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Abstract 

The chemistry of the nuclear fuel is very complex. Its chemical composition 
changes with time due to the formation of fission products and depends on the 
temperature level history within the fuel pellet and the clad during operation. 
Firstly, in thermal reactors, zircaloy oxidation from reaction with UO2 fuel under 
high-temperature conditions will be addressed. Then other fuel-cladding 
interaction phenomena occurring in fast reactors will be described. Large thermal 
gradients existing between the centre and the periphery of the pellet induce the 
radial redistribution of the fuel constituents. The fuel pellet can react with the clad 
by different corrosion processes which can involve actinide and/or fission product 
transport via gas, liquid or/and solid phases. All these phenomena are briefly 
described in the case of different kinds of fuels (oxide, carbide, nitride, metallic) to 
be used in fast reactors. The way these phenomena are taken into account in fuel 
performance codes is presented. 

Introduction 

Examples of fuel-cladding chemical interaction phenomena will be addressed. In a first 
part, zircaloy fuel sheathing internal oxidation by UO2 fuel occurring in thermal neutron 
reactors under high-temperature reaction will be described. In fast reactors, chemical 
interaction between fuels and/or fission products (FPs) and cladding materials are factors 
limiting the lifetime of fuel pins. In a second part, examples of fuel-cladding reaction in 
fast neutron reactors operating with different types of fuels will be presented. Depending 
on the nature of the fuels (oxide, carbide, nitride or metal) and on the related operating 
conditions (fuel and clad temperature, thermal gradient, nature of clad and coolant, etc.), 
the chemical reactions differ. Recent reviews on Fuel-Clad Chemical Interaction (FCCI) 
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were recently published by Maeda for oxide, carbide and nitride fuels in [21] and by 
Keiser for metallic fuels in [17]. A brief summary on the way to take into account these 
chemical reactions in the models for different types of fuels is given mainly based on 
existing reviews. 

Internal zircaloy oxidation due to zircaloy/uranium dioxide interaction  
in thermal reactors 

Under high-temperature conditions, a combined external and internal oxidation of the 
fuel sheathing can occur due to a reaction of steam on the outside surface of the sheath 
and from the UO2 on the inside surface. The UO2 and Zr can interact chemically at 
temperatures as low as 1 273 K, leading to a complex series of reaction layers [5] where, 
from both internal and external oxidation, the following reaction layers can be formed: 

[UO2 + U] → [α-Zr(O)a + (U,Zr)] → (U,Zr)alloy → α-Zr(O)b → β-Zry → α-Zr(O)c → 
ZrO2. This internal interaction requires a substantial external overpressure to promote 
good solid-solid contact between the fuel and cladding. For instance, experiments have 
been conducted at overpressures of 4 MPa [5] and 1 MPa [15]. In the CANDU fuel 
design, the thin sheath will creep down onto the fuel under the conditions of the high 
pressure coolant. However, contact between the sheath and fuel can be lost during the 
transient with sheath lift off due to fission gas release into the (small) free void space of 
the fuel element and depressurisation with coolant blowdown, as well as with the eventual 
bursting of the sheath. Thus, with an open gap during an accident, any direct fuel/sheath 
interaction is suppressed and no uranium is transferred from the fuel to the sheathing as 
long as the sheath is solid. If the gap contains hydrogen, fuel reduction can occur as 
oxygen moves from the fuel to the sheathing by the H2O-H2 transport mechanism, driven 
by the difference in the oxygen potential between the fuel surface and the sheathing inner 
wall. However, the extent of fuel reduction and cladding oxidation by this mechanism is 
minor [28].  

At temperatures above ~1 470 K, steam oxidation of zircaloy and stainless steel 
produces a significant temperature escalation. With the melting of the as received metallic 
zircaloy-4 cladding (2 030 K) or metallic oxygen-stabilised α-Zr(O) phase (2 245 K), the 
solid UO2 may be partially dissolved and liquefied ~1 000 K below its melting 
temperature. The driving force for the reaction is diffusion of oxygen from the UO2 into 
the sheathing. This process has been extensively studied in single-effect laboratory 
crucible experiments [5,7,35,13,14] [27,18,29,8,10,39] [25,37,30,1,11,12]. In hydrogen-rich 
regions of the core, the outer oxide scale is not present on the cladding, which is all-metal 
with oxygen in solid solution. On melting of the cladding, the liquid metal contacts the 
solid fuel and dissolution of the fuel begins. The endothermic reaction of UO2 dissolution 
in U-Zr-O melts and the melting of α-Zr(O) sheathing is affected by the supply of heat. 
In addition to receiving additional oxygen, uranium from the fuel dissolves in the liquid 
metal forming a U-Zr-O melt. Dissolution continues until the melt is saturated in both 
oxygen and uranium [31]. The fuel dissolution process has been detailed, for example,  
in [30], where it is shown that diffusion in the growing U-Zr-O melt is rapid and the 
liquid phase concentration remains at saturation. Reduction of the fuel by oxygen 
diffusion affects the amount of oxygen in the melt. The effect of an oxide scale will also 
reduce the extent of fuel liquefaction because less metal is available to dissolve uranium 
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when a melt forms. In addition, the high concentration of oxygen in the oxide layer will 
increase the oxygen content of the melt, thus depressing the uranium solubility. It is 
suggested that the fraction of the fuel pellet that is dissolved by the initial liquefaction is 
small [30].  

Fuel-cladding chemical interaction in fast reactors 

Mixed oxide fuels 
Chemical interaction between MOX (U,Pu)O2 fuels and/or Fission Products (FPs) and 
cladding materials are key issues to address in fast reactors. Various types of steels or 
ODS steels (Oxide Dispersion Strengthened) are considered for the clad. The low thermal 
conductivity of the MOX fuels induces a large temperature gradient between the centre 
and the periphery of the fuel pellet. In normal operating conditions, the centreline 
temperature of the fuel will reach about 2 500 K and the inner clad temperature will go up 
to about 800-900 K. Therefore, large thermally driven mass transport phenomena are 
expected that will induce the redistribution of the constituent elements (U, Pu, oxygen, 
minor actinides and fission products) in the fuel. The mixed oxide fuel is manufactured to 
be hypo-stoichiometric (oxygen/metal ratio<2). Excess oxygen due to irradiation implies 
the increase of the oxygen chemical potential of the fuel. The redistribution of oxygen 
along the radial temperature gradient induces the increase of the O/M (oxygen to metal) 
ratio at the fuel surface.  

The increase in the oxygen potential due to the irradiation can be predicted using 
thermodynamic calculations. The fission products can be dissolved in the MOX solid 
solution or/and precipitate as separated phases (metallic or/and oxide phases). Thus, the 
fuel chemistry is very complex. Thermodynamic calculations using minimisation Gibbs 
energy codes and databases describing the thermodynamic properties of the fuel and 
fission product based phases are performed to predict the evolution of the chemical 
composition of the different phases constituting the irradiated fuel. By this way, the 
evolution of the oxygen potential of the fuel can be calculated versus burn-up. This type 
of calculation is limited to equilibrium conditions. The oxygen redistribution has to be 
calculated along the radial temperature gradient. 

This is performed in the FEAST code developed by Karahan and Buongiorno [16]. 
This code aims at predicting the behaviour of MOX oxide fuel pins under irradiation in 
sodium-cooled fast reactors. In that code, a simplified thermodynamic model is used to 
calculate the fuel oxygen potential by solving the thermodynamic equilibrium between the 
fuel and fission products and the charge balance within the fuel. Molybdenum is an 
important fission product to consider in the calculations as it acts as a buffer to prevent 
the fuel from becoming hyperstoichiometric. The oxygen redistribution versus time under 
temperature gradient is determined by the OXIRED model based on thermo-transport 
theory [20]. The same type of model is also applied to predict the redistribution of Pu in 
the fuel. 

The oxygen stoichiometry of the fuel (or the O/(U+Pu) ratio) is a key parameter. The 
chemical compatibility of MOX fuels with O/(U+Pu)≤2 and stainless steels is good. 
However, the cladding material is oxidised in the case of a hyperstoichiometric MOX 
(O/(U+Pu) ≥ 2). To avoid the oxidation of the clad, the O/(U+Pu) ratio has to be 
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maintained below 2. In the case of oxidation, a stable protective layer of Cr2O3 forms on 
the inner wall of the clad.  

However, post-irradiation observations show that the clad attack is accelerated by the 
presence of fission products. A chemical interaction between Cs, Te and O localised in 
the fuel to clad gap and the clad [34]. The corrosive environment is characterised by high 
temperatures and by a large axial and radial temperature gradient. The layer formed at the 
inner surface of the cladding material is mainly constituted of Fe, Ni, O, Cr, Te, Cs and 
Mo. The analysis of this layer shows that Te-Fe-Ni and Cs-O-Cr compounds are formed. 

Different mechanisms are proposed in the literature.  

For example, for high temperature (>600°C) and oxygen potential (O/M>1.97), 
constituents of the cladding. Fe, Cr and Ni are dissolved in liquid Cs-Te and segregate in 
the fuel-cladding gap as a metallic layer separated from the cladding by a non metallic 
layer with Cr. The tellurium activity is a key parameter. It is determined by the following 
reaction:  

Cs2Te + Cr + 2 O2 = Cs2CrO4 + Te 

The decomposition requires a high oxygen potential to destabilise Cs2Te. The free 
tellurium in the gap can lead to the cladding attack by the formation of tellurides of iron, 
nickel and chromium. As a function of the ratio Cs/Te, different corrosion products are 
observed: (i) deep intergranular penetration with dissolution of the metal, (ii) uniform 
attack of the alloy matrix with the formation of successive layers, (iii) intergranular attack 
without dissolution of the metal [33]. Thermodynamic calculations involving reactions of 
formation of various compounds that form between fission products and cladding 
constituents and oxygen are used to interpret experimental observations.  

The key parameters that control these attacks of the clad are:  

• the concentration of corrosive fission products; 

• the fuel-cladding gap width; 

• the oxygen to metal ratio of  the fuel; 

• the clad temperature; 

• the fuel temperature; 

• the temperature gradient. 

The influence of these parameters has been assessed from post-irradiation 
observations. 

As the mechanisms of cladding attack are not enough clearly demonstrated and 
understood, in most of the cases, only empirical equations rather than fundamental 
relations are used in models for the fuel pin design. For example, this was the case up to 
now into the French code GERMINAL dedicated to the calculation of fast fuel behaviour 
for 20 years today [24]; an empirical correlation reproducing the corrosion zone thickness 
observed on irradiated Phénix fuel pins by metallographic examinations was considered 
up to now. This law will be reassessed with complementary experimental and theoretical 
studies in the future version of the code. 
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These equations give the penetration depth in the cladding related to irradiation and 
fabrication parameters of the fuel pins. A review of the different available equations is 
given in [21]. 

However, a model has been incorporated in the FEAST code to take into account 
caesium migration within the fuel and in the gap region [16]. In fact, this element, which is 
the most important of the volatile fission products (Cs,I,Te), is observed to deposit 
mainly as molybdate (Cs2MoO4) in the gap between the fuel pellet and the clad with 
increasing burn-up. The formation of this layer of fission products associated with oxygen, 
called JOG, as “Joint Oxyde Gaine” [38], improves the gap conductance and thus is 
expected to decrease the centreline temperature of the fuel. The caesium radial migration 
model within the fuel in the FEAST code is based on the thermo-transport theory. The 
JOG layer thickness is then computed. The caesium axial migration is also treated in the 
FEAST code. The transport of caesium is described by an evaporation/condensation 
process [6]. In the French GERMINAL code, the JOG layer thickness is also calculated 
from caesium migration. In this case, the release of caesium outside the fuel pellet is 
linked to the model for fission gas (Xe and Kr) release, based on experimental 
observations performed on irradiated fuel pins [23,24]. A similar approach is considered 
to the Japanese CEPTAR code [32], which is focused on annular fuel pellets. 

Carbide fuels 
A review on the carbide fuel properties has been recently published by Sengupta et al. [36]. 
The main reaction between carbide fuels and cladding consists of the clad  
carburisation [21]. The maximum temperature of the fuel surface is generally below  
1 000°C. The centreline temperature is quite lower than in oxide fuel due to the higher 
thermal conductivity of carbide fuel. In this case, the fission products are less reactive 
than for oxide fuels. The fuel is designed to be slightly hyperstoichiometric (carbon/metal 
>1) to avoid the formation of metal phases. Thus the carbide fuel is mainly constituted of 
the monocarbide (U,Pu)C with a small fraction of sesquicarbide (U,Pu)2C3 located at the 
grain boundaries. The carbon stoichiometry of the fuel is a key parameter as well as 
oxygen and nitrogen that are present in the fuel as impurities arising from the fabrication. 
These impurities are dissolved in the monocarbide phase.  

There are two mechanisms for the clad carburisation [22]: 

• by transport of carbon from (or to) the fuel and to (or from) the clad depending on 
the difference in carbon chemical potential between the fuel and the clad; the 
comparison of the carbon potential in the steel and in the fuel allows concluding 
that the clad may not be carburised in normal conditions for a fuel with 
(Pu/(U+Pu)=0.70); 

• by transport of CO(g) to cooler fuel regions along the temperature gradient, 
depending on the gradient of CO(g) pressure within the fuel pin. CO(g) pressures 
can be calculated by thermodynamic calculations using Gibbs energy minimisation 
methods on the U-Pu-O-C-N system [22]. A thermodynamic analysis considering 
the reaction between carbon coming from the clad or from the fuel and the 
CO/CO2 equilibrium shows that even in the case of low carbon potential in the 
fuel, the carburisation of the clad is possible. The carburisation process will be 
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enhanced in the case of a lower Pu content in the fuel. For this type of fuel, the 
oxygen content has to be kept as low as possible. 

In hypostoichiometric mixed carbide fuels, (U,Pu) metal will form as a secondary 
phase which may cause low temperature eutectics with Fe and Ni-based cladding alloys. 
Once a metal phase is formed in the fuel, it will react with the cladding material. The 
reaction between carbide fuels and different cladding alloys leads to the formation of 
intermetallic compounds such as (U,Pu)Ni5, (U,Pu)Fe2. 

As an example, the following reaction has been proposed: 

6 (U,Pu)C + 23 Cr + 12 Fe = Cr23C6 + 6 (U,Pu)Fe2 

The carburisation increases with the carbon activity in MC1+x fuel. Thus, the presence 
of the sesquicarbide phase enhances the carburisation of the clad. The carbon transport 
from the fuel to the cladding is controlled by gradient of carbon chemical potential 
between both materials. The reaction is as follows: 

MC1+x + (Fe,Cr) = MFe2 + (Fe,Cr)23C6 

The solubility of carbon in the matrix being very low, carbides precipitate. In 
austenitic stainless steels, this precipitation leads to a depletion of chromium at the grain 
boundaries. The limited existing data show that cladding materials with high Ni and/or Ti 
content are more reactive than the austenitic steels. The precipitation of these carbides 
will cause a loss of ductility and mechanical strength and can determine the fuel lifetime as 
well as an excessive cladding swelling.  

The key parameters that control the carburisation process are: 

• the carbon activity in the fuel (and the oxygen content); 

• the cladding and fuel temperatures; 

• the bonding material (helium or sodium). 

Diffusion models were developed to predict kinetics of the carburisation process in 
steels. The clad carburisation can directly occur in contact with fuel but also through the 
bonding medium (helium or sodium). It has been observed in sodium-bonded fuels where 
excessive clad carburisation can occur with hyperstoichiometric carbide fuel. The depth of 
carburisation is two or three times less extensive in helium medium. The carbon solubility 
in liquid sodium is very low. Carbon is probably transported in sodium as carbon atoms 
and transferred to the clad. 

The oxygen potential is too low to form fission product oxides. Fission products 
mainly form mono, di and sequicarbides. Thus with increasing burn-up, the carbon/metal 
ratio of the fuel decreases. Thermodynamic calculations have been performed by Agarwal 
and Venugopal [2] to predict the chemical state of the fission products versus burn-up. 
The authors showed that rare earth metals play a crucial role in controlling the carbon 
activity of the fuel. 

No severe attack of the cladding by the fission products is expected. An intergranular 
attack for high concentration of Te in the fuel was observed. Thin reaction layers 
containing Ni, Fe, U, Pu and rare earths were found at high linear heating rates. Thus no 
severe interactions were expected nor observed. At temperatures above ~950°C, the 
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reaction between the fuel and stainless steel or PE16 cladding can lead to liquid phase 
formation according to the following reaction: 

(U,Pu)C + 23 Cr + 12 Fe = Cr23C6 + 6(U,Pu)Fe2 

Except thermodynamic calculations, no models were found to predict the 
fuel/cladding chemical interaction for carbide fuels. 

Nitride fuels 
A review of the properties of nitride fuels was recently published by Arai [4]. The 
chemical interaction between nitride fuels and the cladding material is similar to that one 
observed for carbide fuels: clad nitriding, slight reactions with fission products and 
formation of intermetallic compounds occur. The available data are more limited in the 
case of nitride fuel compared to carbides. Thermodynamic calculations have been 
performed to predict the chemical form of the different products [3]. 

Nitride fuels are usually specified to be single-phased mononitrides (U, Pu) N. No 
chemical interaction of stoichiometric (U,Pu)N or single-phased mononitride were 
observed with stainless steel. The sesquinitride phase (U,Pu)2N3 can form. In that case, a 
stainless steel clad can be nitrided. The reaction is as follows: 

(U,Pu)2N3 + 2 Cr = Cr2(U,Pu) + (U,Pu)N 

The N/(U+Pu) ratio is expected to increase with burn-up. But even at high burn-up, 
the compatibility of nitride fuels with stainless steel clad was observed. 

The oxygen impurity plays a positive role as it stabilises the sesquinitride phase and 
thus reduces clad nitriding. 

There is no modelling for nitride fuels clad chemical interaction. Only thermodynamic 
calculations were performed to predict the phases to be formed. 

Metallic fuels 
A review of metal fuel-cladding interaction was very recently published by Keiser [17]. 
Under irradiation, metallic fuels swell and enter in contact with the clad at ~1-2 at.% 
burn-up. Interdiffusion can then occur between fuel, fission product and cladding 
constituents. 

Even if the interdiffusion process occurs under irradiation, thus deviates from 
thermodynamic equilibrium conditions, phase diagrams can be used to predict the nature 
of the phases to be formed during chemical interaction between fuel and cladding. The U-
Pu-Zr-Fe system is of great interest to predict chemical interaction between (U,Pu,Zr) fuel 
and steel. Nakamura et al. [26] performed phase diagram calculations in this quaternary 
system in order to interpret the interdiffusion zones observed in diffusion couples U-Pu-
Zr/ Fe-based cladding materials. From the chemical analysis of the interdiffusion zones, 
diffusion paths were proposed in the phase diagram to help the interpretation of the 
couple diffusion tests. The results show that at 800°C (accidental conditions), the 
interdiffusion zone is constituted of liquid and intermetallic compounds (FexZry and 
FexUy). 

For the U-Pu-Zr metallic fuels, the redistribution of fuel elements is a key issue to 
address to predict the fuel performance under irradiation. The redistribution of the 
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elements leads to the existence of three distinct zones: (i) a zircaloy-enriched central zone, 
(ii) a zircaloy-depleted and uranium-enriched intermediate zone, (iii) a slightly zircaloy-
enriched zone at the periphery. The migration of the fuel elements is caused by the radial 
temperature gradient in the fuel. Kim et al. [19] developed a computer model to calculate 
zircaloy redistribution by solving diffusion equations using a simplified pseudo-binary 
phase diagram. Pu is considered as non-diffusing species. The one-dimensional continuity 
equation for zircaloy in cylindrical coordinates is solved. The input data for this model are: 
the phase diagram, diffusion coefficients, enthalpy of solution and effective heats of 
transport of zircaloy and uranium in the ternary alloy.  

Kim’s model [19] for fuel element redistribution was incorporated by Karahan and 
Buongiorno [16] in the FEAST code to predict the irradiation behaviour of U-Zr and U-
Pu-Zr metallic fuel pins. 

Minor actinides are foreseen to be added in the fuel. The redistribution of these 
elements and their possible chemical reaction with the cladding has to be studied. 

Tests were also performed under irradiation. The results show that the fuel-clad 
chemical interaction leads to the formation of a reaction zone constituted of Fe, Ni, Cr 
(from the clad), U, Zr, Pu and lanthanide fission products (from the fuel). Pd and Ru are 
also observed in some cases. Low melting point alloy can form in the reaction zone. The 
experimental data show that the growth rate of the interaction layer is proportional to the 
square root of time. Thus the process is diffusion-controlled. A kinetics model has been 
incorporated in the FEAST code developed by Karahan and Buongiorno [16]. In the 
model, the clad wastage layer thickness is calculated versus time and temperature. The 
input data are the concentrations of lanthanide atoms in the fuel and the diffusion 
coefficient of lanthanides at fuel-clad interface. The diffusion coefficient data were fitted 
on experimental results. A similar model was used in FEAST to predict the liquid 
formation at the fuel-clad interface [16]. 

Conclusion and future challenges 

The fuel-cladding chemical interaction for fuels for fast reactors depends on the nature of 
the fuel (oxide, carbide, nitride or metallic) and on the operating condition of the reactor. 
The first step consists of the modelling of the “irradiated fuel chemistry”. The fuel 
chemistry is very complex due to the large number of elements to consider. It is generally 
performed by thermodynamic calculations based on simple models for the description of 
the different phases containing fuel, fission product elements and minor actinides. In a 
second step, the redistribution of these elements within the fuel along the radial 
temperature gradient has to be predicted. This type of calculation is performed in codes 
developed for oxide and metallic fuels (for example in the FEAST code). But the number 
of migrating constituents is generally limited. The chemical interaction between the fuel 
and the clad is generally treated using empirical equations that give the thickness of the 
wastage as a function of operating parameters. These equations are assessed on in-pile 
experimental results. The FEAST code uses a more sophisticated model that couple 
thermodynamics and kinetics and thus calculates the flux of the migrating species within 
the fuel and in the JOG layer. The fuel-cladding chemical interaction is a key issue for 
oxide and metallic fuels. The mechanisms are not already well understood in the case of 
the oxide fuels and thus need further development both on experiments and modelling.  
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