ref. [14]. These
data are used to generate Gibbs energy functions to compute the
proportions and composition of each phase at a given fuel burnup
using a Gibbs energy minimizer. In particular, when many ele-
ments are involved in possible reactions, and particularly when
more than one phase may arise, a Gibbs energy minimizer can be
used to systematically redistribute the elements among the many
possible compounds in such a way as to preserve the number of
moles of each element in a closed system. For each possible distri-
bution, at the chosen temperature and pressure, the Gibbs energy
change is computed relative to the previous distribution. This pro-
cess continues until the Gibbs energy is no longer significantly re-
duced [15,16].

The model can also be used to predict the oxygen potential for
fuel that contains fission products when exposed to a gas of a spec-
ified oxygen partial pressure at a known temperature in order to
rights reserved.

1 U, Zr, Mo, Ce, Ru, Sr, Ba, La, Nd, Pd, Rh, Cs, Pu, Xe, Np, Y, Tc, Pr, Rb, Te, I, H and O.
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INPUT: Fuel sample with selected fission products (in mols) 
<0.56849E-02> U + <0.11667E-06> Zr + <0.14263E-04> Mo + <0.75956E-07> Ce + <0.42121E-05> Ru +  
<0.86762E07> Sr + <0.99634E-07> Ba + <0.38310E-07> La + <0.18974E-06> Nd + <0.10003E-04> Pd +  
<0.73875E-06> Rh +  <0.12584E-08> Cs  
[amount of O2 added to create an  oxygen partial pressure of 0.61414E-12 atm] =  <0. 572376E-02> O2

OUTPUT: Molar amounts and fraction of the phases present 

    0.00000     mol    (  0.15939E-05      Cs2MoO4

...
+  0.61414E-12      O2                              Oxygen partial pressure

...
+  0.38036E-19      Cs2) 
( 1173.15 K, 1 atm, Ideal Gas, a=0.15951E-05) 

 +  0.10183E-04 mol    (  0.91716               Pd                     
+  0.71277E-01      Ru                      
+  0.10939E-01      Rh                      
+  0.61995E-03      Mo) 
( 1173.15 K, 1 atm, Noble Metal – Face Centred Cubic) 

 +  0.47809E-05 mol    (  0.72922           Ru                      
+  0.13879          Pd                    
+  0.13122          Rh                   
+  0.77458E-03  Mo) 
( 1173.15 K, 1 atm, Noble Metal – Hexagonal Closed Packed) 

... 

 +  0.56711E-02 mol    (  0.99642               UO2

+  0.35221E-02      UO3

+  0.20573E-04      ZrO2

+  0.16729E-04      Nd2O3

+  0.13263E-04      CeO2

+  0.33776E-05      La2O3

+  0.65259E-07      Ce2O3

+  0.17319E-07      SrO                
+  0.95606E-10      Cs2O                 
+  0.26888E-10      BaO                  
+  0.44228E-12      MoO2

+  0.38428E-16      UO) 
( 1173.15 K, 1 atm, UO2±x Solid with Dilute Fission Products) 

 +  0.18630E-06 mol    (  0.53481           BaMoO4

+  0.46519          SrMoO4) 
( 1173.15 K, 1 atm, (Sr/Ba)MoO4) 

+  0.14066E-04 mol  UMoO6

                          ( 1173.15 K, 1 atm, S1, a= 1 ) 

+  0.62866E-09 mol  Cs2MoO4

( 1173.15 K, 1 atm, S2, a= 1) 

CT  
Experiment Focus 

Amount of O2

absorbed by 
the sample

Fig. 1. Predicted phase and phase proportions for four-additive SIMFUEL at 1173 K, 1 atm exposed to an oxygen partial pressure of 0.61414E�12 atm.
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assess the effects of fuel oxidation in defective fuel elements [17].
To illustrate the model capabilities, the model is used to simulate
fuel samples of simulated burnup containing various fission
product additives (i.e., SIMFUEL [18]). In particular, experiments,
as detailed in Section 3, are used to specifically benchmark the
proposed model. A representative case with four fission product
additives for the SIMFUEL sample is listed in Fig. 1, which shows
input and output compositions. The calculation shown in Fig. 1
provides the number of moles of oxygen (0.572376 � 10�2 mol)
acquired by a 1520.42 mg SIMFUEL sample at an oxygen partial
pressure of 0.61414 � 10�12 atm at a temperature of 1173 K.
Fig. 1 summarizes the quantity of each phase that forms under
these particular conditions. The significance of the UMoO6 phase
(Fig. 1 and Table 1) will be discussed in more detail in the discus-
sion provided in Section 3.

2. Comparison of the model to experiment

As a benchmark of the thermodynamic treatment, predictions
of the model were compared to measured data for fuel oxidation
experiments conducted at the Atomic Energy of Canada Limited–
Chalk River Laboratories (AECL–CRL). These experiments were



Table 1
Phase predictions for a four-additive SIMFUEL sample.

Predicted phase Phase proportion
(normalized to UO2±x)

UO2±x solid phase with dilute fission products 1.00
Face centred-cubic noble metal solid phase 1.80 � 10�3

Hexagonal close-packed noble metal solid phase 8.43 � 10�4

Strontium–barium uranate solid phase ((Sr/Ba)UO4) 3.29 � 10�5

Cs2MoO4 1.11 � 10�7

UMoO6 2.48 � 10�3
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specifically used to test the capability of the model to predict the
amount of oxygen acquired by the sample. In these experiments,
a coulometric titration (CT) apparatus was used with UO2 and SIM-
FUEL fuel samples under varying fuel oxygen potentials and tem-
peratures. The CT apparatus is well suited for this examination
because it is capable of creating and controlling precisely very
low oxygen partial pressures (pO2

) in the order of 10�10 atm to
10�19 atm at high temperature. A comparison of the model predic-
tions with CT results is used to provide some corroboration of the
integrated fuel/fission product model.
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Fig. 2. Schematic diagram of coulom
A review of the theory for coulometric titration operation is pro-
vided in Section 2.1. A comparison of the experimental results with
the model predictions is given in Section 2.2.

2.1. Description and operation of the coulometric titration apparatus

The CT apparatus in Fig. 2 is comprised of two GSM5-EL cells
manufactured by ZIROX Sensoren & Elektronik GmbH based in
Germany, upstream and downstream of a sample furnace. This
apparatus utilizes a given H2 to H2O ratio as the fundamental
process to create low, stable oxygen partial pressures at a given
temperature. The stability of the oxygen partial pressure at a fixed
temperature is attained by the equilibrium ratio of partial pres-
sures of hydrogen gas (pH2

) and water vapour (pH2O) (i.e.,
H2:H2O). From the equilibrium state:

2H2ðgÞ þ O2ðgÞ $ 2H2OðgÞ ð1Þ

the oxygen partial pressure (pO2
) is obtained as follows:

pO2
¼

pH2

pH2O

 !�2

� eDGo
RT ð2Þ
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etric titration apparatus [11,17].
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Fig. 4. Schematic diagram of coulometric titration (CT) cell [11].

1234 981 727 473 219

Oxidation
Condition

log10pO2

-25 -20 -15 -10 -5

C
T

 C
el

l C
ur

re
nt

 (
μA

)

0

5000

10000

15000

20000

25000

30000

35000

EMF (mV)

Titration
Condition

Reduction
Condition

Upstream Cell Current

Downstream Baseline
Cell Current

1750 μA

Fig. 5. Relationship between electromotive force (EMF), CT cell current and the partial pressure of O2 at 1023 K for a 100 mL min�1 gas flow rate of a 1995 ppm H2, 2 ppm H2O
and 0.9 ppm O2 in argon gas mixture.

2 ZIROX Sensoren & Elektronik GmbH based in Germany.
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where DGo is the standard Gibbs energy of reaction defined by Eq.
(1) at temperature T and R is the gas constant.

As illustrated in Fig. 3, at 1273 K, the oxygen partial pressures
required to oxidize and reduce a sample are attained with
H2:H2O ratios of 1:102 and 102:1, respectively. The CT cell controls
the H2:H2O ratio by regulating the electrolytic introduction of
oxygen, some of which combines with the H2 gas to produce H2O
vapour.

At the cell operational temperature (1023 K), which was fixed
by the manufacturer, the solid electrolyte transports current by
the movement of O2� ions. The half cell reactions are:

O2 þ 4e� ! 2O2�ðoutside cell; high O2 concentrationÞ
2O2� ! O2 þ 4e�ðinside cell; low O2 concentrationÞ

ð3Þ

The charge passed through the cell is proportional to the num-
ber of moles of oxygen transferred. Two moles of O2� ions (or 1 mol
O2) correspond to four Faradays of charge (2 mol of O2� ions = 4I).
The CT cell electrolyte material is used also as an oxygen sensor in
an adjacent section of the electrolyte tubing where the open cell
voltage (E) is related to the oxygen partial pressure (pO2

) by the
Nernst equation:

E ¼ RT
4I

ln
pO2 Atmospheric

pO2 Inside CT Tube

 !
ð4Þ

where I the Faraday’s constant. The two sections are mutually
exclusive as they are separated by a cold zone (illustrated as a blue
bar in Fig. 4). The separation is facilitated by the dependence of O2�

ion conductance to temperature. At low temperatures, the current
of O2� is impeded to the point where the ceramic becomes a virtual
insulator [19]. For the ZIROX GSM5-EL cell, it was determined by
the manufacturer2 that a cell temperature of 1023 K was optimum.
Temperatures well below the operational temperature have
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insufficient conductance of oxygen ions; at temperatures well above
the operational temperature, semi-conduction is possible but the
material is not longer a true electrolyte.

The ZIROX GSM5-EL cell utilizes a voltage feedback loop to con-
trol the oxygen partial pressure at the downstream oxygen sensor.
The downstream sensor is set to a predetermined value and O2�

current is forced through the upstream section of the cell. The oxy-
gen reacts with virtually all of the hydrogen in the gas mixture to
create water vapour and a negligible surplus of oxygen; the
passage of current through the cell will continue until the gas
reaches a predetermined set point of oxygen partial pressure. The
term ‘‘titration’’ only refers to the operation of the downstream
cell.

In the complete CT apparatus (Fig. 2) two solid state cells are
used, one upstream and one downstream of a sample furnace. Fuel
samples are heated in the central furnace. The upstream cell con-
trols the oxygen partial pressure of an argon–hydrogen gas mix-
ture passing over the sample. The downstream cell passes a
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current sufficient to convert the remaining H2 to H2O. The open cir-
cuit section of the downstream cell is set to a voltage associated
with virtually complete conversion of the H2 to H2O, hence the
term ‘titration’ in reference to the CT apparatus. The deviation in
current from a defined baseline determined with no sample pres-
ent provides the basis for measuring the oxygen pickup when a
sample of UO2 or SIMFUEL is analyzed in the apparatus. The rela-
tionship between open circuit voltages (E in Eq. (4)), O2� currents,
and oxygen partial pressures (pO2

) for the two cells is illustrated in
Fig. 5.

2.1.1. Reduction mode of operation
When the CT apparatus operates in a reduction mode, no cur-

rent is passed through the upstream cell so that the oxygen partial
pressure over the sample is dependent only on the feed gas compo-
sition. For a gas mixture of approximately 2000 ppm H2 in argon,
with a typical trace concentration of H2O, the oxygen partial pres-
sure is approximately 10�24 atm (at 1023 K) in the upstream cell
(Fig. 5). The downstream cell passes a current of approximately
26,750 lA to titrate the hydrogen in the gas to water vapour to a
very slight excess in oxygen partial pressure (10�4 atm at
1023 K) in the exiting gas (Fig. 5).
Table 2
Composition of SIMFUEL samples (in ppm) [20].

Four-additives 11-Additives

ppm ± ppm ±

Ba 9 2 1000 100
Ce 7 1 2700 300
Cs 0.11 0.03 – –
La 3.5 0.7 900 200
Mo 900 100 180 40
Nd 18 4 4500 500
Pd 700 50 260 50
Rh 50 20 50 10
Ru 280 30 13 6
Sr 5 1 1600 200
U 890,000 40,000 880,000 40,000
Zr 7 1 2200 200

Oxidation of 4-Add

Shaded area = 21.7

ΔT=5 K/min

Fig. 8. Summary of results for oxidation of four-a
2.1.2. Oxidation mode of operation
When the CT apparatus is in an oxidationmode of operation, a

current of approximately 25,000 lA is passed through the up-
stream cell to create a mixture with an H2:H2O ratio of
1:9.1 � 10�3. This corresponds to an oxygen partial pressure of
approximately 10�15 atm at 1023 K (Fig. 5). As the gas flow is oxi-
dized partially by the upstream cell, the downstream cell only
needs to pass a small current (�1750 lA) to titrate the remaining
hydrogen in the gas to create an oxygen partial pressure of approx-
imately 10�4 atm at 1023 K (Fig. 5). Any deviation from the base-
line current indicates the amount of oxygen either acquired (if
the downstream current is greater than baseline) or released by
the sample (if the downstream current is less than baseline).

For a given flow of argon–H2 gas with a known composition
entering the apparatus, the same current is passed through the
cells for both reduction and oxidation modes. In reduction mode,
the downstream CT cell passes all the current (26,750 lA), but in
the oxidation mode the current is distributed between the two
CT cells.

The oxygen partial pressure created in the upstream cell at
1023 K is not the oxygen partial pressure over the sample at higher
temperatures. Recall that the H2:H2O ratios for reducing and
oxidizing conditions have been fixed at approximately 102:1 and
1:102, respectively. At reducing conditions, the oxygen partial
pressure in the upstream cell is approximately 10�24 atm at
1023 K and 10�19 atm at 1273 K (in the furnace). At oxidizing con-
ditions, the oxygen partial pressure is approximately 10�15 atm at
1023 K and approximately 10�12 atm at 1173 K. This increase in
oxygen partial pressure is a result of the change in equilibrium
constant (Keq) for the dissolution of water (H2O M H2 + 0.5O2) as
a function of temperature. The change in oxygen partial pressure
as a function of temperature for the CT apparatus is shown in
Fig. 6. H2:H2O ratios are fixed for both reduction (1:1.7 � 102)
and oxidation (1:9.1 � 10�3) conditions, and the oxygen partial
pressure varies as a function of temperature.

In order to have confidence in the results from the CT apparatus,
several components and set points were checked for proper oper-
ation. This included verifying the oxygen sensor in the downstream
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Table 3
Summary of CT results for UO2 and SIMFUEL samples.

Sample type Temperature (K) Measured charge (C)

UO2 1273 7.4 ± 0.8
SIMFUEL – four-additive 1173 16.9 ± 2.3
SIMFUEL – four-additive 1273 21.7 ± 4.0
SIMFUEL – 11-additive 1173 15.4 ± 3.1
SIMFUEL – 11-additive 1273 17.6 ± 5.9

Table 4
Comparison of updated irradiated CANDU fuel model to CT results for SIMFUEL
samples.

Run SIMFUEL
sample

Temperature
(K)

Measured
charge (C)

Predicted
charge (C)

Standard UO2 1273 7.4 ± 0.8 7.3 ± 0.3
1 Four-additive 1173 16.9 ± 2.3 16.1 ± 1.5
2 Four-additive 1273 21.7 ± 4.0 20.0 ± 1.6
3 11-additive 1173 15.4 ± 3.1 12.6 ± 1.4
4 11-additive 1273 17.6 ± 5.9 13.0 ± 1.4
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CT cell, checking the flow meters, the overall leak tightness of the
apparatus, and determining the baseline current condition in the
downstream cell (1.750 ± 0.01 mA).

Each experimental run involved two steps. First, the sample was
reduced at 1273 K to bring the sample to a known baseline state.
Then, the sample was oxidized at 1173 K or 1273 K to obtain the
amount of oxygen acquired by the sample. The oxidization and
reduction furnace temperatures were selected (above that of the
CT cell operational temperature of 1023 K) to increase the rate of
oxygen acquisition or loss, so that the length of each experimental
run could be completed in a reasonable amount of time.

2.2. Experimental results and model comparison

The results of the CT experiment with UO2 and SIMFUEL sam-
ples are summarized in this section. The UO2 case is included as
a standard run to demonstrate the validity of the U–O model
(i.e., for fresh fuel). This case is followed by the results of the SIM-
FUEL analysis.
Tem
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2.2.1. UO2 fuel sample
The oxidation behaviour of UO2 is well known at temperatures

below 1673 K and provides a standard case for comparison with
the irradiated CANDU fuel model predictions. To ensure that the
CT apparatus was operating as expected, 1431.05 ± 0.05 mg or
0.52996 ± 0.00002 � 10�2 mol of pure UO2 was oxidized at 1273 K.

The measured CT result for UO2 was 7.4 ± 0.8 C, which
represents an O2 pickup of 1.9 ± 0.2 � 10�5 mol. The shape of the
titration current curve (Fig. 7) measured in the downstream cell
indicates that the UO2 sample acquired oxygen.

2.2.2. SIMFUEL samples
The SIMFUEL samples provide a composition of fission products

in nuclear fuel without the associated radioactive risk. This facili-
tates material handling in the CT experiments. In addition, the SIM-
FUEL samples are convenient for benchmarking as the material
composition for a given simulated fuel burnup is well-established
[18,20].

Two SIMFUEL samples were investigated; one with four-addi-
tives and another with 11-additives. The four-additive SIMFUEL
contained mainly noble metals (Mo, Pd, Rh and Ru). The 11-addi-
tive sample was a mixture of noble metals, Zr, Ba, Sr and the rare
earth elements (La, Ce, and Nd). All SIMFUEL samples were manu-
factured at Atomic Energy of Canada Limited–Chalk River Labora-
tories [18]. The compositions of each are listed in Table 2.

A typical result for the four-additive SIMFUEL is illustrated in
Fig. 8. The measured number of Coulombs of charge (proportional
to the number of moles of oxygen passing through the cell) for
each experiment is summarized in Table 3.

The amount of oxygen acquired (in terms of charge) as pre-
dicted by the model can be compared to the measurements as
shown in Table 4. Agreement is generally seen within the experi-
mental error and model uncertainty.

The uncertainty for each predicted value was found with a sen-
sitivity analysis, where the temperature, oxygen partial pressure
(pO2

) and compound composition (amount of each element) were
varied within their individual uncertainties. The largest calculated
uncertainty is indicated in Table 4.

The thermochemical model was assembled from many sources
of data and treatments. However, the selected fuel oxidation
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experiments at Atomic Energy of Canada Limited–Chalk River Lab-
oratories suggest that the integrated fuel model is reasonable. Nev-
ertheless, a further investigation of the 11-additive SIMFUEL
sample was undertaken to discover if any other compounds might
contribute to oxidation. The 11-additive SIMFUEL material is rich
in Ba, Sr, Zr and the rare earths (Nd, Ce and La). A review of the
Ba and Sr compounds indicated that the model representation
was faithful to published values. A further investigation for the zir-
conate and rare earth components also confirmed that the current
treatment conforms to the literature.

3. Discussion

3.1. The importance of molybdenum with respect to fuel oxidation

The relationship between oxygen partial pressure and oxidation
(x) of pure UO2+x is well known, however it is disturbed by the
presence of fission product elements, which can have vastly differ-
ent abilities to combine with oxygen. Since it is the oxygen com-
bined in water that is the source of oxygen for in-reactor
defective fuel oxidation, it is the relative stability of H2O to that
of an oxide that is especially significant. This relationship is shown
in the Ellingham diagram (Fig. 9) that depicts the Gibbs energy of
formation of H2O and MoO2. Expressing the Gibbs energy of forma-
tion for both compounds on a mole of O2 basis facilitates
comparison.

Other oxides not shown in Fig. 9, such as PdO, lie far above the
H2O line and therefore do not easily oxidize but tend to exist in
oxidized fuel as metal; UO2 and the rare earth oxides on the other
hand lie very far below the H2O line and are very stable as oxides
when in contact with H2O. Oxidation measurements, under care-
fully controlled conditions, therefore provide a particularly good
test for the nuclear fuel model outlined above and put a strong fo-
cus on molybdenum. The experimental approach used in this work
is clearly only one of many that could be used to identify potential
improvements or contribute to the validation of the thermody-
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namic fuel treatment. However, this experiment is of direct value
to the testing of the fuel thermochemical model in relation to its
use in fuel oxidation computations pertinent to a sheathing breach.

The concentration of molybdenum in the SIMFUEL samples and
ability of molybdenum to exist as a metal (Mo) or oxide (MoO2), as
illustrated in Fig. 9, was a significant clue in directing the revision
of the model in Ref. [13] by the addition of UMoO6 [21,22] com-
pound and a small reduction of the solubility of MoO2 in the
UO2±x solid solution. These modifications were necessary to bring
the model predictions and measured results (Table 4) into agree-
ment because of the buffering nature of Mo and its effect on oxy-
gen potential (e.g., the number of moles of oxygen absorbed by
the fuel sample at a given oxygen partial pressure).

3.2. Model application

The current treatment has several direct applications. These
include:

(i) Predicting the gaseous proportion of partial pressure over the
fuel as a function of temperature. The current thermodynamic
treatment provides a means to add isobaric lines of O2 and
UO3 partial pressure to the phase diagram as shown in
Fig. 10. Since the partial oxygen pressure in the UO2+x field
is very low, it is useful to express this partial pressure as
the equivalent H2/H2O (Fig. 11) proportion using the tem-
perature dependent equilibrium constant for the process:
H2O() H2 þ
1
2

O2 ð5Þ

The current treatment is in excellent agreement with the
thermodynamic treatments of Lindemer–Besmann [23] and
Blackburn [24]. Similarly, the (H2/H2O) variation of the
UO2+x non-stoichiometry can be derived as shown in
Fig. 11. Little difference is seen for the prediction of the atmo-
spheric oxygen potential between light and heavy water. It is
noteworthy that the constant ratio lines converge about the
2:1 ratio for the O:U proportion at temperatures below about
773 K. This implies that with defective fuel contact of steam
with UO2 below 773 K imparts very little disturbance to the
UO2 stoichiometry, i.e., higher temperatures are required to
create a significantly hyperstoichiometric UO2.
(ii) Predicting phase stability and proportion of fuel as a function of
burnup, oxygen potential and temperature. The model can be
used to determine the element and compound inventory of
intact fuel. However, this computation is complicated by a
continually changing fission product concentration, diffu-
sion, and oxygen potential with irradiation and decay, as
well as by very steep temperature gradients within the fuel.

Also, knowledge of the gaseous fission product inventory is use-
ful to determine the potential health hazards to plant personnel
and the composition of corrosive fission products that may lead
to stress corrosion cracking (e.g., quantities of I and Cs). Fuel
designers would benefit from this knowledge, especially where
the quantities of fission products are expected to be much higher
than in current fuel designs.
3.3. Model limitations and future work

The thermochemical computations implicitly assume that the
system is in (local) thermodynamic equilibrium. However, during
and after irradiation, the chemistry of the fuel-fission product sys-
tem is complicated by several phenomena where: (i) the fission
product concentrations increase gradually with irradiation; (ii)
the chemical properties of the fission products change after irradi-
ation because of radioactive b-decay; (iii) the oxygen chemical po-
tential of the fuel changes with fuel burnup and the related
production of fission products which can alter the oxygen-to-metal
ratio of the fuel; and (iv) the axial and radial temperature gradients
affect the distribution of the elements into phases and lead to com-
positional gradients with material transport by thermal diffusion
processes [2,5,25,26]. There can be substantial migration of some
elements, particularly the volatile fission products, which can con-
tribute to a gradient in the oxygen chemical potential in the pellet.
Equilibrium calculations can only be used as a basis for estimation
of the chemical state. To accurately model element migration the
equilibrium calculations must be paired with a material transport
analysis, this requires numerical data for the heat of transport of all
elements (some of this transport data are not well known) [27].
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As such, the thermochemical model must be incorporated into a
fuel performance/fission product release code in order to mecha-
nistically couple the fission product chemistry with the fission
product transport within the fuel matrix and fuel-to-clad gap
[28]. With this incorporation, the model can be further used to as-
sess the gaseous and aqueous phases that may be released during a
fuel cladding breach. Moreover, in the case of failed-fuel pins, the
ingress of water for water-cooled reactors into the element can re-
sult in further reactions with the fuel and fission products [29,30].
The cladding can participate in reactions with the fission products
delaying their release into the fuel-to-clad gap or into the coolant
system with the possibility of fuel-rod failure [31]. Moreover, the
corrosive behaviour of the fission products in the fuel-to-clad gap
can affect fuel performance, possibly leading to fuel failure as a
consequence of environmentally-assisted stress corrosion cracking
during power ramping manoeuvres [32–34]. The fission products,
fuel and cladding can also interact among themselves, as well as
with surrounding structural materials, during high temperature
reactor accident conditions leading to the possibility of fuel disso-
lution and material relocation [10,35–40]. Such detailed analysis
would therefore require further model development with the
implementation of the given and extended thermochemical model
into other fuel performance and safety codes.

4. Conclusions

1. A comprehensive thermochemical treatment for irradiated
fuel has been assembled to determine the chemical state
of elements associated with the appearance of new and
changing phases with fuel burnup. The thermodynamic
functions can be used in a Gibbs energy minimizer to pre-
dict the chemical state of the fuel and fission product con-
stituents produced as a result of the fissioning of the fuel.

2. The model predictions are within the uncertainty of critical
benchmarking coulometric titration experiments on UO2

and SIMFUEL samples.
3. The model can be used to assess the chemical state of the

fuel and fission products, including the chemical potential
of intact and defective fuel with burnup. The thermody-
namic database with a stand-alone Gibbs energy minimizer
routine could be implemented into a fuel performance/fis-
sion product release code in order to link the fuel chemistry
with fission product transport phenomena.
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