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Overview

§ Part 1: Chemistry of nuclear fuel
§ Part 2: Thermochemical equilibrium calculations
§ Part 3: Modelling nuclear fuel chemistry
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Chemistry of nuclear fuel
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Elemental composition of nuclear fuel

Data from Walker et al., JNM 345 (2005) 192-205

Rod-average burnup
97.6 MWd/kgHM
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Chemical composition of nuclear fuel

§ In addition to uranium and oxygen, irradiated UO2 fuel contains
some heavier actinides and tens of fission products
§ The elements divide into mainly four phases:

§ Solution phases: oxide matrix, oxide inclusions, noble metal phase,
gas phase
§ In addition, several pure phases may occur

Figure adapted from Olander (1976)
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39 MWd/kgU
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What influences do chemical effects have?

§ Fuel material properties and behavior
§ Thermal conductivity
§ Melting point
§ Swelling

§ Cladding material properties and behavior
§ Chemical composition of the gas: corrosion and oxidation of

cladding
§ During pellet-cladding interaction rod may fail due to stress

corrosion cracking
§ Release of radionuclides from fuel in accidental conditions

§ Different volatility and water solubility of different species



Thermochemical equilibrium
calculations
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Why thermodynamics?

”When knowledge is weak and the situation is complicated,
thermodynamic relations are really the most powerful.”
-Richard Feynman

The Feynman Lectures on Physics, Volume I, Chapter 45
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Chemical thermodynamics and kinetics

§ 2nd law of thermodynamics: a closed system evolves
spontaneously towards the equilibrium state
§ Some chemical composition is the equilibrium composition
§ The composition may change due to chemical reactions or mass

transfer

§ The rate of the reactions or mass transfer may be very slow
§ Thermodynamic equilibrium state is not reached in a sensible

amount of time
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Gibbs energy and its minimization

§ Constraints: mole amounts of elements, no negative mole amounts
→ the Lagrange multiplier method (White 1958), SOLGASMIX program

by Eriksson (1975)

White, W. et al. J. Chem. Phys. 28 (1958) 751-755
Eriksson, G. Chem. Scripta 8 (1975) 100-103

n = mole amount
µ = chemical potential
P = # of phases
Sɸ = # of species in phase ɸ

quantity to be
minimized

unknown

tabulated,
function of T, p, ni

§ At constant temperature and pressure, the minimum of Gibbs
energy corresponds to the thermochemical equilibrium state



1214/11/2016 12

Thermochemical data
§ Thermochemical data is required

§ Enthalpy of formation, entropy at standard state and preferably
their temperature dependencies (heat capacity)
§ For example, the chemical potential of a pure species is defined

as:

≡ = , + − , +

§Most data is proprietary, such as the databases of FACTSage,
ThermoCalc, MTDATA programs
§OECD/NEA TAF-ID project aims to collect nuclear fuel data
§ Royal Military College of Canada has developed a somewhat

extensive openly available database for 23 elements
§ (Thompson et al. (2007), Corcoran (2009), Lewis et al. (2012))

Thompson et al. Int. J. Mater. Res. 98 (2007) 1004-1011
Corcoran, E. PhD thesis at RMS (2009)

Lewis et al. in Comprehensive Nuclear Materials (2012)



Modelling of nuclear fuel
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Mole amounts of elements

§May be obtained through a burnup calculation
§ Serpent, SCALE, ORIGEN, CASMO, etc.

§ For example, Serpent calculates 71 fission products to occur in
nuclear fuel to some extent
§ No thermochemical data is available for all of them
§ Combination of mole amounts to ”representative elements” by

chemical similarity (Mignanelli & Thetford, 1993)

§ As oxygen amount in intact fuel is constant, omission of mole
amounts of fission products leads to increase in the oxygen-to-
metal ratio

Mignanelli & Thetford, JNM 204 (1993) 173-179
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Oxygen potential and oxygen-to-metal ratio (1/2)

Figure from Loukusa et al. JNM 481 (2016) 101-110

§Oxygen potential of UO2+x
rises steeply around U/O = 2
§ Shown here at 1273 K

§ For irradiated fuel, behavior
is complex and difficult to
predict

§Often the oxygen potential is
fixed in thermochemical
calculations to a ”reasonable”
value Oxygen potential = RT ln pO2
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Oxygen potential of irradiated fuel

Figure from Loukusa et al. JNM 481 (2016) 101-110
Piro et al. JNM 441 (2013) 240-251

§ Comparison to experimental
data from Walker et al. (2005)
§ Good qualitative agreement
§ Similar to results reported by

Piro et al. (2013)
§ In the literature it is assumed

that oxygen potential always
rises with burnup
§ This is probably true for

stoichiometric (UO2.00..) and
hypostoichiometric (UO2-x)
fuel EOL rod-average burnup:

97.6 MWd∙kgHM-1
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Evidence from experimental results

Data from Walker et al. JNM 345 (2005) 192-205

Initial O/M: 2.005, T ≈ 1023 K
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Oxygen potential of irradiated fuel

§ The initial O/M ratio of the fuel
may have a large effect on the
later behavior of the oxygen
potential

§ Is there a process through for
the oxygen potential to be
stable when burnup changes?
§ Buffering of oxygen potential

by some means

Figure adapted from Loukusa et al. JNM 481 (2016) 101-110

???
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The influence of buffers

§ Both buffering capacity and amount of oxygen available for
reaction rise with burnup

§ Buffering capacity is influenced by the formation of fission
products
§ Various fission products can buffer the oxygen potential

§Oxygen is made available for reaction through fission
§ Many fission products bind fewer atoms of oxygen than uranium
§ For example: noble metals and gases: 0, alkali/earth-alkali metals

0.5-1, lanthanides 1.5, transition metals 2



2014/11/2016 20

Buffering effect of UMoO6

§ In UMoO6 (UO2MoO4), U and
Mo can bind 3 oxygen atoms
per metal atom
§ Importance realized by

Corcoran (2009)
§ Enthalpy of formation of

UMoO6 has been determined
by two authors in the literature
§ The values are not in

agreement with each other
§ Uncertainty over existence of

the compound

Figure from Loukusa et al. JNM 481 (2016) 101-110
Corcoran, E. PhD thesis at RMC (2009)

T = 1023 K, only burnup effects visible

UO2 + MoO2 + O2 ↔ UMoO6
∆Gr(1023K) = 305 kJ∙mol-1
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Conclusions

§ A(nother) Gibbs energy minimization routine was developed

§ Data for chemical modeling of nuclear fuel is publicly available

§ The behavior of oxygen potential with burnup may not always be
monotonous (influence of initial O/M ratio)

§ The UMoO6 compound, if it exists in nuclear fuel, would buffer
the oxygen potential and possibly keep fuel stoichiometric up to
high burnups
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