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ABSTRACT 
 

The modelling of the chemical composition of nuclear fuel is a complex problem 
due to the numerous fission products formed during fuel operation and their 
possibility to form various chemical compounds. The application of Gibbs energy 
minimization to model the chemical composition requires the assumption that the 
fuel is at local thermochemical equilibrium when the fuel is thermally in a steady 
state. The temperature through the pellet radius can vary 1000 K, with highest 
temperatures found in the pellet center. Depending on the local fuel temperature, 
the validity of the local equilibrium approximation varies, as diffusion and 
chemical kinetics limit the formation of the thermodynamically most stable 
species. At the fuel surface, the state of the fuel is farthest from equilibrium.  
 
However, with constrained Gibbs energy minimization it is possible to investigate 
the thermochemically most favourable state of the fuel in cases where the 
composition of the fuel is not at equilibrium. As a first application on nuclear fuel, 
the effect of cesium iodide vaporization and radiolysis in a radiation field is 
investigated with constrained Gibbs energy minimization. A kinetic model for 
cesium iodide radiolysis is used to determine a steady state, which is then used 
to constrain the equilibrium calculated for a nuclear fuel pellet surface. The 
feedback from such an analysis can be used to further refine kinetic models, as 
the thermochemical equilibrium calculation yields information on the possibly 
important species that a kinetic model should consider. 
 

1 Introduction 
 
Nuclear fuel is a very complex mixture of actinides and fission products where an 
exceedingly large number of different chemical compounds can form. For such a complex 
mixture, Gibbs energy minimization provides a powerful tool for the prediction of its chemical 
composition in the thermochemical (local) equilibrium state. However, it is this last 
requirement - essential for the use of the method - that complicates such analyses. 
 
The assumption of local thermochemical equilibrium assumes that for a local region of 
space, all components of the system are ideally mixed throughout the system, every reaction 
has proceeded to equilibrium and there is a constant temperature and pressure. Typical 
uranium oxide-based nuclear fuel is a solid material, where diffusion of some elements is 
slow, so the system is not ideally mixed. Less information is available on the kinetics of the 
reactions between fission products, but it should be safe to say that many reactions do not 
reach their equilibrium before some other parameter of the system changes. High 
temperature conditions accelerate diffusion and reaction kinetics.  Even though nuclear fuel 
is typically operated at a relatively high temperature, where different parts of the fuel pellet 
experience temperatures from 500 to 1500 K in normal operation, this is not enough for a 
solid material to be completely mixed by diffusion, or that the rate of all reactions are very 
fast. 
 
Thermochemical investigations of nuclear fuel are possible even with these limitations, and 
several studies have been published in recent years [1, 2, 3, 4]. Very useful qualitative and 
sometimes even quantitative information can be obtained from such studies. However, the 



methods can be refined to obtain more accurate quantitative information or new qualitative 
information that cannot be obtained with traditional thermochemical modelling. One such 
method is the calculation of non-equilibrium states with constrained Gibbs energy 
minimization. As a first application to nuclear fuel, the radiolysis of cesium iodide was 
selected as it effectively involves a single chemical reaction, the dissociation or vaporization 
of cesium iodide. The dissociation of cesium iodide in a radiation field is important as cesium 
iodide is unreactive towards nuclear fuel cladding, whereas atomic and molecular iodine are 
notreactive. Reactive iodine species can cause stress corrosion cracking of the cladding [5], 
so the formation of such species is unfavorable towards cladding integrity. 
 

2 Theoretical background 
 

2.1 Constrained Gibbs energy minimization 
 
Gibbs energy minimization involves the calculation of mole amounts of species whose 
combination yields the minimum of Gibbs energy at constant temperature and pressure. The 
quantity to be minimized is the total Gibbs energy of the system, which can be calculated as 
the following sum: 
 

𝐺 = ∑ 𝜇𝑖𝑛𝑖

𝑆 

𝑖

, 

 
where S is the number of species in the system, μi the chemical potential and ni the mole 
amount of species i. In a traditional Gibbs energy minimization calculation, only material 
constraints for the total Gibbs energy are used. In general, the material constraints for the 
mole amounts of species in a minimization calculation are given as 
 

∑ 𝑎𝑖𝑗𝑛𝑖

𝑆 

𝑖

= 𝑏𝑗, 

 
where aij is the stoichiometric coefficient of constraint j in species i and bj is the value of 
constraint i in moles. 
 
However, it is also possible to limit the minimum with other, immaterial constraints. These 
constraints are not related to the mole amounts of components (often chemical elements) in 
the system, but other constraining factors, such as chemical reaction kinetics. The method of 
setting kinetic constraints in the constrained free energy (CFE) method is described in detail 
by Koukkari [6] and Pajarre [7]. A kinetic constraint is applied in the minimization calculation 
as an additional constraint and an additional column of the stoichiometric matrix of the 
system. Koukkari et al. use virtual species to input the values of these constraints. The virtual 
species allow for conservation of derived thermodynamic quantities in process chemical 
calculations. It is also possible to directly input the value of the constraint so that no virtual 
species are needed in the system, which is done in this work. The immaterial constraint 
effectively dictates the formation or decomposition of the species for which the stoichiometric 
coefficient of the immaterial constraint is nonzero.  
 
The maximum possible value of the immaterial constraint must also respect the mass 
balance of the system. In practice, the value of the constraint in a kinetically constrained 
calculation is determined through an unconstrained equilibrium calculation and the kinetic 
model. The kinetic model gives us the extent of the reaction, ξ, which can be used to 
constrain the equilibrium. The extent of reaction is a quantity relating the changes in mole 
amounts of reactants and products and has the unit of moles. When a reaction νAA ↔ νBB 



proceeds so that dξ of A reacts, the change in mole amount of A is dnA = - νAdξ, and for B, nB 
= νBdξ. At the beginning of a reaction, ξ is defined as 0. 
 
At thermochemical equilibrium, ξ has some value ξeq, and at a non-equilibrium state some 
value ξneq. For the minimization, the value of the immaterial constraint, or the mole amount of 
the immaterial component, is then set as 
 

𝑏 = 𝜉𝑛𝑒𝑞 . 

 
A benefit of a thermodynamic equilibrium calculation is that several thermodynamic variables 
can be easily calculated from the results. One such quantity is the affinity of a chemical 
reaction, which is the “driving force” behind a chemical reaction as defined by De Donder [8]. 
The meaning of the “driving force” can be illustrated through the rate of production of 
entropy. This rate due to a chemical reaction can be defined as the product of the 
thermodynamic force, the “driving force”, with the corresponding thermodynamic flow [89]: 
 

𝑑𝑆

𝑑𝑇
= (

𝐴

𝑇
) (

𝑑𝜉

𝑑𝑡
), 

 
where the first term containing the affinity A is the thermodynamic force and the second term 
the thermodynamic flow in the chemical reaction defined through the extent of reaction. As 
can be seen from the above equation, the time dependence of the rate of entropy production 
is not contained within the affinity, as it is determined by the thermodynamic flow. 
 
The affinity is positive if the reaction happens spontaneously, and can be derived from the 
constraints' potentials that are calculated during the minimization. Each constraint has a 
potential Γj associated with it, and in a Lagrange multiplier method these are the Lagrange 
coefficients of the constraints. The constraint potentials are related to the chemical potentials 
of the species in the system as 
 

𝜇𝑖 = ∑ 𝑎𝑖𝑗Γ𝑗

𝐶

𝑗

. 

 
Additionally, for each imaginable reaction 
 

∑ 𝜈𝑖μ𝑖

 

𝑖

= 0, 

 
where species i participate in the reaction. However, for a kinetically constrained reaction the 
above reaction does not apply as the sum is nonzero, and equal to the negative of the partial 
derivative of Gibbs free energy with respect to the extent of reaction, or the thermodynamic 
affinity A [6]: 
 

∑ 𝜈𝑖μ𝑖

 

𝑖

= −
𝜕𝐺

𝜕𝜉
= −𝐴. 

 
The previous equations also imply that at equilibrium, affinity is zero. Affinity can also be 
defined through the immaterial constraint potential as  
 

𝐴 = − ∑ 𝜈𝑖 ∑ 𝑎𝑖𝑗Γ𝑗

 𝐶′

𝑗=𝐶+1

 

𝑖

. 

 
 



where C is the number of material constraints, and C' the number of immaterial constraints. 
 

2.2 Applied kinetic model 
 
Several cesium iodide radiolysis models can be found from the literature. Ball et al. [109] and 
Filin et al. [110] have applied a full radiation-chemical kinetic model to cesium iodide 
radiolysis. Ball et al. have additionally investigated the radiolysis of cesium telluride. Filin et 
al. have even taken into account the effect of oxygen-containing species on the kinetics. 
However, in both cases many of the reaction rate constants have been assumed as typical 
for a type of reaction, as there is little experimental data available. Konashi et al. [121, 132] 
have modelled fewer reactions, but these reaction rates are mostly based on experimental 
data. In part due to this and the simplicity of the Konashi et al. model it is applied in this work. 
 
Konashi et al. [121, 132] have considered two types of radiation: fission fragments 
themselves and the atoms of the collision cascade caused by those fragments. The reaction 
rates are calculated based on collision theory. The Konashi model includes the species Cs, I, 
I2 and CsI, three equilibria and two decomposition reactions. In this work, the decomposition 
reactions have been combined into a single effective decomposition reaction, and a 
vaporization-condensation equilibrium has been added. 
 

Cs + I 
𝑘𝑑1

⇋
𝑘𝑟1

 CsI 

 

2I 
𝑘𝑑2

⇋
𝑘𝑟2

  I2 

 

Cs + I2 
𝑘𝑑3

⇋
𝑘𝑟3

 CsI + I 

 

CsI 

 
→

𝑘𝑑4

 Cs + I 

 

CsI (s) 
𝑘𝑐5

⇋
𝑘𝑣5

 CsI (g) 

 
The rate constants were taken from [1112], but the model was updated with a new energy 
distribution for the fission fragments at the fuel surface. The model by Konashi et al. 
assumes a flat energy distribution, but actually due to geometric considerations, the energy 
distribution is peaked at low energies [1314] and has the following probability distribution 
function: 
 

1

8𝐸𝑚𝑎𝑥
(

𝐸

𝐸𝑚𝑎𝑥
)

−
1
2

, 

 
where Emax is the kinetic energy of the fission fragment at the time of fission. Low energy 
fission fragments are also those that most effectively dissociate cesium iodide into its 
constituent elements. The rate constant kd4 is the sum of the rate constants for fission 
fragment irradiation, kff, and energetic gas atom induced irradiation, kXe, which were 
calculated to be (in s-1): 
 



𝑘𝑓𝑓 = 2𝐴𝑓𝑓𝐹̇𝑅𝐸𝑚𝑎𝑥

−
1
2 (−0.991𝐸𝑚𝑎𝑥 + 0.395𝐸𝑚𝑎𝑥𝑙𝑜𝑔𝐸𝑚𝑎𝑥 + 1.72), and 

 

𝑘𝑋𝑒 = 𝐴𝑋𝑒𝐹̇(0.0919 +  2.71𝐸𝑚𝑎𝑥
−2.16 − 1.16𝐸𝑚𝑎𝑥

−1.16 ). 
 

In the above equations, 𝐹̇ is the fission rate, R is the fission fragment range in the fuel matrix, 
Aff a constant with the value of 4.467∙10-13 cm2 and AXe a constant with a value of 2.93∙10-

16∙exp(2.6∙10-3∙T) cm2. 
 
The condensation and vaporization rate constants were estimated in this work. The 
condensation rate onto the pellet surface was derived from a simple relation by Langmuir 
derived from the ideal gas law and the kinetic theory of gases, and for a section of the fuel 
rod it is 
 

𝑘𝑟5 = −√2𝜋𝑀𝑅𝑇𝑟ℎ, 
 
where M is the molar mass of cesium iodide, R the gas consant, r the fuel pellet radius and h 
the height of the section of the fuel rod. The vaporization rate is calculated through the 
energy deposited by fission fragments as they pass through a cesium iodide layer on fuel 
grain surfaces. Only the surface exposed to the fuel pellet-cladding gap is allowed to 
vaporize. The energy deposition rate is calculated as  
 

𝐸̇𝑑𝑒𝑝 =
𝐹̇𝑅𝐸𝑚𝑎𝑥

3
(1 − (1 −

𝑧

𝑅𝐶𝑠𝐼
)

2

), 

 
where z is the thickness of the cesium iodide layer and RCsI is the range of the fission 
fragments in cesium iodide (estimated as 3.77 μm). The vaporization rate is then obtained by 
dividing the deposited energy with the energy ΔH required to vaporize solid cesium iodide, 
which is about 2.2 eV: 
 

𝑑𝑛

𝑑𝑡
=

𝐸̇𝑑𝑒𝑝

∆𝐻
. 

 
 

3 Methodology 
 
The kinetic model was solved with a MATLAB program. The solution to the differential 
equations is obtained with the ode23s solver as the problem is stiff. A previously developed 
Gibbs energy minimization routine is used in the thermochemical equilibrium calculations [4]. 
The routine has been extended for easy application of immaterial constraints in the 
minimization. The mole amounts of the fuel were calculated for a PWR rod with Serpent. The 
values used in the calculations correspond to those at the surface node at a burnup of 
approximately 60 MWd∙kgU

-1. The calculated mole amounts used in the final constrained 
equilibrium calculation are shown in table 1, where the mole amounts of all elements are 
combined into “representative elements” as in [4]. 
 
Table 1. Mole amounts of fission products relative to the amount of uranium. 
 

Representative 
element 

Amount  

(mol/mol U) 
Representative 
element 

Amount  

(mol/mol U) 

H 3.00∙10-5 I 0.0022 

Y 0.0034 Xe 0.0418 

Zr 0.0298 Cs 0.0218 

Mo 0.0304 Ba 0.0165 



Tc 0.0069 La 0.0082 

Ru 0.0256 Ce 0.0163 

Rh 0.0041 Pr 0.0069 

Pd 0.0233 Nd 0.0306 

Te 0.0051 Pu 0.0398 

 
 
Most thermochemical data is obtained from the Royal Military College of Canada Fuel 
Thermochemical Treatment published in [1415], except that of gaseous TeI2, which is taken 
from [1516], and the enthalpy of UMoO6 which has been changed according to [1617, 1718]. 
The equilibrium constants used in the calculation of kd1 and kr2 through the law of mass 
action were calculated with data from the RMC fuel model. In the constrained calculations, 
the formation of solid iodine species were suppressed. In the gas phase, the gaseous cesium 
iodide dimer was excluded from the calculation, as the model in this work does not take into 
account its radiolysis. 
 

4 Results 
 
The gas phase kinetic model was first verified with initial values similar to the work of 
Konashi et al. In their work, the initial cesium metal concentration was slightly higher than 
that of cesium iodide, and iodine species concentrations much lower than those. With such 
initial values, the steady-state values of the kinetic model were found in the case where there 
is radiation (kd4 ≠ 0) and where there is not kd4 = 0). With radiation, the atomic iodine gas 
concentration rose 109-fold, and for molecular iodine gas 108-fold. These results are roughly 
in agreement with the work of Konashi et al.  
 
In the work of Konashi et al., it was assumed that the equilibrium concentrations of iodine 
species are much lower than those of cesium and cesium iodide. Their values were based on 
a simple thermochemical analysis. However, a detailed thermochemical equilibrium 
calculation on fuel reveals that the equilibrium concentrations of atomic and molecular iodine 
may be much higher.,  As can be seen in figure 1, they may beand only an order of 
magnitude smaller than that of cesium iodide at high temperatures and, at low temperatures, 
even higher than that of cesium iodide, as can be seen in figure 1. Furthermore, the 
concentration of cesium iodide in the gas phase drops with increasing oxygen content in the 
fuel, as cesium is oxidized, whereas the concentration of iodine species increases. The effect 
of radiolysis in this case would be negligible. 
 

 
Figure 1. Concentrations of the most abundant gas phase species containing iodine at a 
temperature of 1473 K (right) and 773 K (left) and 1473 K (right). 
 



The case where cesium iodide radiolysis would have a larger effect is at such a temperature 
where cesium iodide is a solid or a liquid. The temperature in the fuel-cladding gap is 
typically such that cesium iodide appears as a solid. This case can be modelled by 
augmenting the gas phase model with a cesium iodide vaporization-condensation reaction as 
described in section 3. 
 
Solving the kinetic model with radiation we find that the condensation and vaporization 
reactions reach a steady state very quickly, in less than a second. In the steady state, most 
solid cesium iodide that is exposed to the gap is vaporized. The radiolysis of gaseous cesium 
iodide does not appear to have much of an effect on the gas phase concentrations of atomic 
and molecular iodine. This is presumably because the concentrations are initially already 
quite high compared to those calculated by Konashi et al. [812], for example, and their ratio 
is closer to unity.  
 
The mole amount of solid cesium iodide corresponding to the extent of reaction ξneq can be 
calculated from these results and used as an immaterial constraint in the Gibbs energy 
minimization. This way the thermodynamically most stable species that would form from the 
cesium and iodine freed by radiolysis can be determined. 
 
First, we shall see how the affinity of the cesium iodide vaporization reaction changes as a 
function of the extent of reaction. This is done by changing the extent of reaction input as an 
immaterial constraint incrementally from the equilibrium value. The change in affinity is 
shown in figure 2, with the vertical line showing the extent of reaction determined from the 
results of the kinetic model. The change in affinity has a peculiar feature around a ξ of 1.0∙10-

5, where the magnitude of the affinity starts to increase decrease suddenly. The sign of 
affinity is defined by the direction of the reaction: for the condensation reaction, the affinity 
would increase.  The concentrations of gaseous cesium and hydrogen iodides in figure 2 
show why this happens. The limiting value for hydrogen iodide corresponds to the amount of 
hydrogen in the system; therefore no additional hydrogen iodide can form. The excess 
vaporized iodine from this point on forms gaseous cesium iodide. 
 

 
Figure 2. The thermodynamic affinity of the cesium iodide vaporization reaction and the mole 
amounts of cesium and hydrogen iodides as functions of the extent of reaction of the 
vaporization reaction. 
 
The concentrations of the main iodine-containing species at equilibrium and at constrained 
equilibrium are shown in table 1, along with the values calculated by just the kinetic model. 
Interestingly, it is not gaseous cesium iodide that increases most in its mole amount, but 
hydrogen iodide. The reaction of hydrogen with iodine to form hydrogen iodide appears to be 
very favourable thermodynamically at this temperature, more favourable than cesium iodide.  
 



Hydrogen in this calculation is derived purely from nuclear reactions occurring in nuclear fule 
fuel during irradiation. Unfortunately it is currently not possible to obtain information from 
Serpent on which reactions contribute to the amount of each element. Probable reactions 
producing hydrogen isotopes include ternary fission and 16O(n,p)16N.. 
 
 
 
 
 
 
Table 1. Concentrations of the main iodine containing species at equilibrium, the steady-state 
from the kinetic model and the constrained equilibrium. 
 

 

Concentration (mol∙cm-3) 

 

Species Kinetic Equilibrium 
Constrained 
equilibrium 

Iodine 
fraction 

BaI2 
 

8.95∙10-10 4.29∙10-6 0.048 

CsI 1.78∙10-4 4.07∙10-8 2.82∙10-6 0.016 

HI 
 

2.54∙10-6 1.55∙10-4 0.855 

I 4.36∙10-10 2.90∙10-8 2.01∙10-6 0.011 

I2 1.52∙10-8 9.84∙10-10 4.72∙10-6 0.053 

MoO2I2 
 

3.15∙10-10 1.51∙10-6 0.017 
TeI2 

 

2.37∙10-12 1.14∙10-8 1.28∙10-4 

 
 

5 Summary 
 
Hydrogen iodide seems to be a more thermodynamically favourable form of iodine than 
cesium iodide at low temperatures. Its reaction with zirconium is also favourable, as can be 
seen from figure 3, where the Gibbs energies of reaction for various reactive iodine species 
with zirconium metal are shown. The iodine is thought to form gaseous zirconium tetraiodide, 
ZrI4, with the zirconium metal. It can therefore be possible that also hydrogen iodide plays a 
role in iodine stress corrosion cracking. 
 
The formation of hydrogen iodide requires hydrogen, which is formed in small amounts 
through nuclear reactions. It can also be present as an impurity, such as residual moisture 
from the fuel pellet manufacturing process. Hydrogen present also as an impurity would 
increase the amount of hydrogen iodide calculated to form in this work.  
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Figure 3. Gibbs energies of reaction with zirconium to zirconium tetraiodide for the most 
abundant iodine species. 
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