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Abstract 

The 2011 accident in Fukushima improves the need for enhanced alloys and/or materials for Fuel Elements (FFEE) to 
be more tolerant to mistakes as developed in the design bases of Nuclear Power Plant (NPP), including Loss of Coolant 
Accident (LOCA) and other severe accidents. These difficulties also include the use as carriers of fissile isotopes of other FFEE 
materials and design. Without abandoning the ideas of assembly of cylindrical pipes and each fuel rod as a tube or sheath 
containing cylindrical pellets, these objectives should be accomplished. In essence, other ideas such as distributed or spherical 
fuels are not excluded because licensing can be much harder and more costly.  The initiative called "Accident Tolerant Fuels" 
(ATF) arises from these demands, the problems of which can also be utilized by designs of Gen IV (Generation IV International 
Forum). The closure of the Halden Reactor Project and the lack of sufficient irradiation equipment forced us to enhance the 
modelling of fuel to meet the information demands for the suggested fresh components and designs of fuel. In order to finish 
the ambitious agenda for nuclear energy improvements, international collaboration is compulsory. 

1. PROPOSAL OF THE CNEA WORKING GROUP 

We initiate diverse lines of work by taking into account the response in our institution (CNEA and Instituto 
Balseiro-UNCuyo). The work was focussed in two aspects. One of both was the promotion of the safety issues of 
the ATF materials and design in the nuclear forums, companies and utilities of our country as the presentation of 
these studies in several national meetings of science and nuclear technology. The second is preparation of the new 
nuclear engineers by a complete inclusion of these topics in our courses of materials and fuels.  

Those lines of investigation and developments were as follows: 

— Headlines about material properties; 
— Modelling: 

o by using M³: 
 SiC; 

o by using BFS: 
 FeCrAl; 

— FeCrAl elemental development in order to validate modelling: 
o Experimental support of the theoretical calculation; 
o Theoretical calculation support of the experimental and technical procedures; 

— BaCo code: 
o Onset of validation of new materials with BaCo; 
o Simulations; 

— “Blind test”, a CRP ACTOF code intercomparison: 

o BaCo results for the comparison proposal; 
o A preview of BaCo3D calculations for different fuel materials; 
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— Neutronic evaluation of ATF: 
o A basic ATF CANDU fuel proposal; 
o Economic overview. 

Several CNEA groups were summoned with an academic point of view due to our scarce experience in these 
materials for NPPs (“Nuclear Power Plants”). Nevertheless, we have experience with MOX fuels and it were 
initiated some UN developments. A better position we have for MTR ("Material Testing Reactor" or experimental 
reactors) fuels in particular with the use of AlU, U3O8, SiC and UMo. 

2. MATERIAL PROPERTIES 

The databases available for UO2 and Zr alloys contain accurate data on the components used in present fuel 
element designs. A distinct scenario occurs when considering, under standard conditions, under irradiation 
conditions and after irradiation, the material characteristics of potential Accident Tolerant Fuels (ATF) elements. 

 Fuel Materials 

Considering the material of nuclear fuel, the primary objectives are: (1) improve thermal conductivity 
resulting in reduced fuel pellet working temperature; (2) improve dimensional stability that could be obtained by 
producing stable porosity that would accommodate gaseous products that would reduce the release of these gasses 
to the plenum, (3) improve the U density to reduce enrichment. There is some precious experience gained in the 
operation of MTR and naval reactors for the choice of fuel components. Dispersed fuels are the ones best suited 
to the conservative elements needed in a BC's design. 

From the performance and integrity point of view of fuel elements (FF.EE.), those related to heat transfer 
and mechanical behaviour are the most relevant properties. If the resistance to corrosion and oxidation is improved, 
heat and hydrogen generation would be reduced, thereby improving FF.EE tolerance in serious accidents. This 
strategy aims to reinforce aspects that significantly delay the onset of failure or those that initiate an advanced 
accidental stage. UO2 compares unfavourably with UC and metallic U from the point of view of thermal 
conductivity [1]. UO2's greater melting point offsets this disadvantage (see Table 2.4. of Ref. [1], p. 34). 

 Cladding Materials 

During the 2011 Fukushima accident, under the extreme circumstances induced by that event, weak 
performance of present fuel elements based on UO2/Zry was found. For this reason, a considerable boost has been 
given to the design of fuel elements tolerant to accidents or ATF. This initiative involves the creation of fresh fuel 
element ideas, materials and designs that would make them more resistant to the environmental circumstances 
associated with severe accidents. One particular requirement is that they must tolerate long-term loss of cooling 
scenarios (LOCA), without affecting the performance of the fuel elements during the nuclear power plant's normal 
operation. Probably the most significant element in developing a new ATF is the choice of materials. The following 
options stand out in view of possible cladding materials: 

 Regular Zr-based alloys cladding protected by external coating (Cr, Ni Cr, Ti, SiC, ZrN); 
 Cladding based on steel (ferritic, austenitic, steel, etc.) where the accumulated FBR and naval reactor 

knowledge could be helpful; 
 High alloy steel, particularly FeCrAl (commercially referred to as "Kanthal"); 
 SiC ceramic cladding (or SiC composite combinations); 
 Mo-based alloys. 

These clad materials exhibit greater resistance to corrosion than Zry. However, it would affect the neutron 
economy. Therefore, consideration should be given to a rise in enrichment that compensates for neutron loss. 

 Physical properties 

On the one side, the most important features are connected to heat transfer and mechanical properties, take 
into account the efficiency of the fuel elements. On the other side, taking into account the tolerance to major 
accidents, the importance switches to improve corrosion and oxidation resistance, limiting, among others, heat and 
hydrogen generation. That is, the primary objective is to reinforce elements that considerably delay the onset of 
failure or prevent those that would cause an advanced accidental phase. 
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Phenomena such as plasticity, creep and irradiation growth are highly interrelated and, moreover, are highly 
non-linear. For each of these physical events, particular models need to be defined. These models should be 
compatible at the same time. Extensive technical and experimental data on steels is available [2]. Also, well 
documented are the various Zr-based alloys used by the nuclear industry. 

SiC is a ceramic material. It displays a high resistance to creep and no plasticity; particularly in the 
temperature ranges of interest [3−5] (see Table 3 of Ref [3], p. 1202). However, this material can be produced by 
different methods, which result in a broad range of variation in their physical and thermomechanical properties. 
There is an acceptable amount of information about solid SiC in the literature. Considering possible nuclear 
applications, it possesses a remarkably low creep rate at temperatures of interest. A SiC/SiC type cladding has 
been proposed which in essence is a solid SiC tube covered by SiC fibers. Solid SiC and SiC fibers present different 
properties and mechanical behaviour, a characteristic that complicates the formulation of models for the 
component. Among the set of possible metallic alloys proposed as cladding materials, FeCrAl stands out. There is 
abundant information about the basic properties of this material [1]. However, it is important to remember that 
phenomena and properties should be modelled under nuclear fuel irradiation conditions. The comparative analysis 
of the properties of some of those materials can guide us on the issues of safety and behaviour in order to design 
an ATF. Ref. [4] includes a review of some basic fuel material parameters as linear thermal expansion coefficient 
(α) of Zry, SiC (see Ref. [6]) and FeCrAl as a function of temperature, thermal conductivity (k), Young’s -elastic- 
modulus, Poisson’s ratio among others. The values obtained from the literature present a wide disparity and even 
errors in some cases. A possible explanation is that the materials considered are not yet standardized for nuclear 
use. Their basic characteristics are not well specified (impurities, anisotropy-isotropy, crystalline structure, grain 
size, manufacturing route, etc.). 

3. M³ METHODOLOGY APPLIED TO ATF NUCLEAR MATERIALS 

 Introduction 

A relevant stage in the development of ATF fuels is the need of new models and simulation codes of its 
behaviour under normal conditions and under irradiation together with advanced calculation techniques and 
computational tools that effectively assist the design of conventional fuels, new Advanced Tolerant Fuels (ATF) 
designs and materials for Generation-IV reactors. 

The scarce experimental information of the proposed new materials can be complemented with first 
principles or ab initio calculations that enable a deep theoretical support comparable to the one usually intended 
for experimental support, producing an authentic synergy between experiments and theoretical models. The 
disadvantage of these studies is the absence of reliable data in comparison with the current available database for 
UO2 and Zr alloys. The methodology of Multi-Scale Modelling of Materials (“M³”) was proposed as a way to 
partially fill the gap between the empirical codes and the needs of new materials data. 

 Multiscale Modelling of Materials – M³ 

The detailed understanding of the atomic and electronic structures and defect mobility under various 
conditions requires a multiscale modelling approach. As consequence, there is a great need to complement the 
available experimental and phenomenological methods by means of atomistic (nano-scale) techniques such as 
molecular dynamics (MD) and kinetic Monte Carlo (KMC), in combination with first-principles calculations. 
Since the availability and accuracy of the inter-atomic potentials, including those for multi-component compounds, 
represents a major issue for the application of atomistic techniques such as MD or KMC, it is essential to compare 
the results among various techniques and experiments for self-consistency and validation. Moreover, molecular 
dynamics simulations require an intensive use of powerful computers and therefore the inter-atomic potentials to 
be used must be computationally efficient as well as physically appropriate for the description of the properties of 
the fuels and materials to be used in the ATF and Generation IV reactors.  

There has been a considerable interest in actinide nitrides and carbides [7, 8] during the last years due to the 
Generation-IV reactor initiative and at present for the development of ATF. In order to predict fuel performance 
under different operating conditions and to understand the evolution of a spent fuel over long period of time, it is 
necessary to develop a better experimental and theoretical knowledge of the defect induced processes and the 
accumulation of fission products. In view of this prospect, the knowledge of the physical and thermal properties 
of carbides and nitrides is of crucial importance for modelling the fuel behaviour. The current experimental 
database could be enough to support empirical correlations and modelling for current fuels. Nevertheless, new 
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approaches are required if the actual fuel computer codes will be used to simulate ultra high burn up and in 
particular if new materials and extreme situations will be included in future research programs. M³ is a new field 
in Computational Material Science that allows the study of complex phenomena such the behaviour of new fuels 
and cladding materials, and as consequence, could provide a theoretical methodology to obtain the required 
information. The M³ methodology is based on the electronic structure calculations through ab initio codes and 
allow the study of structural, electronic and elastic properties at T = 0 K. Also it is possible to obtain properties at 
finite temperature through phonon calculations. The methodology is followed by the development of effective or 
model potentials, whose parameters can be determined by using experimental data, to be used in MD and KMC 
codes [8, 9]. However, the application of the molecular dynamics simulations to obtain a detailed description, from 
an atomistic point of view, of the diffusion mechanism and transport properties requires an intensive use of 
powerful computers. Indeed, the dynamic structure must be simulated over considerably long time steps and 
therefore the inter-atomic potentials used must be computationally efficient as well as physically appropriate for 
the description of the properties of the fuels and materials to be used in the ATF designs and the Generation IV 
reactors.  

An overview of methods, algorithm, software and keywords of M³ (see Figure 1): 

 Ab initio methods: 
o Density Functional Theory (“DFT”); 

 Ab initio methods II: 
o all electrons: 

 LAPW (Linearized Augmented Planewave) [code Wien2k]; 
 LMTO (Linear Muffin-Tin Orbital) [code Stuttgart]; 
 Gaussians (code Crystal); 

o Pseudopotentials: 
 Plane Waves (codes VASP/Q-Espresso/Abinit); 
 Local Orbitals (code Siesta); 

 Molecular Dynamic (“MD”); 
 Monte Carlo Algorithms: 

o Metropolis Monte Carlo; 
o Kinetics Monte Carlo (“KMC”). 

 
FIG. 1. Different methodologies and experimental techniques into a simplified Time-Length Scales showing the fields of 
application of each it. 
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 Toward the Multiscale Modelling of ATF and GEN-IV Reactors – fcc Th 

The findings of an alternative methodology are provided in Ref. [10] where a free parameter pair potential 
is implemented to describe the mechanical and thermal properties of fcc Th (based on theoretical rather than 
experimental information).  

The ab initio phonon dispersion calculations represent a considerable advance in the understanding of the Th 
properties from a theoretical point of view [11]. The thermal equation of state and thermodynamic properties such 
as heat capacity, thermal pressure and entropy can be obtained. Also, the properties of Th under high temperature 
and high pressure were calculated. The elastic constants were calculated using two different approaches. The 
calculated the elastic constants, lattice parameter, bulk modulus, elastic constants and related material properties 
were summarized in the Table 1 of Ref. [10] including a comparison with experimental data [12] and previous 
theoretical results computed from the phonon spectrum and ab initio calculations [12, 13]. Based on the calculated 
elastic constants and by using a quasi-harmonic approximation we have been able to study the thermodynamic 
properties of Th such as thermal expansion coefficient, Grüneisen parameters and Debye temperature finding 
results with a good accuracy. The results were also presented in Table 1 of Ref. [10]. It is noteworthy the agreement 
between the result of that reference with the experimental and previous theoretical ones based on phonon 
calculations. 

ThC represents an example of the limitation found in the research of new fuel and materials due to the limited 
experimental information available. Table 2 of Ref. [14] shows available information from ab initio calculations 
of lattice parameter, bulk modulus and elastic constant for ThC phase β1.  

The nature of the outcomes described in such works indicates that modelling has reached the point where it 
is possible to obtain efficient and practical responses, becoming a source of unavailable experimental data on 
present appropriate issues in ATF and/or Generation IV frameworks. 

 M³ Methods, Discussion and Comments 

In addition to benchmarking against accessible databases, theoretical research using ab initio computing 
codes is essential to predict the thermo-mechanical characteristics of new fuel structures and/or cladding materials. 
Material parameters extracted from M³ are included in the BaCo code structure to integrate these ATF components 
in preliminary evaluation simulations. The data collected so far is promising and helpful for future designs of fuels 
that are more tolerant to accidental situations. 

Nowadays, the need for new material parameters could be addressed through the use of M³ to include new 
products and extend the modelling and code field of implementation. Actinides carbide and nitride are examples 
of the limitations observed in researching fresh fuel and equipment owing to the restricted accessible experimental 
data. The findings presented in this study suggest that modelling has reached the point where it is possible to obtain 
efficient and practical responses, becoming a source of experimental data to present appropriate issues in ATF and 
Generation IV frameworks. 

4. M³ METHODOLOGY APPLIED TO β-SiC 

Silicon carbide is described as a big family of "polytypical" crystalline structures. This manifests this 
compound's capacity to crystallize in countless changes which can be defined as distinct stacking sequences of the 
same unit layer. Ref. [15] describes and analyses the calculations of the elastic constants and the thermal properties 
of the β-SiC in particular the Young’s modulus, the specific heat and the linear thermal expansion coefficient. In 
view of its possible future use in ATF and the accessibility of published references, we decided to begin studying 
the SiC -phase as a first step. Ref. [15] shows a good agreement with other authors. The findings achieved for 
the structural parameters and the elastic constants (based on DFT) are consistent with prior calculations [15, 16]. 
This would show that ab-initio calculations can provide a foundation for modelling more complicated materials 
(graphens, fibers, etc.) that can be used to forecast their structural and elastic properties independently of 
experiments. The M³ strategy has become a strong instrument to obtain the information currently absent. M³ 
synergistically offers powerful assistance for the innovation of nuclear fuel products as shown in the case of 
cladding SiC and FeCrAl. The basic calculations show a good agreement with the present data. The significance 
of minimizing pellet-cladding interactions when using solid SiC cladding is an especially appropriate consequence. 
  



6 

5. M³ METHODOLOGY APPLIED TO FeCrAl 

 Introduction 

Theoretical and modelling calculations of nuclear fuels and their interactions with cladding are limited due 
to the large number of elements to be considered and the impact that this has on the ability of traditional methods 
to deal with them. Even when applicable, the development of potentials and parameters needed constitutes a nearly 
insurmountable obstacle due to the sheer number of interactions to be considered and the ensuing computational 
demands on even the simplest calculations. Quantum approximate methods are therefore ideal for this task, 
providing useful information without the need of extensive calculations. In particular, the particular approach on 
which the BFS method is built facilitates the study of very complex systems. Based on perturbation theory and 
with a proven degree of accuracy relative to ab initio calculations, the BFS method does not have any formal 
limitation in terms of how many and what elements may be considered, keeping the same level of accuracy for 
any arbitrary combination of elements. This property was largely proven in previous applications of BFS to nuclear 
fuels [17–21] and high entropy alloys [22–25]. In addition, the methodology has no restrictions in terms of the 
symmetries embedded in the system, equally dealing with bulk and surfaces with the same level of accuracy and 
computational work.  

 BFS applications in nuclear materials 

The earliest application of BFS to UZr [17] highlights the additional benefits of using quantum approximate 
methods. The system is particularly simple (a U–Zr) solid solution), but by being able to transition from bulk to 
surface, the study was able to explain fine effects leading to the favourable segregation of Zr to the surface and the 
structure of the near-surface region, in itself the first step in the proper description of any fuel/cladding interaction 
problem. In this case, the study explained the reasons why the Zr protective barrier forms near the surface, how it 
does so preferably for UZr fuel with low Zr concentration, and how it sets the groundwork to understand how the 
inclusion of other alloying additions in the fuel or the presence of fission products could alter the fine balance 
needed to minimize the fuel/cladding interaction.  

This fundamental study of UZr was followed by an exhaustive study of the formation of lanthanide-rich 
precipitates in U-Zr fuel and the strong migration patterns to the fuel surface, reacting with cladding elements [18]. 
This pattern of rapid migration which occurs even at very low burnup was previously understood in terms of a 
model of vapour phase transport, by which lanthanides migrate through a network of interconnected porosity 
creating a pathway to the surface. However, this model hardly accounted for the remarkable quantity of these 
elements near or at the fuel/cladding interface nor does it explains the intricate properties of the resulting surface. 
The BFS study was done on a complex 7-element system: U70Zr20Ce2Pr2Nd2Pm2Sm2 and provided an explanation 
for the strong migration patterns as a function of temperature. Whether the surface is the outer surface of the fuel 
or a pore in its bulk, the calculation explained the low temperature regime characterized by the depletion of Zr in 
the subsurface due primarily to Ce segregation, an intermediate temperature regime where Zr repopulates the 
subsurface region in addition to all the other present lanthanides, and a high temperature regime with stronger Zr 
segregation and lanthanide-driven surface reconstruction. Exceedingly low values of the lanthanide surface energy 
were identified as the driving force for the observed behaviour, primarily for the case of Ce, together with the 
interplay between the surface energies and other elemental properties for different surface orientations.  

A subsequent study [19] dealt with the problem of lanthanide migration to the fuel surface by identifying 
potential candidates for additions to the fuel (In, Ga, Tl) for immobilization of lanthanides, in a way to prevent the 
formation of a lanthanide-rich surface, which may strongly interact with the cladding. This line of work concluded 
with the analysis of other elements (Ga, Sb, Pd) [20] as possible lanthanide immobilizers, and Sb and Pd were 
determined to be the most effective additions, by properly balancing their ability to bind lanthanides in the fuel 
with their own segregating tendencies.  While Sb has lower surface energy than Pd, the BFS study of the 8-element 
system UZrSbZrLn (Ln = Ce, Pr, Nd, Pm, Sm) shows that precipitates survive to higher temperatures, thus 
maximizing the ability of Sb to trap Ln in the fuel bulk. Pd is nearly equally effective, but mostly due to its very 
high surface energy, which precludes Ln segregation to the outer layers of the fuel. The calculations helped identify 
a specific range for the ratio between the additive and the present Ln for maximizing the Ln immobilization effect 
(0.7 to 1.4), which constitutes a useful guideline for the inclusion of additives being that the fissioning of nuclear 
fuel continually adds to the amount of fission-product lanthanide inventory.    

The next step was to examine the interaction of UZr with FeNiCr cladding [21], identifying interesting 
features regarding the interaction of cladding elements and the UZr surface. The simple concepts of BFS strain 
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and chemical energy helped to explain the experimental observation of HT9 cladding with U-Zr and interdiffusion 
of Fe, Cr and Ni.  

In addition to the study of nuclear fuels, the BFS method was also applied to the novel and interesting case 
of high-entropy alloys (HEA), systems with a nearly equiatomic distribution of n elements (n > 5). Nearly all 
identified HEAs form homogeneous solid solutions and exhibit, as a consequence, very interesting properties, not 
seen in traditional binary- or ternary-based alloys. For the case of solid nuclear fuels, which may well be considered 
as HEAs due to the large number of elements, it is important to note that the self-healing properties of HEAs (local 
melting and recrystallization due to thermal spikes) makes them excellent candidates for some nuclear 
applications. Once again, the excessive number of elements that form HEAs precludes traditional theoretical or 
modelling methods from providing insight on their behaviour and properties but, once again, the simple 
formulation of the BFS method and its ability to equally deal with small or large number of elements constitutes 
an important tool for examining such systems. Several recent applications of BFS to HEAs [22-25] offer evidence 
that the methodology could be of help in understanding subtle effects in such complex systems, thus expanding 
the ability to model diverse nuclear fuels of increasing complexity.  

For past and future applications of BFS to the nuclear problem, an extensive database of BFS parameters is 
already available, including all lanthanides, actinides, and most fuel elements. The needed parameters includes 
single-element bulk properties (cohesive energy, lattice parameter, bulk modulus) and, for every possible pair of 
elements, their respective BFS perturbative parameters (ΔAB, ΔBA). Because these parameters are obtained from 
the single crystals and binary combinations, they are straightforwardly computed using ab initio methods. The 
current database includes U, Pu, Zr, In, Ga, Tl, Sb, Pd, Sn, Te, Be, Al, Mo, Bi, Fe, Ni, Cr, C, La, Ce, Pr, Nd, Pm, 
Sm, Th, Pa, Np, Am, and Cm, as well as their binary combinations. It should be noted that no additional input is 
needed for the study of multicomponent systems.  

 BFS method for alloys 

‶As it was mentioned, the BFS method is a quantum approximate method suitable for applications to 
multicomponent systems [18, 22]. The method is based on the notion that the energy of formation of a given atomic 
configuration (with unrestricted number and type of elements) can be defined as the superposition of the individual 
atomic contributions,H =   𝛥𝐻 = ∑ 𝜀 . Each individual contribution  𝜀 consists of a strain energy term, 𝜀  , 
which accounts for the change in geometry relative to a single monoatomic crystal of the reference atom i, and a 
chemical energy term, 𝜀  , where every neighbour of the reference atom i is in an equilibrium lattice site of a 
crystal of species i, but retaining their chemical identity. To completely separate the effect of changes in geometry 
(strain energy) from changes in chemical composition (chemical energy), a reference term, 𝜀  , is added in the 
calculation of the chemical energy, computed in the same way as 𝜀  , but where the neighbours of the reference 
atom have the same identity as the reference atom. A coupling function, 𝑔 , ensures the correct volume dependence 
of the chemical energy contribution (i.e. the chemical energy vanishes at large interatomic distances). The net 
contribution  𝜀 to the total energy of formation is then″ [25] 

 =  + g  - 𝜀 = 𝜀 + 𝑔 𝜀 − 𝜀  (1) 

 BFS in FeCrAl 

‶The parameters needed for the calculation of the different contributions are easily determined using the 
Linearized Augmented Plane Wave method [26]. The single element parameters (for Fe, Al, and Cr) are obtained 
from the zero temperature equation of state of the pure bcc solids, while the interaction parameters needed for the 
calculation of the chemical energy are obtained from the energy of formation as a function of volume curves for 
each and every one of the bcc-based binary combinations of all the elements. A full description of the steps needed 
to compute the different terms in Eq. 1 can be found in Ref. [27]. Finally, temperature effects are obtained from 
large scale Monte Carlo simulations, described in detail in Ref. [22]. Previous relevant applications of the BFS 
method to nuclear fuels can be found in Refs. [18, 21, 28]. BFS was used in order to obtain basic material 
parameters as the “linear thermal expansion coefficient”, specific heat, Bulk modulus and others (see Figs 2 – 4)″ 
[25] 

It was sketched the BFS method as a powerful tool in order to obtain the parameters of materials used in the 
new design of ATF and the Gen-IV initiative. We are incorporating the results in the BaCo code. 
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FIG. 2. Lattice parameter of FeCrAl calculated with BFS. 

A = -9×10-13 T3 + 6×10-9 T2 + 3×10-5 T + 2.786, A in Å. 

 
FIG. 3. Coefficient of linear thermal expansion of FeCrAl calculated with BFS. 

α = 8×10-10 T2 + 10-5 T - 0.0032, T in K. 

 
FIG.4. Bulk modulus of FeCrAl calculated with BFS. 
B = 0.1 T3 – 510-7 T2 + 910-5 T + 254.02, T in K. 

6. METHODOLOGY TO OBTAIN SAMPLES OF FeCrAL 

The objective is to obtain a FeCrAl alloy with similar characteristics as those sought for claddings in order 
to acquire experience and validate calculations. The corrosion resistance of these materials is related to their Cr 
and Al content. The chemical composition adopted was Fe-13 Cr-4.5 Al (wt. %). The process chart proposed by 
the research group at Oak Ridge [29] was used as a reference in the present study. It was developed for providing 
a guide for casting and selecting the appropriate thermo-mechanical treatments for the production of FeCrAl alloys 
without further alloying aggregates. They were melted starting from pure elements (Fe, Cr, Al) in an electric-arc 
furnace under Argon atmosphere. After rolling the samples and the preparation of the specimens we proceeds with 
stress-strain tests at room and 300°C, scanning electron micrographs of the fracture surfaces, dilatometry and 
chemical analyses. 
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FIG. 5. True stress vs. true strain curves for the three 
specimens taken from Button #1. 

FIG. 6. True stress vs. true strain curves at 300°C for two 
specimens taken from Button #1. 

 
FIG. 7. Fracture surface of Specimen #1 with 400 and 5000 zoom. 

Young modulus and UTS were acceptable in comparison with the commercial alloys (see Figures 5, 6, 7 and 
8). The fracture surfaces exhibit the typical features of a ductile fracture, after 5% strain in both samples (see 
Figures 7 and 8), the presence of DSA (Dynamic Strain Aging regime) [46]. The measured thermal expansion 
coefficient is α = (11.9 ± 0.5) × 10-6 1/K (see Figure 9). The result of the chemical analysis was: Fe: 83.25 wt.%, 
Cr: 13.56 wt.% and Al: 4.30 wt.%. The experimental values obtained will be useful to refine the calculations and 
to validate the ab initio results. 

  

FIG. 8. Fracture surface of Specimen #3 with 400 and 5000 zoom. 
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FIG. 9. Dilatometry of our FeCrAl alloy. 

7. M³ AND MATERIAL PROPERTIES FOR THE BACO CODE 

M³ provides BaCo with the required material parameters and theoretical support the experiments (see for 
example Figures 10 and 11). The parameters and their dependency with temperature are included in the BaCo code 
in order to get a preliminary assessment of the expected behaviour of nuclear fuel rods with ATF materials. The 
Figures 10 and 11 show the calculated values for SiC with QE and experimental measurements for the coefficient 
of linear expansion and the Young Modulus. The Figure 10 shows the BFS calculation for FeCrAl of the coefficient 
of linear expansion and the comparison with experimental values and our measurements for our first FeCrAl alloy 
under development in CAB-CNEA [30, 31]. Excellent agreements were found for those materials in particular in 
the temperature range of operation of the nuclear fuel. 

 
FIG. 10. Coefficient of thermal expansion as a function of temperature for materials currently under study for ATF including 
our calculation with BFS for FeCrAl and Quantum Espresso (“QA”) for SiC). 

 
FIG. 11. Young's module as a function of temperature including our calculation by M³. 
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The calculations are included in the BaCo code. The use of these theoretical correlations is emphasized due 
to the closure of the HRP and the lack of other irradiation facilities sufficient to cover the current needs of studies 
under irradiation conditions for ATF and Gen-IV initiatives. M³ synergistically provides a deep support for the 
development of nuclear materials as shown in the case of claddings using SiC or FeCrAl. The simple calculations 
suggest a good agreement with the current data. 

8. THE BaCo CODE 

BaCo is a code for simulating a cylindrical fuel rod's thermo-mechanical and fission gas behaviour under 
operating and storage conditions. The mechanical and thermal treatment descriptions as well as the pellet, cladding 
and constitutive equations are available in Ref. [32] and an expanded code definition is included in Ref. [33]. 
BaCo's modular construction is compatible with various material properties for all fuel rod components (such as 
SiC and FeCrAl for cladding and USi and UN for fuel as well as data is available). BaCo3D tools [34], full core 
calculations [35], statistical analysis [36] and post-processing visual information improve application quality and 
calculation analysis [33]. For each fuel design, new materials imply a whole new set of parameters and models. 
M³ ("Multiscale Modelling of Materials") is intended to provide analysis of these properties. We highlighted the 
function of the CRPs organized for the IAEA as D-COM [37], FUMEX, FUMEX I, FUMEX II [38–40], FUMAC 
and ACTOF in fostering international cooperation in the field of modelling nuclear fuel and establishing codes of 
fuel behaviour. 

 An ATF with alternate claddings (SiC, FeCrAl) 

Ref. [41] provides an evaluation of the behaviour of an ATF by using the BaCo code under operating, 
demanding and storage conditions where it was used some properties of SiC and FeCrAl calculated by the ab initio 
methods described in previous sections. The simulations were performed with a version of BaCo by using cladding 
material parameters from the open literature and some properties of SiC and FeCrAl calculated by the ab initio 
methods described in the previous sections. The Figures 8 and 11 of Ref. [41] shows PCI at the end of the 
irradiation. That is not a permissive condition and it could initiate a failure in the cladding. Instead, a cladding type 
SiC/SiC (inner solid pipe filled with fibres) could avoid this failure. 

 BaCo3D simulations 

Some of the various proposed new materials in the ATF literature are UN, UC, U3Si2, ThO2 and ThC. Figure 
12 describes the BaCo simulations of the radial pellet deformation profile for each material using equivalent 
irradiation conditions. The decrease/increase in ridges and radial displacements of the form of each pellet is clearly 
seen.  Figure 13 depicts the deformations of a solid pellet with a central hole like those of the WWER [42]. It can 
be seen that the hole's existence increases stress release and decreases PCI. 

 

 
FIG. 12. Radial deformations of several pellets with different nuclear fuel materials irradiated in equivalent conditions. 
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FIG. 13. Radial deformations of several pellets with different nuclear fuel materials irradiated in equivalent conditions with 
and without a central manufacturing hole. 

9. IAEA CRP ACTOF’S SECOND BLIND TEST CASE 

 Proposal 

The second proposal for a blind test comparison was prepared for Dr. G. Pastore [43]. The data used for the 
calculations are included in Ref. [43]. These second round of calculations were made in order to fix bugs, to 
improve the modelling, to assess the simulations and as a base for code comparison. 

The approach used for the fast flux is the linear heat rate multiplied by 3×1013 (n/m2s)/(W/m). For a LHR of 
25 kW/m, this yields a fast flux of 7.5×1017 n/m2s, or 7.5×1013 n/cm2s. 

Requirements of calculation for code comparison: 

 Hoop strain at cladding inner and outer surfaces (see Figure 14 and 15); 
 Hoop stress at cladding inner and outer surfaces (see Figure 16 and 17); 
 Fuel-cladding radial gap width (see Figure 18); 
 Oxide layer thickness (see Figure 22); 
 Fuel centreline temperature (see Figure 19); 
 Rod inner pressure (see Figure 20); 
 Fission gas release (see Figure 21).  

 Results with BaCo 

The BaCo code results are includes in a graphical environment in order to be compared with the other 
participants of the CRP. It was required only the calculations of FeCrAl and Zry claddings but with we are 
including our results for a solid SiC cladding. Figures 14 to 22 shows the curves required for the code comparison. 
The power history includes a shutdown at EOL (“End of Life”) and finally room temperature conditions. 

FIG. 14. BaCo calculation of the hoop strain at the inner 
cladding surface. 

FIG. 15. BaCo calculation of the hoop strain at the outer 
cladding surface. 
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FIG.16. BaCo calculation of the hoop stress at the inner 
cladding surface. 

FIG. 17. BaCo calculation of the hoop stress at the outer 
cladding surface. 

 

  
FIG. 18. BaCo calculation of the fuel-cladding gap width. FIG. 19. BaCo calculation of the pellet centre temperature. 

 

  

FIG. 20. BaCo calculation of the fuel rod inner gas 
pressure. 

FIG.21. BaCo calculation of the fission gas release. 

 

 
FIG. 22. Cladding oxide thickness. 
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 Complementary plots 

The following plots are included in order to clarify previous results: 

 Pellet radius (see Figure 23); 
 Gap, pellet and Zry inner cladding radius (see Figure 24); 
 Gap, pellet and FeCrAl inner cladding radius (see Figure 25). 

 

FIG. 23. Fuel pellet radius. 

FIG. 24. Evolution of the gap, pellet and inner Zry cladding 
radius using the as fabricated radius as reference. 

FIG. 25. Evolution of the gap, pellet and inner FeCrAl 
cladding radius using the as fabricated radius as reference. 

The present calculations made with BaCo are different of the previous presented at the 2nd RCM of the CRP 
ACTOF due to the enhancement of the models of SiC and FeCrAl. These ones are following the recommendations 
of the CRP ACTOF and our M³ modelling. The curves of the previous plots are satisfactory. Models and 
programming needs a more complete evaluation and discussions with the participant of the blind test. Weak points: 
creep of the FeCrAl and cladding thickness oxide of Zry. 

10. A NEUTRONIC APPROACH TO AN ATF PROPOSAL FOR PHWR 

 Neutronic calculation of an ATF with a FeCrAl cladding 

In order to understand and implement new cycle length and reactivity mitigation techniques based on the 
neutron balance in the systems, the development or enhancement of new materials for Accident Tolerant Fuels 
involves studying its neutronic behaviour.  

The design of the new materials for PWR and PHWR technologies will be evaluated. But for a CANDU 
reactor, only the full cost effect analysis in the Nuclear Fuel Cycle will be performed. The present study will 
therefore concentrate on CANDU fuel elements as Argentina has the license to produce and develop this 
technology. As a result, the availability of accurate data for this study will be a benefit; the neutronic measurement 
code to be used is DRAGON Code [44]. WIMS D4 was the library used to calculate burnup. A library containing 
64 energy groups and 167 isotopes, given by the code (and established by IAEA). 

The cladding materials studied were FeCrAl [29] and SiC [45], both alternatives being proposed to replace 
the current clad of Zry (zircaloy) currently used in the nuclear industry.  
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 FeCrAl as cladding from neutronic point of view 

The advantages of the FeCrAl are associated with the enormous experience in the steel industry, since it 
belongs to this family. But it has to be accounted that being part of the steels family it increases the absorptions of 
the system with a consequent need of increase of the enrichment above allowed levels to maintain the reactivity. 

 SiC as cladding material from a neutronic point of view 

SiC is a ceramic with all that implies. First it does not modify the absorptions of the system. But, as a ceramic 
material it has issues to be solved from the behavioural point of view of the fuel element since it is fragile and 
cannot stand PCMI (“Pellet Cladding Mechanical Interaction”). 

 Description of the work 

A unit cell and cluster calculations were performed to show the evolution and the dynamic of the reactivity 
in PWR (first) and CANDU fuel rods (in second place). Different enrichments were taken into account to 
compensate the reactivity loose due to the increase of absorptions in some cases and as a consequence, an extension 
of the fuel cycle was reached. These results will combined with the economic calculations, where the length of the 
cycle will depend strictly on the residence time of the fuel element in the reactor.   

 PWR fuel rod calculations 

10.5.1.  Calculation of Reactivity at a Unit Cell as a Function of Burnup for normal clad and FeCrAl alloy with 
UO2 

In three different cases, a cell analysis was performed with a simple discretization in order to evaluate the 
reactivity change due to a particular cladding product like FeCrAl. First, it was calculated kinf for a 4.2% 
enrichment UO2 and Zry-4 clad, then, for a FeCrAl clad with the same concentration of 235U and finally for the 
same FeCrAl fuel rod, but with 50% less thickness in the clad. The same thickness for the case of Zry-4 and FeCrAl 
alloy has much higher neutron absorption for FeCrAl. On the other direction, it should be taken into account that 
a steel's mechanical strength is generally much higher than the base alloys of zirconium, which is why a reduction 
of the cladding thickness to tolerable manufacturing values was suggested and how much absorptions decreased 
was examined in this way (see Figure 26). 

 

FIG. 26: kinf evolution for the unit cell vs burnup for different cladding materials and thickness. 

 
FIG. 27. Reactivity values for the same fuel rod with different enrichments. 
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It is possible to see that even reducing the thickness of the cladding in a half, it is not possible to reach the 
original values of kinf (and its consequent cycle length), fact that is base design for these new fuels. Therefore, the 
value of the enrichment necessary to obtain values of kinf similar to those with a Zry clad and a standard thickness 
was evaluated. 

It can be seen from Figure 27 that the enrichment necessary to be able to have a kinf able to sustain a reaction 
during a complete cycle or more with a fuel rod with FeCrAl is about 8%. This value exceeds the proliferation 
limits currently used, so it would not be feasible to put it into practice. On the other hand, an optimum between 
enrichment and thickness should be analysed, and a core analysis should be performed to evaluate these effects 
together with reactor leakage, although this would not improve current results. 

Another drawback of this analysis is that the extension of the cycle to more than 60 MWd/kgU should be 
accomplish with an analysis of the length of the batch to match them in order not to modify the original strategies 
of maintains off the grid. If we taking into account that these strategies are planned considering seasonal issues 
and are pre-defined by the utility should not be modified by an improvement on the fuel element (see Figure 28). 

 

 
FIG. 28. Reactivity evolution for the three different claddings in study with 4.5% 235U content. 

10.5.2. Calculation of Reactivity at a Unit Cell as a Function of Burnup for normal clad and SiC alloy with UO2 

There is no considerable change in reactivity with SiC compared with the base case of Zry-4. Considering this 
issue, SiC is proposed as a very interesting material from the point of view of neutronics and the reactivity loose 
in the reactor but taking into account the fabrications drawbacks and the lack of sufficient knowledge about its 
behaviour during operation PCMI it would not be one of Argentina’s choice for the short term development.  

 Improvements on PHWR reactors 

10.6.1.  FeCrAl on CANDU Reactors 

From the perspective of Argentina, it is important to evaluate these new materials in its reactor types. 
Argentina has three PHWR type rectors, two of them are Siemens design and one is a CANDU design. In that way 
a comparative analysis of the results with different enrichments were done to a typical CANDU FE in a pressure 
tube as part of the first analysis taking into account that Embalse (the CANDU type reactor), is on rebumping 
stage. So any improvement on the fuel element should be done at this stage for the next operational period.  

For a first approximation to a PHWR fuel assembly, we have performed a simulation of a CANDU fuel 
element in a pressure tube replacing the cladding by a FeCrAl alloy. In Figures 29 and 30 is shown the 
multiplication factor plot for Unat with Zry-4 combination of the original design and the comparison with the 
replacement of the original cladding with FeCrAl alloy. 
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FIG. 29. Original CANDU Cell Kinf. FIG. 30. Kinf for a CANDU FE with FeCrAl alloy as 

cladding and natural uranium. 

It can be seen that with the only introduction of the improvements on the cladding, the reactivity of the FE 
will not be enough to maintain the reaction. In order to overcome the increase of absorptions in the system we 
decided to perform a sensitivity analysis to estimate the minimum enrichment to supplement the loose of reactivity. 

From Figure 31, it can be seen that the minimum enrichment to obtain, at least, the same burnup as a CANDU 
FE is 1.3%. From the point of view of an extension of the cycle, with 3.3% enrichment, the cycle could be extended 
to almost 17000 MWd/tU. Taking into account the average power density, this burnup reflects an increase of 500 
days of the FE in the reactor (Figure 32).  

The possibility of varying the thickness of the cladding was considered and the extension of the cycle was 
calculated for the different cases. In the first place, it was proposed to use the "optimal" enrichment from the 
situation of original thickness and extraction burnup equal to the original cycle (enr = 1.3%). In this way, it was 
the gain in days of the cycle and its respective economic savings. 

The results obtained for this proposal, that is, with fixed enrichment in 1.3% and varying the thickness can 
be seen in Fig. 33. 

  
FIG. 31. Kinf with an enrichment of 1.3% with FeCrAl clad. FIG. 32. Kinf with an enrichment of 3.3% FeCrAl clad. 
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FIG. 33. Evolution of the multiplication factor for different thickness of FeCrAl cladding. 

As expected, for the smallest thickness of the clad, the longest duration of the cycle was found with almost 
600 days of irradiation. This is to be expected by two effects that are added as the decrease of the absorptions in 
the material of the cladding and the increase of the fissile material as compensation of the space generated in the 
fuel. But this decrease of the thickness is not feasible considering the original thickness of a CANDU fuel element. 
In order to compare the results of the different enrichments analysed for the FeCrAl alloy with a commercial  
316 Stainless Steel, the same procedure was performed and similar results were found as Figure 34 shows. 

 

FIG. 34. Evolution of the multiplication factor for different enrichments with Stainless Steel as cladding. 

10.6.2.  SiC on CANDU reactors 

As was expected there is no major change on reactivity, actually, there is a small increase in reactivity due 
to lower absorptions in the system (see Figure 35). 

A CANDU fuel is not compatible with the use of a SiC cladding. The advantage of the good neutronic 
behaviour is not enough to validate a SiC cladding for a CANDU fuel. A CANDU cladding is a collapsible one. 
Pellet and cladding of the fuel rod are in contact during the entire irradiation as it was defined by the CANDU 
designers. The thickness of the Zry-4 cladding of the CANDU is the smallest one used in the entire nuclear fuel 
designs. The CANDU fuel rod is designed in order to works under compression stresses. Nevertheless, during 
operation, we find stress reversal and PCI-SCC. That behaviour is not acceptable for a solid SiC cladding or for a 
modern SiC cladding with three layers (solid/fibbers/solid). 
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FIG. 35. Comparison of the multiplication factor for SiC and Zry-4 claddings. 

 Further developments regarding neutronic implications on ATF’s cladding materials 

This first calculation stays the first step on the neutronic behaviour of these materials in PWR and CANDU 
systems.  

It is important to stand that further calculations regarding reactivity coefficients and core calculations need 
to be done.  

One of the main remaining questions is if the power reactivity coefficient in CANDU can change its sign. 

 Economic implications of FeCrAl on CANDU FE 

From an economic point of view, these changes imply an increase in the FE’s costs, but as a result of a 
balance of the benefits and its cons, if more energy is delivered, a longer amortization term can be used depending 
on the life of the FE in the reactor core.  

10.8.1. Description of the work 

For the present analysis a study from the grave to crave was performed in two situations. First we presented 
the case of natural uranium for a typical CANDU fuel element to evaluate the Argentinean cost per kg of assembly. 
Then we present a comparison of the fuel cost with a FeCrAl alloy and the minimum enrichment calculated before 
to obtain the same cycle length. In Table 1 is show the costs that Argentina has now a days to face during the life 
cycle of the uranium. The prices only take into account until the dry storage because no decision was taken of what 
to do with the wastes yet. Taking into account these prices, the losses during the different process and the lead or 
lag times involved, the final price per kilogram of the fuel element for the whole cycle is 198.45 USD/kgU. 

TABLE 1. COSTS OF THE DIFFERENT STEPS OF THE FUEL CYCLE FOR TYPICAL CANDU  
ZRY-4 – Unat 

Unit cost 

Monetary 
units per lb 
U3O8 

Conversion to 
UO2 (wet 

way) 
Monetary 
units per 

kg(U) 

Conversion to 
UF6           

Monetary units 
per kg(U) 

Enrichment 
price per SWU 

Fabrication          
Monetary units 

per kg(U) 

Transport           
Monetary 
units per 

kg(U) 

Dry Storage 
Monetary Units 
per kg(U) per 

year 

25 40 7 45 130 5 20 
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10.8.2. Estimation of the cost of the FeCrAl Alloy in a CANDU Fuel Cycle 

Between both cycles there are some differences. First of all, there exists an extra step to enrich the uranium 
to some level depending on the requirements of the cycle. In this case, we are going to calculate the value to 1.3% 
to understand the cost structure in order to maintain the same average residence time in the reactor. 

Second, the conversion method to UF6 before enrichment is via dry way is a complete different process with 
different cost as can be seen in Table 1. 

As a consequence of changing the cladding material for the fuel element, the fabrication process will be 
different and in the next section we are going to analyse deeper the structure of the costs.  

10.8.3. Brief analysis of the costs for the fabrication process.  

The fabrication process costs could be divided into three different components.  

 The cost of the pellets (fabrication, sintering, pressing); 
 The cost of the cladding materials; 
 The cost of manufacture (workers’ salaries, time of machines used, etc.). 

The distribution of the costs is 20%, 50% and 30% respectively. The fuel pellets won’t change the cost taking 
into account that the fabrication process won’t change. But the materials and fabrication process will change its 
costs. Table 2 show the unit prices of the Zry-4 and FeCrAl that are available commercially at a reasonable market 
prizes found about 2018. 

TABLE 2. COMMERCIAL PRICE OF ZRY-4 AND FeCrAl 
TUBES 

Zry-4 [USD/tube] FeCrAl [USD/tube] 

100 45 

These prices led to a relation of 2.2 to 1 as relative prices. Using this relation and the information that a 
CANDU FE cost 65 USD/kg of materials we extrapolate linearly the cost of materials and manufacture of a FeCrAl 
FE for CANDU. The final cost is 78.26 USD/kgU. With this value of fabrication cost, the average cost of the fuel 
cycle per kgU was calculated in 200 USD/kgU. This value is little over the Zry-4 cladding. This value is estimated, 
considering that there is no accurate value of the production of the FeCrAl of nuclear grade at industry scale. 

 Some remarks about a CANDU ATF factibility  

It is possible for a CANDU reactor in a first longer LEU cycle with the benefits of making it more efficient 
and then begins thinking about changing its cladding material to fully change its fuel cycle by implementing the 
enrichment technology but with new safety requirements.  

Furthermore, needs to be done to understand the neutronic of an enriched CANDU from the safety point of 
view, taking into account the size of the core. All the reactivity coefficients must be improved but all the 
calculations need to be done with a core model. 

A CANDU fuel element is feasible with enrichment between 1 and 1.3%. 
The average cost per kilogram of a CANDU cycle with FeCrAl is very close to the original cost and if the 

cycle is extended to longer periods with a more resistant cladding, the incomes of the utility must increase leading 
to a more profitable FE for the technology. 

All the economic calculations were done considering a CANDU power plant already installed, so no 
amortizations cost were taken into account. 

We had shown that a SiC cladding is not compatible with the original CANDU fuel design. It is plausible a 
FeCrAl cladding for a CANDU if we accept the U enrichment. In that case we are losing one of the goals of the 
CANDU technology: the use of natural Uranium. A more compressive analysis must be done by taking into 
account the possible changes in the reactor design not only in the fuels. 
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11. CONCLUSIONS 

By taking into account the expected outputs presented during the 2nd RCM of the CRP ACTOF, the following 
results were arising: 

 A new version of the BaCo and BaCo3D codes including cylindrical rods options with new fuel and clad 
materials used, proposed and/or promising for ATF at least with an illustrative comparison purpose. 
We expect an improvement of the modelling after the 3rd RCM of the CRP ACTOF. The curves of the 
previous plots are satisfactory. Models and programming need a more complete evaluation; 

 Material parameters and correlations for the materials of ATF under an ab initio and M³ theoretical support. 
Thermal conductivity (k), specific heat (Cp), thermal expansion (Δl/l), elastic constants, density (ρ), Young’s 
modulus (E), Poisson’s ratio (ν), net parameters, etc. can be theoretically obtained. The material studies at 
this stage were SiC and FeCrAl for claddings at they were integrated into the BaCo code. Material parameters 
of UN, UC, U3Si2, ThO2 and ThC where included in BaCo3D in order to obtain a more realistic 3D 
stress-strain approach. ThC and fcc Th were studied with this approach; 

 The BFS method appears as an excellent tool for applications in nuclear materials; 
 The BaCo and BaCo3D new features must be most deeply assessed (see below the “Recommendations”); 
 It was concluded the first step of the development of a FeCrAl-based alloy for claddings. The experimental 

values obtained will be useful to refine the calculations and to validate the ab initio results; 
 It is important to further the development taking into account the long experience of the industry with steel-

based alloys, moreover considering the good behaviour of this type of claddings; 
 The results obtained are close to the values of bibliography, in particular considering the results obtained at 

room temperature. The results at 300ºC are less consistent considering that the equipment was prepared to 
handle bigger samples and some adaptation had to be done. In spite of the non-standardized experiments, the 
results were satisfactory for the first step of the development; 

 We can reasonably estimate that a first longer cycle of LEU for a CANDU reactor with the benefits of making 
it more profitable and then start thinking in changing its cladding material to modify completely its fuel cycle 
introducing the enrichment technology but with new safety standards. All the reactivity coefficients must be 
improved but all the calculations need to be done with a core model. A CANDU fuel element could be 
feasible between 1 and 1.3% enrichment; 

 We can reasonably estimate that the average cost per kilogram of a CANDU cycle with FeCrAl is very close 
to the original cost and if the cycle is extended to longer periods with a more resistant cladding, the incomes 
of the utility must increase leading to a more profitable FE for the technology; 

 The ATF initiative was included in the regular courses of degree of Nuclear Engineering at the Balseiro 
Institute, Argentina and post degrees courses. 

12. RECOMMENDATIONS 

 A “MATPRO” for ATF and Gen-IV fuel materials; 
 It is emphasized that there are not enough data of irradiations and the HRP was closed; 
 Encourage the IAEA to coordinate ASAP a CRP for ATF simulations following the guidelines of the 

previous CRP FUMEX I, II and III, and the blind test included in CRP ACTOF. This CRP must be focused 
in the normal and extreme conditions of operation of the ATFs because at present it is an unknown; 

 Analyse the plausibility of a CRP about M³ (“Multiscale Modelling of Materials”) for ATF and Gen IV 
materials; 

 An “open” IFPE for ATFs. 
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Abstract  

In the framework of the Coordinated Research Project (CRP) concerning to Accident Tolerant Fuels (ACTOF) from the 
International Atomic Energy Agency (IAEA), USP/IPEN work-plan addressed the neutronic and fuel performance evaluation 
of iron-based alloys to replace zirconium-based alloys in PWR under steady-state irradiation and LOCA scenario. The neutronic 
assessment considered different kinds of iron-based alloys and showed the well-known penalties due to neutron absorption, 
specifically due to presence of Fe, Cr, and Ni in the studied iron-based alloys. The neutronic evaluation considered also some 
approaches which can be applied to overcome such penalty at beginning of cycle: increase of uranium enrichment level; change 
in the moderation ratio (water channel); reduction of the cladding thickness; increase of fuel pellet diameter; and the 
combination of these parameters. The fuel performance evaluation was carried out using modified versions of the well-known 
fuel performance codes FRAPCON and FRAPTRAN modified in order to introduce the properties of stainless steel 348 as 
cladding material. The obtained results under steady state irradiation and LOCA scenario were compared to those of the original 
code versions for Zircaloy-4 using a data base available in the open literature. A proposed benchmark in the framework of the 
ACTOF program was also used to compare the fuel performance of stainless steel 348, FeCrAl and  
Zircaloy-4 under the same fuel rod design and power history. Such parameters as fuel centerline temperature, gap thickness, 
and fission gas release were evaluated and compared. The results showed that the higher thermal expansion experienced by 
iron-base alloys under irradiation compared to zirconium-based alloys plays an important role in the global fuel performance. 

1. INTRODUCTION 

After the Fukushima Daiichi accident [1], the international nuclear community has employed efforts in order 
to develop accident tolerant fuels (ATF), which are fuels that present enhanced accident tolerance in comparison 
with the standard UO2/zircaloy system applied in the nuclear industry [2]. The aim is to develop fuels which could 
keep their integrity in the reactor core for a considerably longer period of time (depending on the reactor system 
and accident scenario), improving the fuel performance during normal operation, operational transients, as well as 
design-basis and beyond design-basis events [3]. 

In the framework of the Coordinated Research Project (CRP) concerning to Accident Tolerant Fuels 
(ACTOF) from the International Atomic Energy Agency (IAEA), different materials have been studied to replace 
the conventional zirconium-based alloys as cladding material. The work-plan proposed by USP/IPEN in the 
ACTOF addressed the neutronic and fuel performance evaluation of iron-based alloys to replace zirconium-based 
alloys in PWR under steady-state irradiation and accident scenario. 

As part of the ACTOF a benchmark comparison [4] was proposed in order to assess the performance of 
FeCrAl cladding using different computational codes. In addition to the FeCrAl, other materials such as stainless 
steel 348, and silicon carbide composite also have been studied in order to replace zirconium-based alloys as 
cladding. Complementary to this, AISI 348 samples (rectangular shape and tube) were provided in order to take 
part in the Round Robin Test performed in the framework of ACTOF. 

2. METHODOLOGY 

Initially, it was performed a neutronic assessment of iron-based alloys to be applied as cladding in ATF.  
Analysis of the reactivity (loss versus gain) for different iron-based alloys (stainless steel (AISI) 304, AISI 348, 
and FeCrAl) as well as Zircaloy-4 was carried out using the codes SCALE 6 and MCNP. 
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Concerning to the fuel performance analysis, the first step to perform the simulation for iron-based alloys 
(FeCrAl alloy and AISI 348) consisted in the implementation of these material properties in the source codes 
(FRAPCON and FRATRAN); then the modified codes were properly compiled, and the simulations were carried 
out using the new versions for iron-based alloys (FeCrAl and AISI 348) and the original code version for 
zirconium-based alloy. 

 Stainless steel 348 

For nuclear applications, the stainless steels that present better intergranular corrosion resistant, such as AISI 
321, 347, and 348 are more suitable. AISI 348, specifically, presents in its composition the following elements (in 
percent by weight): (Fe-balance, C-0.08%, Mn-2.00%, Si-1%, Cr-17 to 19%, Ni-9 to 13%, P-0.045%, S-0.03%, 
Cu-0.2%, Nb-0.7%, Ta-0.1%, Co-0.2%). The low carbon content associated with the addition of tantalum and 
niobium prevent corrosion and intergranular precipitation of metallic carbide, M26C6 type, in the region of grain 
boundaries, avoiding depletion of chromium. 

Compared to Zircaloy-4, AISI 348 displays a higher thermal conductivity. Also, its thermal expansion 
coefficient is approximately three times higher than that of Zircaloy-4. Due to this, fuel rods manufactured using 
stainless steel as cladding maintain a wider pellet-cladding gap during all the irradiation time. For stainless steel 
fuel rods, under the same irradiation conditions that Zircaloy-4, only irradiation creep is significant. AISI 348 has 
no anisotropic growth but is susceptible to void swelling. Concerning to the mechanical properties, AISI 348 
presents higher elastic modulus compared to Zircaloy-4, as a consequence of this, the cladding deformations are 
significantly smaller compared to Zircaloy-4 cladding, and this is particularly important during the occurrence of 
PCMI [5, 6]. 

3. FUEL PERFORMANCE CODES 

 FRAPCON 

The FRAPCON code [7] is applied to evaluate the fuel performance at steady-state irradiation of 
conventional PWR fuel rods (UO2 as fuel and zirconium-based alloy as cladding). Consequently, to evaluate the 
behavior of different materials as fuel or cladding, it is necessary to modify the source code subroutines associated 
with the material properties related to those materials. In this work, the FRAPCON code subroutines related to the 
cladding material were modified to allow evaluation of the performance of the fuel rod using FeCrAl alloy and 
AISI 348 as cladding materials. 

The following subroutines were modified in the FRAPCON code for AISI 348 and FeCrAl alloy: CELMOD, 
CORROS, CREEPR, CSHEAR, CTHCON, and CTHEXP. The properties of the AISI 348 and FeCrAl alloy 
implemented in FRAPCON source code were obtained in [8, 9] and [4], respectively and are described in 
Table 1.  
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TABLE 1. SUBROUTINES MODIFIED IN THE FRAPCON-3.4 CODE FOR FeCrAl  

FRAPCON 

Subroutine 

Description Modifications implemented for FeCrAl alloy 

CELMOD Calculates cladding Young’s modulus as a 

function of temperature, neutron fluence, 

oxygen concentration, and material 

embrittlement. 

t = ctemp-273.15 

celmod=((-5.46E-5*t**2–3.85E-2*t+ 1.99E+2)*1.0e+09) 

CORROS Calculates cladding waterside corrosion as a 

function of temperature, heat flux, neutron flux, 

clad thermal conductivity. 

W = 3.96E-05*sqrt(dt*24) 

zro2bi=W/1440 

CREEPR Calculates the cladding creep as a function of 

effective stress, cladding temperature, and 

neutron flux. 

Thermal creep: 

if(tcak.le.873) then 

edottherm=((2.89E-36*(sag*1.0E+06)**5.5*exp(-

29709/tcak))*3600) 

else if (tcak.gt.873) then 

edottherm=((5.96E-27*(sag*1.0E+06)**5.5*exp(-

47136/tcak))*3600) 

end if 

Irradiation creep: 

edotirr = ((4.5E-31*sag*phi)*3600) 

CSHEAR Calculates shear modulus of cladding as a 

function of temperature. 

Shear modulus was calculated as a function of Young’s 

modulus(y) and Poisson’s ratio (p): 

t = ctemp - 273.15 

p = 3.85E-05*t+2.68E-01 

y=((-5.46E-5*t**2-3.85E-2*t+1.99E2)*1.0E+09) 

cshear = y/(2*(p+1)) 

CTHCON Calculates the cladding thermal conductivity as 

a function of temperature. 

ccon= 1.7E-02*ctemp + 5.3 

CTHEXP Calculates the cladding axial and diametral 

thermal expansion. 

 

cathex = -1.3498236348149E-02+5.8169739355974e-

05*ctemp 

&-7.6355855291132e-08*ctemp**2+5.4558905530500E-

11*ctemp**3 

& -1.3315956558063E-14*ctemp**4 

cdthex = -1.3498236348149E-02+5.8169739355974E-

05*ctemp 

& -7.6355855291132E-08*ctemp**2+5.4558905530500E-

11*ctemp**3 

& -1.3315956558063E-14*ctemp**4 
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 FRAPTRAN 

The FRAPTRAN code [10] simulates the performance of the fuel rod under transient and accident conditions, 
and also considers only zirconium-based alloys as cladding in its material data library. 

The FRAPTRAN original version was modified in order to introduce the properties of AISI 348 as cladding 
material. In this sense, it was necessary to study the criteria adopted in the code to evaluate the cladding rupture 
under accident scenario.  

The cladding in the FRAPTRAN code is considered as a thin-walled structure with uniform temperature 
across the wall thickness. Depending on the stress state of the cladding, the deformations are either calculated by 
a global model or a combination of global/local cladding models [10]. The cladding in the global model is 
axisymmetric and considers the deformation of the entire cladding tube, whereas the local model accounts for local 
non-axisymmetric deformations at a certain axial elevation (segment). The local modelling in FRAPTRAN is 
applied when large cladding deformations and strains are predicted, as for instance to capture the non-
axisymmetric deformation behavior (ballooning) that occurs during LOCA. The cladding ballooning model 
consists of thin-shell membrane elements. 

The sum of clad permanent (plastic) deformation, i.e. time-independent plus time dependent (creep) 
deformation in FRAPTRAN, is calculated by a Norton law stress-strain relationship. The plastic deformation 
calculated in the ballooning model accounts for cladding anisotropic properties by using the theory of Hill [11], 
but not the axisymmetric cladding model. The thermal annealing effect of the clad mechanical properties is 
considered in the clad deformation models. The thermal annealing effect refers to the gradual reduction of cold 
work and effective neutron fluence (>1 MeV) at high cladding temperatures and is determined by using the 
MATPRO correlations [12]. 

In the FRAPTRAN code, the equations applied to calculate strain and stress in FRACAS-I are given as: 

Elastic phase: Hooke´s Law: 𝜎 =  𝜀𝐸. 

Plastic phase: power law, which is given by: 

σ = 𝐾ε
̇

  (1) 

where: 

𝜎  is true ultimate strength (MPa); 
𝜀 is true strain (unitless); 
𝐾 is strength coefficient (MPa); 
𝑛 is strain-hardening coefficient (unitless); 
𝑚 is strain rate exponent (unitless);  
𝜀 ̇ is strain rate. 

After the cladding deformation has been calculated by FRACAS-I, a check is made to determine whether or 
not the cladding ballooning model should be used. The check consists of comparing the cladding effective plastic 
strain, which is part of the calculated deformation, with the cladding instability strain given by MATPRO [12]. If 
the cladding effective plastic strain is greater than the cladding instability strain, the ballooning model, BALON2, 
is used to calculate the localized, non-uniform straining of the cladding. 

The BALON2 model predicts failure in the ballooning node when the cladding true hoop stress exceeds an 
empirical limit that is a function of temperature, and for zircaloy, is given by [10]: 

εfail = 1.587979 × 10−9T4 − 6.692798 × 10−6T3               

+1.053049 × 10−2T2 − 7.33105. T + 1906.22                       
T ≤  940 K

 

 
εfail = −1.67939 × 10−8T3 + 6.23050 × 10−5T2

−7.360497 × 10−2T + 28.1199                                  
                940 K <  T ≤  1200 K

   

εfail = 0.544589                                                                                1200 <  T ≤  1700 K

 (2) 
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Considering the methodology applied by FRAPTRAN code to determine the zircaloy cladding failure under 
accident scenarios, the adaptation of this code to evaluate the performance of new cladding materials, such as AISI 
348 and FeCrAl alloy, requires the values of the coefficients 𝑘, 𝑚 and 𝑛 as function of temperature and irradiation, 
as well as empiric values of true hoop stress at burst as function of temperature. In this sense, a preliminary version 
of FRAPTRAN code for AISI 348 was obtained using data available in the literature for the coefficients 𝑘, 𝑚 and 
𝑛 and hoop stress at burst. 

4. RESULTS AND DISCUSSION 

 Neutronic assessment of iron-based alloys [13] 

Table 2 presents the composition (wt%) of the cladding alloys considered in the neutronic assessment. 

TABLE 2. CLADDING MATERIALS COMPOSITION. 

Element 
(wt%) 

Cladding Material 

Zircaloy-4 AISI 304 AISI 348 APMT Fe20Cr Fe20Cr20Ni 

Zr 98.256 — — 0.10 — — 

Fe 0.22 71.446 60.646 69.491 80.285 57.916 

Ni — 8.27 11 0.12 — 19.9 

Cr 0.11 18.8 17.7 21.6 19.7 20.2 

Al — 0.01 4.9 4.9 — 0.03 

Mo — 0.27 2.8 2.8 — — 

Sn 1.27 — — — — — 

Si 0.01 0.42 0.39 0.53 0.01 0.22 

C 0.016 0.028 0.04 0.03 0.002 0.001 

S — — — — — — 

Hf — — — 0.16 — — 

Y — — — 0.12 — — 

O 0.118 0.006 — 0.049 0.003 0.003 

Mn — 0.73 1.7 0.1 — 1.61 

Nb-93 — — 0.8 — — — 

Ta-181 — — 0.004 — — — 

Co-59 — — 0.02 — — — 

La-139 — — — — — 0.12 

The results obtained in the neutronic assessment presented in Table 3 show the well-known penalties due to 
neutron absorption, specifically due to presence of Fe, Cr, and Ni. The ferritic alloy APMT and AISI 304 present 
almost the same penalty. The contribution of Ni is quite evident comparing Fe20Cr and Fe20Cr20Ni penalties. AISI 
304 and AISI 348 show almost the same penalty.  
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TABLE 3. REACTIVITY PENALTIES FOR DIFFERENT 
CLADDING MATERIALS 

Alloy Kinf*  - Penalty (pcm) 

Zircaloy 1.36204 — 

Fe20Cr20Ni 1.22576 13.628 

AISI 348 1.23651 12.553 

AISI 304 1.24078 12.126 

APMT 1.24134 12.070 

Fe20Cr 1.25147 11.057 

* Standard deviation is ± 0.00004. 

To overcome such penalty at beginning of cycle, different approaches can be envisaged: increase of uranium 
enrichment level as presented in Table 4; change in the moderation ratio (water channel); reduction of the cladding 
thickness; increase of fuel pellet diameter; and the combination of these parameters. 

TABLE 4. INCREASE OF ENRICHMENT LEVEL TO 
OVERCOME NEUTRONIC PENALTY 

Alloy Increase of Uranium Enrichment Level* 

Fe20Cr20Ni 8.5 % 

AISI 348 8.0 % 

AISI 304 8.0 % 

APMT 8.0 % 

Fe20Cr 7.5 % 

*Reference value (zircaloy cladding): 4.2% 

The reduction of the cladding thickness is another possible approach, then it was considered the reduction of 
20% from nominal value in the internal dimension (fuel cladding inner diameter) to preserve same moderation 
ratio; otherwise the system could be affected due to changes in two parameters: cladding thickness and moderation 
ratio. 

The results presented in Table 5 related to the evaluation of the cladding thickness reduction also can 
contribute in terms of reactivity gain. As iron-based alloys present better mechanical properties compared to 
zirconium-based alloys, the thickness reduction could not affect the cladding mechanical performance. 

TABLE 5. REDUCTION OF THE CLADDING THICKNESS. 

Alloy Reactivity* Reactivity (reference)+ Reduction of penalty (pcms) 

Fe20Cr20Ni 1.25173 1.22576 2.597 

AISI 348 1.26081 1.23651 2.430 

 AISI 304 1.26444 1.24078 2.366 

APMT 1.26494 1.24134 2.360 

Fe20Cr 1.27339 1.25147 2.192 

*Standard deviation is ± 0.00004 
+Reference is a standard cladding thickness (0.05715 cm) 
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The results presented in Table 5 related to the evaluation of the cladding thickness reduction show that this 
parameter can contribute in terms of reactivity gain. As iron-based alloys present better mechanical properties 
compared to zirconium-based alloys, the thickness reduction could not affect the cladding mechanical 
performance. 

The final investigation was performed considering the increase of the fuel pellet diameter associated to the 
reduction of the cladding thickness preserving the original gap.  Then, the new fuel pellet radius increased about 
3% compared to original radius, and this represents an overall increase of about 6% in the fuel mass. 

TABLE 6. COMBINATION OF INCREASING THE FUEL PELLET DIAMETER AND REDUCING THE 
CLADDING THICKNESS. 

Alloy Reactivity* Reactivity (reference)+ Reduction of penalty (pcms) 

Fe20Cr20Ni 1.24895 1.22576 2.319 

AISI 348 1.25730 1.23651 2.079 

AISI 304 1.26098 1.24078 2.020 

APMT 1.26109 1.24134 1.975 

Fe20Cr 1.26950 1.25147 1.803 

*Standard deviation is ± 0.00004 
+Reference is a nominal cladding thickness (0.05715 cm) 

The results obtained considering the combination of parameters presented in Table 6 show a gain of reactivity 
is approximately 2.000 pcms at beginning of life. 

Based on the results obtained in the neutronic assessment of iron-based alloys and in the previous available 
data related to the use of stainless steel from series 300 in the first PWR [14], the material chosen to be studied as 
possible cladding candidate in the framework of ATF research was the stainless steel 348 (AISI 348).  

 Evaluation of AISI 348 fuel performance under steady state irradiation and LOCA 

The evaluation of the fuel performance under steady-state irradiation including high burnup was carried out 
using the modified version for AISI 348 (IPEN-CNEN/SS) and the original code version for Zircaloy-4. In the 
framework of the ACTOF program, the results for both materials were compared using as input the data available 
in the open literature related to the experiment IFA-650.5 performed in the Halden reactor to study the behavior 
of UO2/zircaloy fuel rod under LOCA scenario. The IFA-650.5 test fuel rod was re-fabricated from an irradiated 
PWR UO2/Zircaloy-4 fuel rod. The fuel had a high average burnup of 83 MWd/kgU [15].  

The results obtained in the evaluation of the fuel behavior for the IFA-650.5 fuel rod during the steady state 
irradiation phase using FRAPCON and IPEN-CNEN/SS for Zircaloy-4 and AISI 348, respectively are presented 
in Table 7 [16]. 

TABLE 7. IFA-650.5 SIMULATION RESULTS OBTAINED FROM FRAPCON CODE (ZIRCALOY-4) 
AND IPEN-CNEN/SS CODE (AISI 348). 

Parameter 
Zircaloy-4 
cladding 

AISI 348 
cladding 

Cycle of burnup (days)  2064 2064 

Burnup (MWd/kgU)  83.47 83.47 

ZrO2 thickness layer (μm) 73.9 — 

Hydrogen uptake (ppm) 488 — 

Fission gas cumulative fraction release (%) 8.62 8.42 

Maximum fuel rod internal pressure (MPa)  5.03 5.09 

Maximum fuel centerline temperature (°C) 1547 1528 

Maximum strain increment (elastic and plastic) (%) 0.074 0.048 
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FIG. 1. Gap thickness evolution as function of time for IFA-650.5 test fuel rod considering Zircaloy-4, and AISI 348 as cladding. 

 
FIG. 2. Internal pressure evolution as function of time for IFA-650.5 test fuel rod considering Zircaloy-4, and AISI 348 as 
cladding. 
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FIG. 3. Fuel centerline temperature evolution as function of time for IFA-650.5 test fuel rod considering Zircaloy-4, and AISI 
348 as cladding. 

 

FIG. 4. Cladding hoop stress evolution as function of time for IFA-650.5 test fuel rod considering Zircaloy-4, and AISI 348 as 
cladding. 

The preliminary results obtained for steady state irradiation are consistent between two versions of the code 
and no significant difference was observed due to the change of the cladding material. 

FRAPTRAN code changes were initially based on mechanical properties related to the cladding behavior 
under LOCA (plastic deformation). In this sense, the CKMN subroutine has been modified to introduce the 
parameters k and n available for AISI 316L. The parameter m has been kept identical to that of the original code 
for Zircaloy-4. The CMLIMT subroutine has also been modified to include the true hoop stress at burst as function 
of temperature obtained from literature [17] for AISI 304. The modified code version for AISI 348 has been 
identified as IPEN-CNEN-SS/TRAN [16, 18, 19, 20]. 
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TABLE 8. IFA-650.5 EXPERIMENTAL AND SIMULATED (FRAPCON/FRAPTRAN) LOCA DATA FOR 
ZIRCALOY-4 CLADDING. 

Parameter Zircaloy-4 Experimental data 
Zircaloy-4 

Simulated data 

Time to rupture after start of blowdown (s)  178 189 

Axial location of rupture (mm) 70-80 187 

Rod pressure at rupture (MPa) 7.2 7.8 

Cladding temperature at rupture (oC) 750 795 

Outer surface oxide layer (µm) 11 7.6 

The cladding rupture time obtained from simulation was 189 seconds after starting the blowdown; this value 
is almost 10 s after that registered in the experimental data. The difference is consistent with the values available 
in the literature related to simulations performed to replicate the IFA-650.5 LOCA test using different fuel 
performance codes. The data for time to rupture obtained by simulation are between 157 and 198 s. 

 

FIG. 5. Internal pressure evolution as function of time for IFA-650.5 test fuel rod during LOCA considering Zircaloy-4, and 
AISI 348 as cladding. 

Preliminary results obtained with the code IPEN/CNEN-SS/TRAN show that, also for AISI 348, it is 
observed the increase of the internal pressure after blowdown, but that the combination of hoop stress and 
temperature is not enough to achieve the burst condition. This behavior is consistent with burst experimental data 
from AISI 304 related to the evaluation of the burst behavior of iron-based alloys under LOCA conditions [17]. 

Additionally, complementary simulations were carried out in order to address the combined effects of AISI 
348 as cladding and UO2 pellet containing 10 wt% of BeO as additive [21, 22]. In this way, the thermal 
conductivity of the fuel pellet was modified in the FRAPCON code. The comparison of the fuel performance under 
steady-state irradiation of the reference UO2/Zircaloy-4 system and the proposed UO2-BeO/AISI 348 system was 
carried out. 

The subroutines related to thermal properties of the fuel pellet in the IPEN-CNEN/SS code were properly 
modified using the Halden correlation for the UO2 pellet containing 10 wt% of BeO. The subroutine FTHCON in 
the IPEN/CNEN-SS/TRAN code was modified introducing the Halden correlation for the UO2 pellet containing 
10 wt% of BeO.  
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FIG. 6. Gap thickness evolution as function of time for IFA-650.5 test fuel rod considering Zr-4/UO2 fuel system, and  
AISI 348/UO2-BeO fuel system. 

 

FIG. 7. Internal pressure evolution as function of time for IFA-650.5 test fuel rod considering Zr-4/UO2 fuel system, and  
AISI 348/UO2-BeO fuel system. 
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FIG. 8. Fuel centerline temperature evolution as function of time for IFA-650.5 test fuel rod considering Zr-4/UO2 fuel system, 
and AISI 348/UO2-BeO fuel system. 

 

FIG. 9. Hoop stress evolution as function of time for IFA-650.5 test fuel rod considering Zr-4/UO2 fuel system, and  
AISI 348/UO2-BeO fuel system. 
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FIG. 10. Fission gas release evolution under steady state irradiation as function of time for IFA-650.5 experiment considering 
Zr-4/UO2 fuel system, and AISI 348/UO2-BeO fuel system. 

The fuel centerline temperature along of the irradiation plays a very important role, especially to the fission 
gas release phenomena due to the Vitanza threshold; moreover, the fuel pellet thermal expansion, swelling and 
fragmentation can contribute directly to PCMI effect. The improvement of thermal properties of the fuel pellet can 
mitigate and/or reduce significantly all undesired thermal effect, consequently improving the fuel performance 
under normal operation. 

 
FIG. 11. Internal pressure evolution as function of time for IFA-650.5 test fuel rod during LOCA considering Zr-4/UO2 fuel 
system and AISI 348/UO2-BeO fuel system. 

At very beginning of LOCA accident, the UO2-BeO fuel pellet has less thermal energy stored due to lower 
fuel centerline temperatures, fission gas release is lower, consequently internal pressure is lower, which reduces 
the internal mechanical loading to the cladding. This behavior associated to the good mechanical properties of the 
stainless steel cladding contributes to keep the integrity of the fuel rod under LOCA scenario.   

0 500 1000 1500 2000
0

2

4

6

8

10

12

Zr-4/UO2 AISI 348/UO2-BeO

Time (days)

F
is

s
io

n
 G

a
s

 R
e

le
a

s
e

 (
%

)

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

7

8

9

10
Zr-4/UO2 AISI 348/UO2-BeO

Time (s)

In
te

rn
a

l P
re

s
s

u
re

  (
M

P
a

)



37 

 Benchmark case 

The benchmark proposed considers a short fuel rod length (10-pellet) of a typical PWR under normal steady-
state operating conditions. The complete description of the benchmark case is presented in the reference [3]. 

The aim of this work is evaluate the fuel performance of the FeCrAl alloy during irradiation, and to compare 
the results to those obtained for fuel rods using AISI 348, and Zircaloy-4 as cladding; moreover, the fuel pellet is 
the conventional UO2 for all assessment performed. 

The benchmark specification [3] requires the following outputs: 

— Hoop strain; 
— Hoop stress; 
— Gap; 
— Oxide layer; 
— Fuel Pellet Centerline Temperature; 
— Internal Pressure; 
— Fission gas release. 

Figures 12 to 18 present obtained results of different parameters for the three different cladding materials. 
The hoop strain (Figure 12) of AISI 348 cladding always remains positive during the irradiation period, while 

for the Zircaloy-4 cladding it becomes negative faster than for FeCrAl cladding during the initial irradiation period; 
moreover, as the irradiation progress hoop strain becomes higher (less negative) and at end of irradiation it presents 
a similar behavior for the three different cladding materials. 

 

FIG. 12. Hoop strain evolution for three different cladding materials as function of irradiation time. 

The hoop stress (Figure 13) starts as negative for all cladding materials and about one year of irradiation later 
the hoop stress for Zircaloy-4 cladding becomes positive, followed by FeCrAl cladding, and finally AISI 348. The 
hoop stress behavior is a consequence of the gap thickness (open or closed gap), as can be observed in Figure 14. 
The fuel rod with FeCrAl and AISI 348 as cladding can maintain gap open longer compared to  
Zircaloy-4 cladding, which initially is benefit and can prevent early PCMI. 
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FIG. 13. Hoop stress evolution for three different cladding materials as function of irradiation time. 
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FIG. 14. Gap thickness evolution for three different cladding materials as function of irradiation time. 

The fuel pellet centerline temperatures are quite similar for all materials, as can be seen in Fig. 15, and only 
minor differences can be attributed to thinner gap thickness of Zircaloy-4 fuel rod compared to the other studied 
materials. 
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FIG. 15. Fuel pellet centerline temperature evolution for three different cladding materials as function of irradiation time. 

Figure 16 presents the evolution of the rod inner pressure that is mostly directly connected to the fuel 
centerline temperature, fission gas release rate, and available free volume in the fuel rods.  As fuel pellet (UO2) is 
the same for all fuel rods and the fuel temperatures are quite similar, the available free volume is the driven 
parameter for rod internal pressure behavior. 
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FIG. 16. Plenum pressure evolution for three different cladding materials as function of irradiation time. 

The evolution of the fission gas release presented in Fig. 17 follows the behavior observed for the rod internal 
pressure, with Zircaloy-4 fuel rod presenting higher percentage of fission gas release compared to the iron-based 
alloys. 
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FIG. 17. Fission gas release evolution for three different cladding materials as function of irradiation time. 

The oxide layer thickness in the cladding (Fig. 18) plays a very important role in the fuel rod performance, 
then, as expected, iron-based alloys present less oxide layer due to presence of chromium, while Zircaloy-4 has a 
constant grow of oxide layer thickness during the irradiation time. 
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FIG. 18. Oxide layer thickness evolution for three different cladding materials as function of irradiation time. 

  



41 

REFERENCES 

[1] U.S. ALLIANCE COOPERATION, The Fukushima Nuclear Accident and Crisis Management-Lessons for Japan, 
Sasakawa Peace Foundation (2012), 
http://mansfieldfdn.org/blog/the-fukushima-nuclear-accident-and-crisismanagement-lessons-for-japan-u-s-alliance -
cooperation/. 

[2] PINO, E.S., GIOVEDI, C., ABE, A., “The Quest for Safe and Reliable Fuel Cladding Materials”, Proc.  International 
Nuclear Atlantic Conference - INAC 2015, São Paulo, Brazil (2015). 

[3] BRAGG-SITTON, S., Development of Advanced Accident-Tolerant Fuels for Commercial LWRs, Nuclear News 57 
(Mar. 2014) 83. 

[4] PASTORE, G., GAMBLE, K.A., HALES, J., Modeling Benchmark for FeCrAl Cladding in the IAEA CRP ACTOF, 
INL/EXT-17-43695, Idaho National Laboratory, Idaho (2017). 

[5] PECKNER, D., BERNSTEIN, I.M., Handbook of Stainless Steels, MacGraw Hill, New York (1977). 
[6] PASUPATHI, V., Investigations of Stainless Steel Clad Fuel Rod Failures and Fuel Performance in the Connecticut 

Yankee Reactor, EPRI 2119, Palo Alto (1981). 
[7] GEELHOOD, K.J., LUSCHER, W.G., BEYER, C.E., FLANAGAN, M.E., FRAPCON-3.4: A Computer Code for the 

Calculation of Steady-State Thermal-Mechanical Behavior of Oxide Fuel Rods for High Burnup, U.S.NRC, 
NUREG/CR-7022, Washington (2011). 

[8] ABE, A., GIOVEDI, C., GOMES, D.S., SILVA, A.T., Revisiting Stainless Steel as PWR Fuel Rod Cladding After 
Fukushima Daiichi Accident, Journal of Energy and Power Engineering 8 (2014) 973. 

[9] GOMES, D.S., ABE, A., SILVA, A.T., GIOVEDI, C., MARTINS, M.R., Evaluation of Corrosion on the Fuel 
Performance of Stainless Steel Cladding, EPJ Nuclear Sciences and Technology 2 (2016) 40. 

[10] CUNNINGHAM, M., BEYER, C.E., MEDVEDEV, P.G., BERNA, G.A., “FRAPTRAN 1.4: A Computer Code for the 
Transient Analysis of Oxide Fuel Rods”, US NRC, NUREG/CR-7023 (PNNL-19400), Vol 1, Washington (2014). 

[11] HILL, R., “A Theory of the Yielding and Plastic Flow of Anistropic Solids”, Proc. Royal Society of London, Series A, 
Mathematical and Physical Sciences 193 (1948) 281. 

[12] ALLISON, C.M., et al., “SCDAP/RELAP5/ MOD3.1 Code Manual Volume IV: MATPRO – A Library of Materials 
Properties for Light-water-reactor Accident Analysis”, US NRC, NUREG/CR-6150 (EGG-2720), Vol IV, Washington 
(1993). 

[13] ABE, A., CARLUCCIO, T., PIOVEZAN, P., GIOVEDI, C., MARTINS, M.R., “Preliminary Neutronic Assessment for 
ATF (Accident Tolerant Fuel) Based on Iron Alloy”, Proc. International Nuclear Atlantic Conference - INAC 2015, São 
Paulo, Brazil (2015). 

[14] S. M. STOLLER CORPORATION, An Evaluation of Stainless Steel Cladding for Use in Current Design LWRs, NP-
2642, EPRI (1982). 

[15] MANNGARD, T., STENGARD, J., Evaluation of the Halden IFA-650 Loss-of- Coolant Accident Experiments 5, 6 and 
7, Swedish Radiation Safety Authority, Sweden (2014). 

[16] GIOVEDI, C., ABE, A., GOMES, D.S., MUNIZ, R.O.R., SILVA, A.T., MARTINS, M.R., “Assessment of Stainless 
Steel Cladding Behaviour under LOCA Scenario Using Modified Fuel Performance Code”, Proc. Nuclear Materials 
Conference, NuMat 2016, Montpellier, France (2016). 

[17] MASSEY, C.P., TERRANI, K.A., DRYEPONDT, S.N., PINT, B.A., Cladding Burst Behavior of Fe-based Alloys under 
LOCA, Journal of Nuclear Materials 470 (2016) 128. 

[18] GOMES, D.S., SILVA, A.T., GIOVEDI, C., ABE, A., MARTINS, M.R., “Simulation of the Effects of the Extend Fuel 
Rod Burn-up under LOCA Scenario”, Proc.  International Nuclear Atlantic Conference - INAC 2015, São Paulo, Brazil 
(2015). 

[19] GIOVEDI, C., ABE, A., MUNIZ, R.O.R., GOMES, D.S., SILVA, A.T., MARTINS, M.R., “Modification of Fuel 
Performance Code to Evaluate Iron-Based Alloy Behavior under LOCA Scenario”, Proc. International Nuclear Atlantic 
Conference - INAC 2017, Belo Horizonte, Brazil (2017). 

[20] ABE, A.,  GIOVEDI, C., GOMES, D.S., SILVA, A.T., MUNIZ, R.O.R., MARTINS, M.R., “Sensitivity Assessment of 
Fuel Performance Codes for LOCA Accident Scenario”, Proc. International Nuclear Atlantic Conference - INAC 2017, 
Belo Horizonte, Brazil (2017). 

[21] GIOVEDI, C., ABE, A.,  MUNIZ, R.O.R., GOMES, D.S., SILVA, A.T., MARTINS, M.R., “Analysis of the Combined 
Effects on the Fuel Performance of UO2-BeO as Fuel and Iron-based Alloy as Cladding”, Proc. Water Reactor Fuel 
Performance Meeting – TopFuel 2017, Jeju, Korea (2017). 

[22] MUNIZ, R.O.R., GIOVEDI, C., ABE, A., GOMES, D.S., AGUIAR, A.A., “Assessment of Uranium Dioxide Fuel 
Performance with the Addition of Beryllium Oxide, Proc. International Nuclear Atlantic Conference - INAC 2017, Belo 
Horizonte, Brazil (2017). 

  



42 

ANALYSIS AND ASSESSMENT OF SILICON CARBIDE CLADDING 
PERFORMANCE UNDER ACCIDENT CONDITION IN PWR 

T. LIU, M.T. CHEN, Y.R. XIE, L. LI  
China Nuclear Power Technology Research Institute (CNPRI), 
Shenzhen, P.R. China 

Abstract 

Models of thermal conductivity, thermal expansion, elastic constant, creep, yield strength, oxidation, irradiation swelling 
and emissivity have been modified in FRAPCON3.4/FRAPTRAN1.4 code in order to evaluate the performance of silicon 
carbide composite (SiC) cladding under accident condition in PWR. The cladding and fuel temperatures, structural radial gap, 
oxide thickness in steady state condition, as well as the plenum pressure, cladding peak temperature and fuel temperature in 
LOCA condition have been investigated for fuel rods with SiC cladding and zirconium-based cladding respectively. The results 
show that SiC cladding has superior resistance to oxidation and mechanical degradation, while the pellet of SiC cladding rod 
will experience higher temperature than that of zirconium-based cladding due to the lack of early gap closure and the lower 
thermal conductivity of SiC cladding under irradiation. More work should be done to improve the manufacturing procedure 
and micro-structural in order to increase the SiC thermal conductivity especially post-irradiation. 

1. INTRODUCTION 

After the Fukushima nuclear accident, the great emphasis for the development of the national nuclear has 
been placed on enhancing the nuclear safety. There was a rapid push to search an accident tolerance fuel (ATF) to 
replace the conventional zircaloy-uranium dioxide fuel system. This intent is to possibly reduce the risk of reactor 
core melting in the severe accidents and the extent of the damage, Moreover, it is great necessary to make sure the 
fuel integrity at the higher temperature and buy the longer periods of coping time. 

It is well known that the main role of the cladding is to encapsulate the fuel and fission products, as well as 
conduct the heat generated in the fuel to the coolant. The cladding must maintain its integrity because it is 
considered as the first defence against release of radioactive product from reactor. Searching for suitable alternative 
cladding materials is a challenging problem with the complicated design requirements and in the complex 
operating environments. As we known, the candidate materials should meet or exceed the performance of existing 
fuel designs, while provide additional relief during severe events. The materials are required to have high thermal 
conductivity, high strength and tolerance of high levels of neutron irradiation. Therefore, silicon carbide 
composites (hereinafter referred to as the “SiC”), has been identified as a potential candidate material for the 
advantage of high temperature strength, creep resistance, irradiation stability and oxidation resistance etc. 

The goal of this work was evaluation of suitability of SiC cladding in PWR condition, analytical models 
were developed for exploring and studying the behavior of SiC cladding under steady state irradiation condition 
and transient accident conditions. All the simulations are performed with the revised FRAPCON/FRAPTRAN 
code, which originally used for UO2-Zr fuel rod assessment and were developed property to account for SiC 
properties. 

2. CODE DESCRIPTION 

FRAPCON [1] is a Fortran 90 computer code, which simulates the steady-state response of fuel rods during 
long-term burn up. Based on this code, the temperature, pressure, and deformation of a fuel rod as functions of 
time-dependent fuel rod power and coolant boundary conditions can be performed. The code contains necessary 
material properties, water properties, and heat transfer correlations. The phenomena modeled by the code include: 
1) heat conduction through the pellet and cladding to the coolant; 2) cladding elastic and plastic deformation; 3) 
pellet-cladding mechanical interaction; 4) fission gas release from the fuel and rod internal pressure; 5) cladding 
oxidation. These models are very important to complete the analysis of the fuel rods performance accurately. For 
examples, the heat conduction model can simulate the transfer of heat from the fuel to the cladding, and a cooling 
model can simulate the transfer of heat from the cladding to the coolant. The oxidation model is to calculate the 
extent of cladding oxidation and the amount of heat generated by cladding oxidation. The mechanical response 
model presents the stress and strain applied to the cladding by the mechanical interaction of the pellet and cladding, 
also and by the pressure both from the gases inside the rod and the external coolant. 
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FRAPCON is designed to perform steady-state fuel rod calculations and to generate initial conditions for 
transient fuel rod analysis by FRAPTRAN. 

  

FIG. 1. Simplified flowchart of FRAPCON iterative solution scheme [1]. 

FRAPTRAN [2] is also a FORTRAN language computer code, which simulates the transient performance 
of light water reactor fuel rods during transient accidents, such as the loss of coolant accidents and the reactivity 
initiated accidents. The FRAPTRAN can provide the influence of the temperature, stress and strain of the cladding 
on the fuel rods performance.  

  

FIG. 2 Simplified flowchart of FRAPTRAN [2]. 
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3. DEVELOPMENT OF REVISED FRAPCON/FRAPTRAN CODE 

 SiC properties investigation and analysis 

An investigation into the properties and performance of a silicon carbide-based fuel rod cladding under PWR 
condition was conducted. 

To analyze the SiC cladding behavior, the following properties are of most importance to consider, such as 
thermal conductivity, elastic modulus, shear modulus, Poisson’s ratio, hardness, thermal expansion, creep, 
swelling, fracture strength, emissivity, corrosion, crud accumulation, density, and decomposition temperature etc. 
These properties are closely influenced by the manufacturing and structure of the SiC. 

Based on the available data, material hand book of SiC and relative report from MIT, modifications were 
applied to the following models: thermal conductivity, thermal expansion, elastic constant, creep, yield strength, 
oxidation, irradiation swelling and emissivity. 

3.1.1. Thermal conductivity 

The thermal conductivity of SiC composite mainly depends on the temperature and fluence. An empirical 
power relation of thermal conductivity as a function of temperature and dpa was developed [3], as follows: 

𝑘 = 𝑘
( ) .

 (1) 

where  

𝑑 is the cumulative cladding dpa; 
𝑑  is the effective dpa for 𝑘(𝑇) >  𝑘 ,  

which is the cladding thermal conductivity after reaching the saturation dpa. Regardless of temperature, it is 
supposed that the thermal conductivity saturates after 1 dpa at 4 W/m‧K in this model. The effective dpa factor 
should take into account the temperature effect, 

𝑑 = 𝑑
( )

.

 (2) 

Before reaching the radiation saturation, the temperature dependence of the cladding should satisfy the 
following relation, 

𝑘(𝑇) = 8 × 10 𝑇 − 0.02𝑇 + (𝑘 + 46.4)  (3) 

where  

𝑘   is the cladding thermal conductivity at room temperature (300 K) and 0 dpa; 
𝑇  is the cladding temperature at the current geometric mesh point (K). 

During the irradiation progresses, the thermal conductivity changes slightly with temperature. This suggested 
that the saturation conductivity is a constant value after reaching the saturation dpa. 

3.1.2. Emissivity 

Based on the available data on composites [3], a constant value of the cladding emissivity 0.8 was obtain, 
𝜀 = 0.8. 

3.1.3. Thermal expansion 

According to published data [3], compared to the pure SiC, the thermal expansion coefficient for SiC 
composites has a weak temperature dependence, and is generally 2~5×10-6 1/K relying on the choice of fiber and 
matrix bonding method. Because we are still not clear that the significant difference of the swelling phenomenon 
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is between parallel and perpendicular to the fiber axis, it is supposed that the expansion coefficient is identical in 
each direction. In addition, because of the lack of data on variation with temperature, a constant value was used. 
In this work, the thermal expansion coefficient for SiC cladding is set to 4×10-6 1/K [3]. 

3.1.4. Elastic constant 

The Young’s modulus as a function of temperature was specified using a linear relation [3], 

𝐸(𝑇) = 4.6 × 10 − 40 𝑇exp( ) (4) 

where 𝑇 is given in Kelvin, and 𝐸 is in MPa, which is expected to be valid for composites around the typical 
cladding temperature of 600K. 

It is also expected that the modulus may decrease slightly with irradiation. Using a conservative average for 
the behavior, it is supposed that the Young’s modulus decreases exponentially, and saturates at 40% of the un-
irradiated value after 20 dpa. The relation based on this assumption gives, 

𝐸(𝑇, 𝑓) = 𝐸(𝑇) 1 − 0.4 1 − exp( − )  (5) 

The Poisson’s ratio used for SiC/SiC is, 𝜈 = 0.13 
The shear modulus is calculated as, 

𝐺 =
( )

            (6) 

where 𝐺 is the shear modulus, 𝐸 Young’s modulus, and 𝜈 is Poisson’s ratio. 

3.1.5. Creep 

SiC experiences negligible creep below 1000 K [4]. 

3.1.6. Yield strength 

The yield strength of SiC/SiC depends on both temperature and fluence. The yield strength of SiC composites 
versus temperature was modeled as [3], 

σ𝑢(𝑇) = 2.66 × 104𝑇 + 2 × 108 (7) 

where T is given in degree Kelvin, and σu in MPa. For brittle materials, the yield strength is very close to the 
ultimate strength because they experience little plastic deformation before fracturing. For simplicity, the cladding 
ultimate strength is set to be the same as the yield strength. In addition, strain at yield and failure are defined using 
Young’s modulus and the yield and ultimate strengths, respectively. 

The model incorporates an exponential function that saturates at a 40% reduction in the temperature-
dependent ultimate tensile and strengths [3], 

σ𝑢(𝑇, 𝑓) = σ𝑢(𝑇) 1 − 0.4(1 − exp(−
3𝑓

20
))    (8) 

where f is given in dpa. 

3.1.7. Irradiation swelling 

With the limited available information on SiC composites utilizing Hi-Nicalon Type-S fibers, it is assumed 
to swell with irradiation, exponentially approaching a saturation value of 2 v/o. Based on this model, the swelling 
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has reached 95% of its saturated value after 1 dpa. Furthermore, it is assumed this swelling shows the same 
behavior in the plane and through the thickness of the composite, and the maximum linear strain due to irradiation 
is 0.67%. This linear strain is then given as following equation [3], 

𝑐(𝑓) = 0.67 × 1 − 𝑒 3𝑓              (9) 

where f is given in dpa. 
With the different from zircaloy, SiC will retain its strength and not happen to creep up to 1300℃, and then 

it is stable under irradiation. There is also a benefit neutronically for SiC capturing fewer neutrons than zircaloy 
and has very low activation [6]. 

3.1.8. Oxidation 

When SiC exposures to steam, the following two chemical reactions are concerned [5], 

SiC+3H O → SiO +3H +CO, 

SiO +2H O → Si(OH) . 

Potential heat of the reactions is set to be 360 kJ/mol and 40 kJ/mol, respectively. The oxidation product of 
SiC is SiO2. The thickness of SiO2 is descried as following equation, 

𝑑𝑥

𝑑𝑡
=

𝛼2𝑘𝑝

2𝜌2𝑥
−

𝑘1

𝜌
               (10) 

where α=MSiO2/(MO2-MC) = 60/(32-12) = 3，ρ is the density of SiO2 (kg/m3)，kp is the parabolic rate 
constant (kg2/m-4·s-1)，k1 is the linear rate constant (kg2/m-4·s-1). The increase of oxide layer describes by the 
parabolic kinetic model and the recession of oxide layer describes by the linear kinetic model. The net weight 
change (kg/m2) of oxide layer per surface unit is 

Δ𝑤net = 1 + 𝑊 − 𝑒𝑥𝑝( − 1) − 𝑘 𝑡        (11) 

On the right side of the equation, the first term is the increment due to oxidation; the second term is the 
weight loss due to reaction of SiO2 and steam. 𝑊 represents the Lambert W function. 

In order to eliminate the uncertainty caused by the standard error in the fit, we chose the points from published 
data [5] to make a fitting again, with R=8.314 J/(mol·k) and unit conversion, the following equations were 
obtained 

𝑘𝑝 = 8.6008 × 10−8exp −
238000

8.314𝑇
𝑃           (12) 

𝑘1 = 4.5728 × 10−13exp −
159000

8.314𝑇
𝑃1.74𝜈0.69        (13) 

where 𝑃 is pressure in Pa, v is velocity of steam flow in m/s, T is cladding temperature in K. 

 Integration of SiC properties into FRAPCON3.4/FRAPTRAN1.4 

The widely used fuel rod assessment code FRAPCON/FRAPTRAN, are revised to account for SiC properties 
including melting point, heat of fusion, oxidation, the specific heat, young's modulus, Meyer hardness, Poisson's 
ratio, shear modulus, thermal expansion (both axial and diametral), cladding surface emissivity etc. In addition, 
cladding failure model was also adopted in revised FRAPTRAN code. 
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 Cladding failure models in FRAPTRAN1.4 

The failure criterion is essential for the evaluation under transient condition. In FRAPTRAN, the failure 
criterion of cladding has mainly two principal models: low-temperature PCMI cladding failure model and high-
temperature cladding ballooning failure model. These models based mainly on the empirical correlation of 
zircaloy. Typically, it should note that SiC is a brittle material, and one of the most obvious differences between 
metals and ceramic material is the loss of ductility. It experiences little plastic deformation before fracturing. The 
mechanical behavior of the fiber-composite is further complicated by the different stages of failure. Hence, the 
failure criterion of zircaloy is inapplicable for SiC cladding. 

‶The brittle fracture of SiC cladding was treated with a statistical approach. A way of parameterizing the 
statistical nature of ceramics failure is through the Weibull distribution, which is, unlike the Gaussian distribution, 
asymmetric with one tail extending more than the other. The Weibull distribution for survival probability of a 
material of volume V, Ps (V) under an applied tensile stress σ, is shown as following equation: 

𝑃𝑠(𝑉) = exp −
1

𝑉0

∫
𝜎 𝑟

⃑
−𝜎𝑢

𝜎0

𝑚

𝑉
𝑑𝑉           (14) 

where m is the Weibull modulus that determines the shape of the Weibull curve. σ0 is the characteristic stress. 
The parameter σu is the threshold stress below which zero probability of failure is assumed. As a specimen size 
(volume) gets bigger, there is a larger chance for the specimen to have a critical flaw size – given the volume 
dependency of the failure probability. This is an important observation especially in consideration of SiC cladding 
for PWR applications. This is because it is practically difficult to perform a statistically meaningful number of SiC 
cladding failure tests with the real cladding dimensions. Hence, a volume extrapolation from available data of 
small specimen is essential. The weakest link theory enables the volume extrapolation of ceramic failure statistics 
by essentially assuming that each unit of volume V0 can be failed independently. Then for a sample with different 
volume V=nV0, the probability of the survival is simply 𝑃 (𝑉 ) multiplied n times by itself and is implied in the 
integral term of above equation. 

Once survival probability Ps(V) is obtained, failure probability Pf(V) can be calculated by subtracting the 
survival probability from unity.″ [7] 

𝑃𝑓(𝑉) = 1 − 𝑃𝑠(𝑉)                  (15) 

Although the Weibull approach is very popular approach to capture the statistical nature of brittle fracture, 
it has been subject to a number of criticisms that are rooted in the lack of clearer physical basis. The above original 
Weibull distribution model for brittle fracture is essentially a model for uniaxial stress, σ(r). So, a simple 
approximation is applied to represent multi-axial effects in statistical fracture: 

𝑃𝑠(𝑉) = exp −
1

𝑉0

∫
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−𝜎𝑢

𝜎0,𝑖

𝑚,𝑖

+
𝜎𝑗 𝑟

⃑
−𝜎𝑢

𝜎0,𝑗

𝑚,𝑗

+
𝜎𝑘 𝑟

⃑
−𝜎𝑢

𝜎0,𝑘

𝑚,𝑘

𝑉
𝑑𝑉    (16) 

where the subscripts i, j, and k represent different principal stress direction. With compressive radial stresses, 
the above equation can now be rewritten for the SiC cladding applications as follows [7]: 

𝑃𝑠(𝑉) = exp −
1

𝑉0

∫
𝜎𝜃 𝑟

⃑
−𝜎𝑢

𝜎0

𝑚

+
𝜎𝑧 𝑟

⃑
−𝜎𝑢

𝜎0

𝑚

𝑉
𝑑𝑉          (17) 

In this research, the improved Weibull approach is used, the axial and hoop stress are considered, σu is 
assumed to be 0. [7] When Pf(V) is larger than 0.01, the SiC cladding fails is considered to be failed. 
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4. SIMULATION OF TYPICAL CASES WITH REVISED FRAPCON3.4/FRAPTRAN1.4 

In order to understand the SiC cladding properties and behavior, and whether it is a viable option to pursue, 
the candidate cladding design were evaluated in PWR’s core conditions. Types of cases are provided for a better 
understanding of the critical material properties of SiC, such as heat conduction, corrosion, swelling, and 
mechanical strength etc. It will also permit the crucial evaluation of those properties in comparison with existing 
zircaloy fuel rod cladding. 

During a severe transient such as loss of coolant accident (LOCA), cladding temperatures may increase 
dramatically due to film boiling or complete voiding of the coolant. Simulation of SiC cladding under LOCA 
condition is essential for understanding the performance and properties. 

The IFA-650.6 case [8] was performed to make a preliminary study and verify the models, test rod was base 
irradiated for four cycles up to a burnup of 55.5 GWd/MTU for the segment. The rodlet was subjected to LOCA 
testing in the Halden reactor after base irradiation and refabrication. The active fuel length is 480 mm. 

The power history given for the IFA-650.6 rod was used for the base irradiation in FRAPCON. The axial 
power profile was assumed to be flat over the length of the rodlet. Figs 3 and 4 show the power history and axial 
power profile for this test case, respectively. 

With the given input card, the comparison of SiC cladding and zircaloy cladding were performed with the 
same parameters under LOCA condition. 

  

 FIG. 3. Power history for FRAPCON. 

  

 FIG. 4. Axial power profile for FRAPTRAN. 

The simulation results of steady state are as follows: 

Figure 5 presents the cladding average temperature during steady state condition. As expected, cladding 
temperature of fuel rod with SiC cladding is significantly higher than zircaloy cladding. The thermal conductivity 
of SiC decreases as a function of temperature and is greatly affected by radiation. Although stoichiometric SiC has 
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excellent thermal conductivity, after only 1 dpa the thermal conductivity will saturate at a much lower value due 
to accumulation of microstructure defects, typically to 2~8 W‧m-1‧K-1 [3]. This value is significantly lower than 
zircaloy materials exposed to similar conditions.  

  

 FIG. 5. Cladding average temperature under steady state condition. 

Figs 6 and 7 show the average fuel temperature and the maximum fuel centerline temperature respectively. 
The decrease of cladding thermal conductivity led to the fuel temperature increase, so the maximum fuel centerline 
temperature of SiC-clad fuel rod is about 24.4% higher than zircaloy.  

  

 FIG. 6. Average fuel temperature under steady state condition. 

  

 FIG. 7. Fuel centerline temperature under steady state condition. 
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In addition, emphasis should be placed on the slower rate of fuel-cladding gap closure in the SiC-clad fuel 
rod, illustrated in Fig. 8. This difference is primarily due to negligible creep rate in SiC at these temperatures 
(below 1000K). While the zircaloy creeps down onto the fuel due to the large compressive stresses, the SiC 
cladding geometry does not change significantly after the initial thermal and irradiation-induced swelling. 

On the one hand, thanks to this phenomenon, pellet-cladding contact could be delayed and stress on the 
cladding as well as the opportunity for PCMI-related failures in peak power fuel rods could be reduced. It was 
suggested this could provide margin for fuel expansion at higher power and allow operation to higher burnup if 
hard fuel-cladding contact needed to be avoided. 

On the other hand, it should take into account that this phenomenon also reduces the gap conductance, which 
will give rise to a higher fuel temperature.  

  

 FIG. 8. Structural radial gap under steady state condition. 

Figure 9 illustrates the comparison of oxide thickness of fuel rods with different claddings. It shows that SiC 
is expected to exhibit significantly better oxidation resistance than zircaloy cladding. 

  

 FIG. 9. Oxide thickness under steady state condition. 

Using the initialization file generated by FRAPCON, FRAPTRAN read the burnup dependent values for 
simulating loss of coolant accident. 

The simulation results LOCA condition are as follows: 

Figure 10 illustrates the variation of plenum pressure during LOCA of fuel rods with different claddings. 
According to the result, the Zry-4-clad fuel rod failed at about 419 s, and SiC-clad fuel rod failed at about 454 s, 
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respectively. It proposed that SiC cladding can delay the fuel rod failure during LOCA. Moreover, the plenum 
pressure of SiC-clad fuel rod is much lower than that of the Zry-4-clad fuel rod. 

  

 FIG. 10. Plenum Pressure during LOCA. 

Figure 11 presents the average fuel temperature of fuel rods with different claddings. It shows that the 
evolution of average fuel temperature of fuel rods with different claddings have similar trends. Temperature of 
Zry-4-clad fuel rod is slightly higher than SiC cladding before the failure. 

  

 FIG. 11. Average Fuel Temperature during LOCA. 

Figs 12 and 13 present the variation of minimum structural gap and maximum cladding hoop stress of fuel 
rods with different cladding respectively. Similarly, to the results of steady state, SiC-clad fuel rod has a slower 
rate of fuel-cladding gap closure. As illustrated by Figs 6−13, this property of SiC cladding can delay fuel-cladding 
contact and then reduce stress on the cladding and the opportunity for PCMI-related failures in peak-power fuel 
rods. In this way, the maximum cladding hoop stress of SiC-clad fuel rod is much lower than the Zry-4-clad fuel 
rod with slightly change of fuel temperature.  
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 FIG. 12. Minimum Structural Gap during LOCA. 

  

 FIG. 13. Maximum Cladding Hoop Stress during LOCA. 

Consequently, it could conclude that SiC-cladding presents the advantages over traditional zircaloy cladding 
with the test case IFA-650.6. SiC cladding can tolerate loss of active cooling in the core for a longer time period 
and reduce stress on the cladding and the opportunity for PCMI-related failures in peak-power fuel rods. However, 
it also presents some limits: the degradation of thermal conductivity of SiC with radiation and the fuel-cladding 
gap remains open longer, which creates an additional thermal resistance that further increases the fuel temperature. 
The primary consequence of the higher fuel temperature is increased fission gas release leading to increasing 
pressurization of the fuel rod. 

5. CONCLUSIONS 

The objective of this work is to investigate the use of SiC as the cladding material for fuel rod in PWR 
conditions. The cladding is evaluated for its response to the thermal, mechanical etc., and compared with existing 
cladding performance to determine if it offers benefits for reactor performance. 

FRAPCON/FRAPTRAN were revised to account for SiC properties and failure criterion model in this work, 
which applied to simulate effects of steady state irradiation and accident conditions in PWR core. While retaining 
the same fuel rod geometry and fuel design, a comparison of the behavior of the SiC cladding to the conventional 
zircaloy cladding demonstrates that the SiC cladding has superior resistance to oxidation and mechanical 
degradation. Utilizing SiC Cladding may allow fuel to be run to higher burnup. However, due to the lack of early 
gap closure and the lower conductivity of SiC cladding after irradiation, the pellet will experience higher 
temperature than that with zircaloy cladding. The fuel-cladding gap was essential for controlling fuel temperature 
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and PCMI. SiC cladding performance could be promoted by improving cladding/fuel or gap conductivity. 
Moreover, the lower thermal conductivity in radiation is a vital issue for SiC, which results in significantly 
increased fuel peak temperature. 

Research had been conducted to investigate the properties of SiC composites under conditions of interest 
such as temperature, fluence and stress. SiC cladding has acceptably low irradiation, enhanced corrosion rates and 
predictable swelling behavior. However, properties are closely influenced by the manufacturing and structure of 
the SiC. Namely, the performance of the SiC cladding closely depends on appropriate selection of manufacturing 
techniques. In addition, there is few data on its performance under irradiation in PWR conditions. Much work like 
experimental test data investigation and model developing, should be considered in the next stage. 
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Abstract 

The thermal-mechanical performance of FCM pellet and SiC cladding was simulated by using finite element method, 
the failure model of FCM pellet was put forward according to the fission production capacity. FCM pellet and SiC cladding 
are the important candidates for accident tolerant fuel (ATF), the performance of FCM pellet and SiC cladding can be used to 
evaluate the application feasibility and make the fuel assembly design. Performance of SiC cladding has been studied, but the 
investigation of plug design was not discussed. End plug structure has great influence on the stress distribution of SiC cladding, 
stress distribution of butt and end plugs was calculated, the maximum axial stress of butt end plug was up to 250 MPa, while 
the butted scarf one was only 180 MPa. Appropriate design of end plug structure can decrease the cladding stress.  Thermal-
mechanical performance of FCM pellet was simulated using 2-d model, the criterion of FCM structure integrity was discussed. 
The maximum matrix temperature was about 1450 K. The maximum hoop stress of SiC matrix was much higher than the 
strength of SiC matrix, which may cause the break of SiC matrix. The non-fuel part suffered relative low tensile stress, the 
maximum hoop stress was about 400MPa, and the structure integrity of non-fuel part may be maintained.  The hoop stress of 
SiC layers in TRISO particle was about 180 MPa at the end of life, the integrity of SiC layers was maintained. Failure criterion 
of FCM pellet was discussed in this report, and the structure integrity of non-fuel part and SiC layer can be used to evaluate 
the FCM failure, according to the fission production capacity. The behaviour simulation method of FCM pellet has been 
established by using COOMSOL software in Nuclear Power Institution of China.  

1. INTRODUCTION 

The top priority has been given to enhance the nuclear safety in the nuclear power development since the 
Fukushima accident in 2011. Nuclear power industry puts the enhancement of the accident tolerance of the reactor 
on the top position and makes higher requirements for the structural stability and integrity of the nuclear materials 
for the large-scale PWR under accident conditions. 

Oak Ridge National Laboratory (ORNL) proposed a concept of Fully Ceramic Microencapsulated (FCM) 
fuel to improve the reliability of the fuel under accident condition [3]. The investigations on the FCM fuel are 
mainly focused on the fabrication, the out-of-pile properties, neutron computation and safety analysis, etc. FCM 
fuel is in the complex structure, involved in various materials and discontinuous deformation among layers. 
Therefore, it is difficult for the current fuel performance software to simulate the thermal-mechanical performances 
of the FCM fuel. Researchers are mainly paying attentions to the in-pile performances of an individual TRISO 
particle. Li [1] investigated the thermodynamic properties and fission gas release in the model of UN TRISO 
particle. However, the interaction between the TRISO particle and SiC matrix was rarely reported. Li [2] calculated 
the thermal-mechanical performance of the characteristic unit of FCM fuel under steady-state, transient-state and 
LOCA conditions by the means of ABAQUS software. The simulation based on the characteristic unit was not an 
accurate reflection of the thermal-mechanical performance of the whole fuel pellet. The three-dimensional model 
was complex, causing large amount of computation. Schappel [3] calculated the Benchmark of SiC matrix in the 
FCM fuel. Two-dimensional random distributed model was used, the TRISO particles were subtracted out to 
simplify the model and decrease the computation amount. However, the performance of SiC layers was not 
detected and the interaction between TRISO particle and matrix was not reflected. 

The simulation results of the TRISO particle revealed that the buffer layer and fuel kernel did not interact 
with IPyC layer and existed in the form of a heat source due that the buffer and IPyC layers separated from each 
other in the TRISO particle during the operation. In this study, 2-D model was established, and the buffer layer 
and fuel core were subtracted out. The interaction between the TRISO particle and SiC matrix was investigated, 
and the results were compared with Benchmark conducted by Schappel [3]. 

The material is the fundament of the reactor, determining the safety redundancy of the reactor during the 
operation. Ceramic materials show superior high-temperature strength and corrosion resistance. Cubic structure 
-SiC has been considered as one of the best candidate materials for the next generation fuel cladding, the structural 
assembly and the flow-path plug in the fusion reactor, due to its high resistance to the neutron irradiation, high-
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temperature creep, corrosion, high-temperature oxidation as well as high thermal conductivity [4–6]. However, 
monolithic SiC is brittle material (fracture toughness <6MPa∙m1/2), which nearly could not survival under the 
thermal stress cycling and the fuel-cladding interaction in PWR. To increase the toughness, the continuous SiC 
fiber was employed to fabricate the composite cladding [7]. 

The predictive analysis on the serviceability of the fuel cladding is an effective way to optimize the fuel 
element design. TypicallySiC composite cladding possessed multilayer structure, including SiCf/SiC composite 
layer and SiC layer, the properties of the composite layer are different from that of monolithic ones. Consequently, 
the application feasibility of traditional fuel performance software was low. COMSOL software used to simulate 
the performance of SiC cladding assembles multi-physics coupling functions. In this study, the thermal-mechanical 
performances of the two layered SiC cladding under steady, transient and LOCA conditions was simulated by the 
means of COMSOL software, the effect of end plugs was also studied. 

2. GOVERNING EQUATION 

COMSOL software was employed to compute the thermal-mechanical performances of FCM fuel in this 
study. FCM fuel and SiC cladding are consisted of the ceramic-based composite materials. The thermal-
mechanical governing equation contains thermal and mechanical governing equations. The thermal governing 
equation is based on typical heat transfer model for the solid materials: 

𝜌𝐶 + 𝜌𝐶 𝑢 ⋅ 𝛻𝑇 + 𝛻𝑞 = 𝑄 + 𝑄  (1) 

where ρ and Cp are the density (in kg/m3) and heat capacity (in J∙kg-1∙K-1) of the solid material, respectively. 
The mechanical governing equation employed in this study is as follows: 

𝜌 = 𝛻𝑆 + 𝐹
 

(2) 

where 𝑢 is component of the displacement field (dimensionless), 𝐹  solid-solid interaction force (in N), 𝑆 the 
function of Young modulus and Poisson ratio (in N), expressed in the following equation: 

𝑆 = 𝑆 + 𝐶(𝐸, 𝑣) (3) 

Solid material strain under irradiation, thermal and stress condition can be expressed as follows: 

𝜀𝑟 =
1

𝐸
(𝜎𝑟 − 𝜈(𝜎𝜃 + 𝜎𝑧)) + 𝛼(𝑇 − 𝑇𝑐) +

𝑆

3
  (4) 

𝜀𝜃 =
1

𝐸
(𝜎𝜃 − 𝜈(𝜎𝑟 + 𝜎𝑧)) + 𝛼(𝑇 − 𝑇𝑐) +

𝑆

3
 (5) 

𝜀𝑧 =
1

𝐸
(𝜎𝑧 − 𝜈(𝜎𝑟 + 𝜎𝜃)) + 𝛼(𝑇 − 𝑇𝑐) +

𝑆

3
  (6) 

where 𝐸is the elastic modulus (in Pa), 𝑆 the irradiation deformation (in N), α coefficient of thermal expansion 
(in K-1), σ different direction stress of the object (in Pa). 

3. PROPERTY MODELS OF THE RELATED MATERIALS 

The properties SiC layer, SiC matrix and compact PyC materials are taken into accounts in the computation. 
The elastic modulus of the PyC layer is anisotropic, and can be calculated by the following equation [7]: 

𝐸𝑃𝑦𝐶 = 25.5 0.384 + 0.000324𝜌
𝑃𝑦𝐶

(0.481 + 0.519𝐵𝐴𝐹)                                                                                          

× (1 + 0.23𝛷)(0.9560275 + 0.00015𝑇)               (7) 
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where, Ф is the neutron flux (in n/m2), 𝑇 is the temperature (in K) and BAF is the anisotropy parameter 
(dimensionless). 

The elastic modulus, thermal conductivity and thermal expansion coefficient of SiC layer are achieved by 
the following equations [8]: 

𝐸𝑆𝑖𝐶 = 460 − 0.04𝑇 exp −
962

𝑇
                    (8) 

𝑘𝑆𝑖𝐶 =
17885

𝑇
+ 2 

                                       (9) 

𝛼 (× 10 ) = −1.8267 + 0.0178𝑇 − 1.554410 𝑇 + 4.524610 𝑇       𝑇 < 1273 𝐾
5.0                                                                                                           𝑇 > 1273 𝐾

  (10)

 where 𝛼  is the linear thermal expansion coefficient of SiC (in K-1), 𝑇 is the temperature (in K), ESiC and kSiC 

is the elastic modulus and thermal conductivity of SiC, and the dimensions are Pa and W/(m·K) respectively. 
The heat capacity, Poisson ratio and density of SiC layer are 720 J∙kg-1∙K-1, 0.23 (dimensionless) and 3200 

kg/m3 respectively. The valves of heat capacity, Poisson ratio and density of PyC layer are 620 J∙kg-1∙K-1, 0.13 
(dimensionless) and 1900 kg/m3 respectively. 

The radial and tangential irradiation strain of PyC layers are expressed by the following equations, 
respectively [9], 𝜀̇  and 𝜀̇  are dimensionless quantity. 

�̇�𝑟 = −0.077 𝑒𝑥𝑝( − 𝛷) + 0.031          (11) 

�̇�𝜃 = −0.036 𝑒𝑥𝑝( − 2.1𝛷) − 0.01         (12) 

Equation (13) is given to compute the creep strain of PyC layer along the radial direction. The creep strain 
in other directions can be obtained with the similar method [9]. 

�̇�𝑐𝑟,𝑟 = 𝐾𝑝𝑦𝑐[𝜎𝑟 − 𝜈𝑐(𝜎𝜃 + 𝜎𝜙)]Φ̇ 
                      (13)

 

where Φ̇ is the fast neutron flux rate (in ×1025n·m-2·s-1), 𝑣  the Poisson ratio (dimensionless), Kpyc the 
temperature-dependent creep coefficient (dimensionless). 

The swelling model of the SiC matrix and SiC cladding was relevant to the temperature and neutron flex, 
which can be written as follows [10]: 

𝑆
⋅

= 𝑘𝑠𝛾−1/3 𝑒𝑥𝑝 −
𝛾

𝛾𝑠𝑐

  (14) 

where S is the swelling rate (in %), 𝑘  is the coefficient of the swelling rate (in dpa-2/3), 𝛾 is the damage rate 
(in dpa), 𝛾   is the characteristic dose for swelling saturation by the negative feedback mechanism. The swelling 
of SiC can be obtained from the time integration of the Eq. (14). 

𝑆 = 𝑆 1 − 𝑒𝑥𝑝 −
/

                  (15) 

where 𝑆  (dimensionless) and 𝛾 (in dpa) are the functions of the temperature and can be expressed as be 
below: 

𝑆𝑠 = 0.05837 − 1.0089 × 10−4𝑇 + 6.9368 × 10−8𝑇2 − 1.8152 × 10−11𝑇3
  (16) 
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𝛾
𝑠𝑐

= −0.4603 + 2.6674 × 10−3𝑇 − 4.3176 × 10−6𝑇2 + 2.3803 × 10−9𝑇3
   (17) 

The linear thermal expansion coefficient of SiC matrix is as follows [11]: 

𝛼 (10 /𝐾) = 0.7738 + 7.080 × 10 𝑇 − 4.951 × 10 𝑇 + 1.372 × 10 𝑇         (18) 

The thermal conductivity and thermal expansion coefficient of the SiC layer are different from that of SiC 
matrix due to the differences in the fabrication and chemical component. In addition, Si and C exhibit similar 
electronegative property, thus, SiC is mainly combined by C and Si with the covalent bond according to Principle 
of Electro negativity. The thermal resistance of SiC can be simplified as Eq. (19) by neglecting the contribution to 
the electron to the thermal conductivity at high temperature [12]. 

1

𝑘
= 𝑅𝑚 + 𝑅𝑔𝑏 + 𝑅𝑢 + 𝑅𝑖𝑑              (19) 

where 𝑘 is the thermal conductivity (W/(mK)), 𝑅 the thermal resistance (K/W), 𝑚, 𝑔𝑏, 𝑢, 𝑖𝑑 stand for matrix, 
grain boundary, phonon scattering and irradiation, respectively. Matrix, grain boundary and phonon scattering is 
irrelevant to irradiation but dependent on the temperature. Accordingly, Eq. (19) can be simplified further as below:  

1

𝑘
= 𝑅0 + 𝑅𝑖𝑟𝑟                              (20) 

where 𝑅  and 𝑅  are the thermal resistance (K/W) of the prior- and post-irradiated SiC, respectively. 
The thermal resistance of prior-irradiated SiC matrix is expressed as below: 

𝑅0 =
1

−3.7×10−8𝑇3+1.54×10−4𝑇2−0.214𝑇+153.1
 

(21) 

The thermal resistance induced by the irradiation is expressed as below: 

𝑅𝑖𝑟𝑟 =
1

6.08⋅𝑆
    (22) 

where, S is irradiation-induced volume swelling (in %) and can be computed according to Eq. (15). The 
change of the thermal conductivity of SiC matrix as the functions of temperature calculated by COMSOL software 
is showed in Fig. 1. 

 

FIG. 1. Variation of the thermal resistance of SiC matrix as the functions of temperature and neutron flux. 
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4. STRUCTURE PARAMETERS AND BOUNDARY CONDITION 

 Structure and boundary condition of FCM pellet 

Typically, TRISO particle loading (~40 vol.%) of FCM was simulated in this work. The structure size of 
TRISO particle was set as follows: diameter of UO2 kernel was 800 μm, thickness of buffer, IPyC, SiC and OPyC 
layers were 100μm, 30μm, 40μm and 30μm respectively. The diameter and height of FCM pellet were 7 mm and 
7 mm respectively. The 3-dimensional model was showed in Fig. 2. In order to decrease the calculated quantity of 
FCM pellet, 2-dimensional was used in this simulation. 2-dimensional unit was obtained from 3-dimensional 
model. FCM pellet structure has great effect on the thermal-mechanical performance, the non-fuel part size can be 
increased by decreasing the distance between TRISO particles. In this report, non-fuel part size was set as 500 μm 
in order to decrease the stress of this part. The distance between two particles was set as 50μm in ensure the fissile 
loading. 

 

FIG. 2. Three-dimensional model of FCM pellet with 40vol% TRISO particle loading. 

The performance of TRISO particle was calculated, and the calculated result of TRISO was used as input 
parameters for FCM pellet. 1/8 characteristic unit was used to simulate the thermal-mechanical properties of 
TRISO particles by defining the boundary condition. The heat source of TRISO particle was obtained from the 
liner power of FCM pellet. The surface temperature was set about 1300 K. Symmetry boundary condition was set 
on the 3 side surfaces for 1/8 characteristic unit. The structure and boundary condition schematic diagram of 
TRISO particle unit was showed in Fig. 3. 

 
FIG. 3. Schematic diagram of TRISO particle characteristic unit. 

Figure 4 shows the 2-dimensional model, the structure and boundary condition were also revealed in Fig. 4. 
Kernel and buffer layer were subtracted from TRISO particle, and other coated layer including IPyC, SiC and 
OPyC layers were reserved to reflect SiC layer performance and simulate the interaction between coated layers 
and SiC matrix.  
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FIG. 4. Two-dimensional model of FCM pellet, the structure and bounder condition were also revealed. 

The side surface temperature of FCM pellet was set as about 800 K, which was used as solid heat transfer 
boundary. Kernel and buffer layer were subtracted out, and the inside surface of TRISO particle was set as heat 
source, the heat flux was set about 6×105 W/m2. Internal pressure has obvious effect on the performance of coated 
layers, the internal pressure of TRISO particle was used the calculated result of TRISO particle. The bottom part 
of FCM pellet was set as spring foundation to assure the simulation convergence. The pressure on side surface was 
set as constant value (P = 2 MPa). The properties of coated layers were considered including irradiation 
deformation, creep and swelling.   

 Structure and boundary condition of SiC cladding 

SiC cladding possessed excellent symmetry and two-dimensional axial symmetry model was used to 
decrease the calculated quantity. The performance of typically two layered structure SiC cladding was simulated 
in this paper. The inner layer was SiCf/SiCcomposite and the outer layer was monolithic SiC ceramics. The inner 
and out diameter of SiC cladding was 10 mm and 12 mm respectively. The thickness of SiCf/SiC composite layer 
and monolithic SiC layer was 0.8 mm and 0.2 mm respectively. Calculated length of SiC cladding was 50 mm. 

Schematic diagram of two-dimensional axial symmetry model was showed in Fig. 5. The coolant temperature 
was set as 580 K, which was similar with PWR condition. Initial internal pressure was set as 4 MPa and the internal 
pressure increased with operation time linearly, and the internal pressure was up to 12 MPa at end of life. This 
boundary condition was referring to the literature [13]. The coolant pressure was set as constant value,  
Pe = 15 MPa. The heat flux was set as 1.33 MW/m2, and the coefficient of heat transfer was10000 W∙m-2∙K-1, this 
boundary condition was similar with literature [13]. The neutron flux rate was about 1.0×10-7 dpa/s relative to SiC 
material. 

 

FIG. 5. Schematic diagram of two-dimensional axial symmetry model. 
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5. RESULTS AND DISCUSSION 

 Thermal-mechanical properties of FCM pellet 

5.1.1. Internal pressure of TRISO particle  

Two-dimensional characteristic unit was used to calculate the thermal and mechanical properties of FCM 
fuels. The structure integrity of FCM pellets can be reflected by the integrity of SiC matrix and SiC layers. Kernel 
and buffer layer in TRISO particles separated with IPyC, SiC and OPyC layers, and there was no interaction 
between buffer layer and other coated layers. Kernel and buffer layer have little influence on the structure integrity 
of FCM pellets, thus kernel and buffer layer were subtracted from TRISO particle in this work. Other coated layers 
including PyC, SiC and OPyC layers were retained. The calculation result of TRISO particle, such as internal 
pressure, was used as input for FCM simulation. 

Figure 6 shows the internal pressure of TRISO particle, which was used in the simulation of FCM pellet. 
The internal pressure of TRISO particle increased with operation time and the maximum internal pressure of 
TRISO particle was about 17 MPa when the particle surface was set at 1400 K. The internal pressure was caused 
by the fission gas release and CO which produced by the reaction between buffer and UO2 kernel. The internal 
pressure has great influence on the hoop stress of coated layers and structure integrity of TRISO particles. The 
internal pressure was set as boundary condition (internal pressure on IPyC surface). 

 
FIG. 6. Internal pressure of TRISO particle at different operation time. 

5.1.2. Temperature distribution of FCM  

Uniform distribution of TRISO particles in FCM pellet was simulated in this work. The TRISO particle 
loading in FCM pellet was about 40 vol.%. A steady state simulation was run with a power level of 0.442 W per 
particle that corresponds to an average power of 249 W∙cm-3 averaged over the pellet and a linear power of 
31.5 kW∙m-1. Figure 7 shows the calculated temperature distribution of an FCM pellet in an LWR environment. 
The hottest part of SiC matrix was located in the center of FCM pellet, the maximum temperature of SiC matrix 
at end of life was about 1450K which was higher than the result in literature [13].  

 

 

FIG. 7. a) and b) Matrix temperature profile at BOL and EOL of FCM pellet. c)Variationof maximum matrix temperature with 
operation time. 

a) c) b) 
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Figure 7(c) plots the maximum matrix temperature versus operation time. The figure shows a rapid increase 
of temperature form beginning to 100 d, andfollowed by a slower linear increase. The initial increase is primarily 
due to thermalconductivity degradation of SiC matrix caused by swelling which was showed in section 3. SiC 
swellingsaturated at about 1 dpa, and the thermalconductivity of SiC matrix reaches anessentially steady state 
condition after 100 d. The maximum SiC matrix was much lower than the decomposition or molten point of 
SiC.Themaximum temperature predicted in the matrix is considerably less than that of a comparable UO2 pellet 
operating atthe same power, because of the high thermal conductivity of SiC matrix. The low temperature gradient 
of SiC matrix is due to the excellent thermalconductivity in SiC. Low temperature gradient is benefit to decreasing 
the thermal stress of matrix which will be discussed in the following section.  

5.1.3. Hoop stress simulation of FCM  

Figure 8 shows vertical slices of the hoop stress through the pellet at BOL and EOL. Figure 8(d) was the 
benchmark of FCM simulation calculated by University of Tennessee and Oak Ridge and Oak Ridge National 
Laboratory [3]. The matrix maximum hoop stress of FCM pellet at EOL was reached about 1000 MPa, which was 
higher than the SiC tensile strength. High hoop stress may cause the broken of SiC matrix. 

 
FIG. 8. Hoop stress distribution of FCM，a) -BOL hoop stress，b)-EOL hoop stress. 

Figure 9 shows variation of hoop stress on SiC matrix located in margin parts of FCM pellet. The bottom 
part (Part A, B and C) shows relative lower stress than the side part (Part D and E). The hoop stress of the inner 
part (Part B and C) was much higher than the outer part (Part A), which was caused by the higher temperature of 
the inner part as showed in Fig. 7. The maximum hoop stress of the non-fuel part was reached about 400 MPa at 
the end of life, and this result was similar with the literature. The high hoop stress of non-fuel part may cause the 
broken of SiC matrix during the running operation. Hoop stress of the non-fuel parts exhibited similar trend during 
operation time. The hoop stress decreased at beginning until to 200 d and then increased. This may be attributed 
to the swellingsaturation and thermalconductivity degradation of SiC matrix. 

 

FIG. 9. Variation of hoop stress of the none-fuel part of the FCM pellet. 

a) b) 
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Figure 10 shows the hoop stress of the parts between TRISO particles. The maximum hoop stress of the inner 
parts reached about 3000 MPa at the end of life. SiC matrix in the inner parts of FCM suffered large hoop stress 
and SiC matrix between two TRISO particles was broken. The large tensile hoop stress was caused by the thermal 
and irradiation deformation of TRISO particles. The large irradiation and thermal deformation of OPyC and elastic 
modulus of SiC matrix caused the high tensile stress according to Hooks law. 

 

FIG. 10. Variation of hoop stress on SiC matrix located in inner parts of FCM pellet. 

Integrity and fission products capabilities of FCM can be reflected by the structure integrity of SiC matrix 
or the SiC layers in TRISO particles as mention above. SiC layers can effectively prevent the fission products 
release, which has been proved by advanced gas cooled reactor [7]. The thermal-mechanical performance of SiC 
layers was an important evaluate criterion of the integrity and fission products capabilities of FCM. There was no 
consideration of SiC layer performance in FCM pellet in previous work as we known. The performance of SiC 
matrix and SiC layers was calculated in this work.  

Figure 11 shows the hoop stress of the SiC layers in TRISO particles which embed in different parts of FCM 
pellet. The SiC layers located in different parts of FCM suffered similar hoop stress. The hoop stress decreased 
firstly and minimum value was reached at about 300 d, then the hoop stress increased. The maximum hoop stress 
of SiC layers was about 110 MPa which was much lower than the SiC strength (369 MPa) which fabricated by 
chemical vapor deposition technology [14].As can be seen in Fig. 6, SiC layers inserted in outer part of FCM  
sufferedlarger hoop stress (Part 3), which indicated that SiC matrix possess strong constraining force. SiC hoop 
stress decreased at beginning may be attributed to the irradiation deformation of IPyC and OPyC layers. The 
irradiation deformation of IPyC and OPyC layers have protective effect on SiC layers, this result has been proved 
by previous literature [15]. Irradiation deformationof IPyC and OPyC layers were saturated, and protective effect 
disappeared; the hoop stress of SiC layer increased, this result was similar with the calculation of TRISO particles 
[16]. The maximum hoop stress of SiC layer was about 110 MPa at end of life, and the integrity of TRISO particle 
was maintained, thus the integrity and fission products capabilities of FCM was also maintained at end of life. 

 
FIG. 11. Variation of hoop stress on SiC layer located in different parts in FCM pellet. 
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 Thermal-mechanical properties of SiC cladding 

5.2.1. Comparison of the result  

Thermal-mechanical performance of SiC cladding was simulated by COMSOL software. The calculation 
result was compared with the reported ones conducted by Belgacem to verify the feasibility of the software and 
the correctness of the result [13]. Figure 12 is the comparison of the result between literature and this work. The 
temperature variation of SiC cladding calculated using COMSOL software was similar with report ones, because 
of the same input parameters and structure size. The temperature increased rapidly at beginning due to 
thermalconductivity degradation of SiC which caused by the irradiation swelling. The maximum temperature of 
SiC cladding inner surface was about 950 K under normal condition which was much lower than the molten point 
of SiC ceramics. The temperature gradient of SiC cladding (0.58 mm) was about 150 K, which was much higher 
than Zr alloy cladding (~50 K). This phenomenon was attributed to the low thermal conductivity of SiC cladding 
under irradiation condition compared with Zr alloy cladding. 

As can be seen in Fig. 12(b), the values and variation of SiC azimuthal stress were good agreement with the 
report ones [13]. The maximum tensile azimuthal stress was about 70 MPa for the SiC cladding inner surface at the 
end of life. The outer surface of the cladding suffered compressive stress, the compressive stress can reach to  
200 MPa. The absolute value of stress for inner and outer surface reached maximum valve at about 100 d, which 
may be attributed to the swellingsaturation of SiC and stabilization of cladding temperature as showed in Fig. 12 
(a). Tensile azimuthal stress increased after 300 d may be caused by the thermal expansion and temperature 
gradient. The calculated temperature and stress were agreement with the literature, this comparison between this 
and literature proved the feasibility of this method and correctness of the calculation results. 

 

FIG. 12. Variation of the SiC composite cladding temperature and under normal condition. a) temperature distribution, 
b) hoop stress distribution. 

5.2.2. Gap size between cladding and fuel pellets  

Ceramic fuels and SiC cladding are the typical brittleness materials, which possess high elastic modulus and 
relative low strain capacity. Severe PCMI may be occurred when the SiC cladding contacted with ceramics fuel 
according to Hooks law. The effect of ceramics fuel on the thermal-mechanical performance of SiC cladding was 
not investigated in previous reports.  

In this work, in-pile performance of SiC cladding was simulated when the cladding contacted with fuels. 
Figure 13 shows the hoop stress of SiC cladding when contacted with the fuel pellets. UO2 pellet was used as fuel 
to simulate the performance of cladding and fuel interaction. Two layered SiC cladding was used in this simulation, 
inner layer was SiCf/SiC composite fabricated by CVI process, and the outer layer was monolithic SiC ceramics 
prepared by CVD process. Thickness of SiC cladding was set as 1 mm, the gap size between SiC cladding and 
UO2 fuels was 20 μm. SiC cladding and UO2 pellet contacted at about 400 d, which may be attributed to the 
swelling of UO2 pellet. The hoop stress of SiC cladding inner surface increased rapidly when contacted with UO2 

pellet. The hoop stress reached to 500 MPa at the end of life, which was higher than the strength of SiCf/SiC 
composite. High elastic modulus and large irradiation swelling of UO2 pellet caused the increasing of the cladding 
stress. Thus, SiC cladding cannot contact with fuel during the operation time, otherwise SiC cladding may be 
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broken. In order to simulate the thermal-mechanical performance of SiC cladding, large enough gap size was set 
in the following sections. 

 

FIG 13. Hoop stress of SiC cladding when contacted with the fuel pellets. 

In order to ensure the large enough gap size between SiC cladding and fuel pellet, the gap size variation was 
calculated. Figure 14 shows the variation of gap size between SiC cladding and UO2 pellet with average burn up. 
Initial gap size was set as 200 μm. The gap size increased firstly because of the UO2 densification until to 5 GWd/tU. 
Then the gap size decreased linearly, because of the swelling of UO2 pellet and the deformation of SiC cladding. 
The gap size was about 155 μm at the burn up reached to 55 GWd/tU. In order to avoid the contacting between 
SiC cladding and UO2 pellet, the gap size should be set at least 60 μm, this result was similar with the previous 
report [13].  

 

FIG. 14. Variation of gap size between SiC cladding and UO2 pellet with average burn up. 

5.2.3. Thermal-mechanical performance under normal condition  

Figure 15 shows the calculated temperature and hoop stress distribution of SiC cladding in an LWR 
environment and the effect of fuel pellets was not considered. Two layered SiC cladding was used, inner layer was 
SiCf/SiCcomposite and the outer layer was monolithic SiC ceramics, the thickness ratio between SiCf/SiC 
composite and monolithic SiC ceramics was set as 4:1. Thickness of SiC cladding was 1mm. The temperature 
variation was similar with the result in 3.2.1 section. The inner surface suffered tensile hoop stress while the outer 
surface suffered the compressive ones. SiCf/SiC composites possess excellent tensile strength and deformability. 
The maximum tensile stress at about 100 d was 75 MPa, which was lower than the reported tensile strength of 
SiCf/SiC composites (the proportional limit strength (PLS) and ultimate tensile strength (UTS) of SiCf/SiC 
composites was 105 MPa and 290 MPa respectively) [17]. The compressive stress on the outer surface was about 
300 MPa, which was higher than the calculated ones showed in Fig. 7. The different properties, such as thermal 
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expansion and elastic modulus of the two layers, caused the high stress on the outer surface. Monolithic SiC 
ceramics has higher elastic modulus and Poisson ratio than SiCf/SiC composites [18].  

 

FIG. 15. Variation of temperature and hoop stress of SiC cladding with running time under normal condition, a) temperature, 
b) hoop stress. 

Corrosion property was important part for cladding materials. Monolithic SiC ceramics possessed excellent 
corrosion property [19]. The effect of corrosion and swelling on the thickness of the cladding was conducted in 
work. The corrosion rate was set as 0.028 mg‧dm-2‧d-1 according to the result conducted by Terrani and co-workers 
[20]. Figure 16 shows the variation cladding outer diameter with average burn up. The cladding outer diameter 
increased rapidly firstly, which was attributed to the swelling of SiC cladding. Then the cladding outer diameter 
decreased, this was due to the low swelling of SiC cladding at high temperature and the corrosion of monolithic 
SiC outer layer. The maximum cladding outer diameter increment was about 80 μm. 

 

FIG. 16. Variable quantity of cladding thickness under normal condition. 

5.2.4. Thermal-mechanical performance under transient and LOCA condition  

Assumed that 100% power rate of work increment appeared at about 100d, and the duration time of transient 
condition was 1s. The temperature and hoop stress variation were showed in Fig. 17. The transient condition has 
greatly influence on the temperature, the temperature of both inner and outer surface of SiC cladding increased 
rapidly under transient condition. The maximum temperature was reached to 1200 K, which was far from the 
melting point of SiC cladding. However, the influence of transient condition on hoop stress of SiC cladding was 
small. The hoop stress of SiC cladding has little change because the duration time of transient condition was too 
short, no obvious deformation occurred.   
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FIG. 17. Variation of temperature and hoop stress of SiC cladding with running time under transient condition, a) temperature, 
b) hoop stress. 

LOCA condition was appeared at about 500 d. Heat transfer coefficient of coolant decreased to the 1/20 of 
the original ones. The coolant temperature increased from 508 K to 1073 K. The line power decreased to the 1/10 
of the normal condition. In order to assure the simulation convergence, the duration time of LOCA condition was 
1000 s.  

The cladding temperature and hoop stress was showed in Fig. 18. The cladding temperature increased rapidly 
during LOCA condition. Inner and outer cladding surface exhibit similar temperature, the maximum temperature 
of both inner and outer surface was up to 1500 K. Temperature increasing was caused by the run off of coolant, 
and the heat cannot be derived. The maximum cladding temperature was lower than the decomposed of SiC. The 
temperature gradient was low for the cladding, which can affect the stress distribution of the cladding. The hoop 
stress of the cladding under LOCA condition was showed in Fig.18(b). Obvious hoop stress change was obtained. 
The inner layer (SiCf/SiC composite) suffered tensile stress and the outer layer (monolithic SiC ceramics) suffered 
compressive stress under normal condition as showed in 5.2.3 section. Under LOCA condition, hoop stress 
distribution of SiC cladding was reversed compared with normal condition. Monolithic SiC ceramics layer suffered 
tensile stress and SiCf/SiC composite layer suffered compressive stress. Tensile stress on the outer layer increased 
rapidly, and the hoop stress was up to 623 MPa. The inner and outer surface possessed similar temperature no 
obvious temperature gradient can be observed. The swelling of SiC was small at high temperature which has been 
conducted by Katoh [21]. The high stress can be attributed to the high thermal expansion of monolithic SiC 
ceramics because of the higher temperature increment.  

 

FIG. 18. Variation of temperature and hoop stress of SiC cladding with running time under LOCA condition, a) temperature, 
b) hoop stress.  
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Large hoop stress may cause the high failure probability of monolithic SiC ceramics layer. The failure 
probability of brittleness material can be calculated by the following equation [13]: 

𝑃 = 1 − 𝑒𝑥𝑝 − ∫ 𝑚𝑑  (20) 

where 𝑉 is the characteristic volume, 𝑚is the Weibull modulus (shape parameter), and 𝜎 is the characteristic 
strength (scale parameter), 𝜎 is the true stress. The UTS of SiCf/SiC composites was 290 MPa, and the Weibull 
modulus was 17.5. The characteristic strength of the monolithic SiC ceramics was 369 MPa and the Weibull 
modulus was 7.5 [17]. 

The failure probability of SiC cladding LOCA condition was showed in Fig. 19. Failure probability 
ofSiCf/SiC composites layer was low because of the relative low tensile stress during the normal and LOCA 
condition. But the monolithic SiC layer showed high failure probability under LOCA condition, the failure 
probability was up to 33.3%. This result indicated that monolithic SiC layer may be broke during LOCA, but the 
integrity of SiCf/SiC composites layer was maintained. As a whole, the structure integrity of SiC cladding may be 
maintained because the low failure probability of the SiCf/SiC composites layer. But the fission gas capacity ability 
of SiC cladding decreased dramatically although the structure integrity maintained, because of the monolithic SiC 
layer broken and poor capacity ability of SiCf/SiC composite layer.  

 

FIG. 19. Failure probability of SiCf/SiC composites and monolithic SiC layerunder normal and LOCA condition. 

5.2.5. End plug design  

Seal of the SiC cladding limited the application of SiC cladding. There was little report on the design of SiC 
end plug. Different kinds of end plugs have been fabricated by Khalifa and co-workers, including butt, butted lap, 
scarf and butted scarf [22]. In this work, performance of two kinds of end plugs including butt and butted scarf 
was simulated. The input parameters of SiC cladding with end plug are same with the simulation of SiC cladding 
under normal condition. The Mises stress distribution nephogram of butt end plug was showed in Fig. 20. In order 
to obtain the hoop and axial stress of the end plugs located in different parts, probe was set during simulation 
process. The probe location was showed in Fig. 20. 
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FIG. 20. Mises stress distribution nephogram of butt end plug，a),b)-BOL , c),d)-EOL. 

The hoop and axial stress of part A and B located in the butt end plugs was showed in Fig. 21. Part A was 
located along the interface between cladding and end plug. Part A suffered compressive hoop stress and the axial 
stress in Part A was also small. The low tensile stress in part A was benefit to the bound between end plug and 
cladding. Part B was located in the corner between end plug and cladding. The hoop and axial stress of Part B 
increased rapidly, which may be caused by the irradiation swelling of SiC. The maximum hoop stress was about 
70 MPa, while the axial stress reached to 230 MPa, the high axial stress in part B may cause the end plug break 
away from SiC cladding.   

 

FIG. 21. Hoop and axial stress of the butt end plug, a)-hoop stress, b)-axial stress. 

The Mises stress distribution nephogram of butted lap end plug was showed in Fig. 22. Different parts which 
set the probe were showed in Fig. 18 and labelled as Part A and Part B. Obvious concentration of stress was found 
along the welding line especially at the end of life showed in Fig. 22 (c). The part of end plug and cladding corner 
was the large stress concentration area. 
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FIG. 22. Mises stress distribution nephogram of butt lap end plug，a),b)-BOL , c),d)-EOL. 

The hoop and axial stress of part A and B located in the butt lap end plug was showed in Fig. 23. The butt 
lap end plugs hoop stress variation located in Part B was different with butt end plug, which indicated that the 
structure of end plug have great effect on the performance of the cladding and end plug. Hoop stress of butt lap 
end plug was low, and the maximum value was about 30 MPa, which was lower than the butt ones. The butt lap 
end plug axial stress had same trend with the butt ones showed in Fig. 21 (b) and Fig. 23 (b). Maximum axial stress 
of butt lap end plug was about 170 MPa, which was lower than butt lap plug. In general end plug structure can 
affect the thermal-mechanical performance greatly; structure optimal design can effectively relieve the stress 
concentration. 

 

FIG. 23. Hoop and axial stress of the butt end plug slap, a)-hoop stress, b)-axial stress. 

6. SUMMARY AND CONCLUSIONS 

Kinds of material property models were summarized in this paper, including the irradiation swelling, creep, 
strain, thermal conductivity of SiC and pyrolytic carbon. Thermal-mechanical performance of FCM fuel pellet 
was simulated using 2-dimensional characteristic unit. The kernel and buffer layer were subtracted out to decrease 
the calculated quantity. The performance of TRISO particle was used as input parameters. The evaluation criterion 
of FCM structure integrity was formulated. FCM structure integrity can be reflected though the integrity of SiC 
matrix or SiC layers. The maximum temperature of FCM matrix under PWR environment was about 1390 K, 
which was good agreement with the literature. SiC matrix especially the parts between two TRISO particles 
suffered large tensile stress, the maximum hoop stress was about 1160 MPa. The integrity of SiC matrix was lost 
due to the large tensile stress. SiC layers in TRISO particle embed in FCM suffered low hoop stress, the maximum 
tensile stress was only 110 MPa, which was much lower than the SiC layer strength, the integrity of SiC layers 
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was maintained. According to the evaluation criterion of FCM structure integrity as mentioned above, the FCM 
integrity was maintained under normal condition. 

Thermal-mechanical performance of SiC cladding was conducted using COMSOL software. The calculated 
results were compared with literature, the feasibility of the software and the correctness of the result were proved. 
SiC cladding stress increased dramatically when contacted with fuel pellet, and we think that SiC cladding cannot 
contact with fuel pellet during the operation time, otherwise the cladding may be broken. The performance of SiC 
cladding with two layered structure under normal, transient and LOCA condition was calculated. Under LOCA 
condition, hoop stress distribution of SiC cladding was reversed compared with normal condition. The monolithic 
SiC layer suffered high tensile stress and the the failure probability was up to 33.3%, but the integrity of SiCf/SiC 
composites layer was maintained. End plug structure has great influence on the stress concentration and the optimal 
design of end plug should be down in the future work. 
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Abstract 

Material property models of SiC /SiC based on available data are developed and give a general prediction, the NRC 
code FRAPCON3.5 and FRAPTRAN1.5 are modified to predict and discuss the comprehensive performance under a long term 
steady state and LOCA condition. Comparing with the Zry-4 cladding, the two claddings have the same trends along the burnup 
in steady state and the changes with time in transient state are explicable, the basic analysis ability of fuel rod performance 
with  SiC /SiC cladding for LWRs are formed. Using the same version of the two codes, efforts are exerted to explore the heat 
transfer and mechanic behavior of  SiC /SiC cladding, the proofs are apparent that lower thermal conductivity of SiC /SiC leads 
to higher temperature compared with Zry-4 cladding in the long term steady condition, and the mechanical performance is 
better in LOCA condition. These modeling are based on the present material properties, these is more work, especially in 
integral assessment, to do when the  SiC /SiC properties are improved and further in-pile experimental data with  SiC /SiC 
cladding are available. 

1. INTRODUCTION 

Silicon carbide fiber-reinforced silicon carbide matrix composite (hereinafter referred to as  SiC /SiC) is one 
of the choices of Accident Tolerance Fuel (ATF) used as the fuel rod cladding material [1]. It has very outstanding 
characteristics such as low thermal expansion, exceptional resistance to thermal shock and to corrosion in 
aggressive environments at high temperature. However, there are also characteristics inadequate for applications, 
such as low ductility, high sensitivity to micro-structural changes, and lower thermal conductivity compared to 
traditional metal cladding of fuel rod [1-14]. Advantages and disadvantages coexist, it is really hard to say that the 
SiC /SiC s is a good substitute for Zry-4 without quantified data. 

The fuel rod performance analysis code is used to simulate the comprehensive behavior of a single fuel rod 
under reactor aggressive environment. It is based on mechanistic models and empirical models provide more 
information not detective and allows the fuel rod to be studied and designed more efficiently [15-17]. The 
FRAPCON3.5 and FRAPTRAN1.5 are such codes to simulate the fuel rod experience under steady and transient 
condition [18, 19]. Both are licensed by NRC and give an explicit prediction about thermal and mechanical 
properties in most of the Design Base Accident. While, the codes are only for metal cladding, by adding the 
SiC /SiC properties, they are extended with the ability of analysis of the novel  SiC /SiC. These two new codes, 
FRAPCON3.5_SiC_CIAE and FRAPTRAN1.5_SiC_CIAE, are used to illustrate a full scale rod behavior with 

SiC /SiC under steady and transient conditions. 
This work consists of three parts. Firstly, the empirical relations of the  SiC /SiC properties are summaries. 

Then, Calculation of a long term irradiation case by steady analysis code is discussed in part three. In this part, the 
temperature distribution, cladding mechanical parameters, such as stress and strain is plotted. Discussion by 
comparing to Zry-4 cladding in the same computing boundary is made to illustrate the advantages and challenges 
of SiC /SiC. As the most concerning behavior in the accident condition, the simulation of LOss of Coolant Accident 
(LOCA) by a transient analysis code is talked about in the part four. Exploration of  SiC /SiC behavior contrasting 
with that of Zry-4 cladding proves its inherent superiority. 

2. COMPOSITE PROPERTIES 

SiC /SiC properties are affected by several parameters. Other than temperature and neutron fluence which are 
the mainly factor of Zry-4 cladding [15], constituents (interphases, fibers, and matrix) [2], fiber architecture 
procedure like NITE (Nano-powder infiltration and transient eutectoid), CVI (Chemical vapor infiltration) also 
exert an influence on it [3, 20-22]. To simplify the modeling, only temperature and neutron fluence is considered 
in this work. Actually, the simplification is reasonable as only these three parameters vary with burnup or time in 
reactor and will not have a profound impact on the results. 
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 Specific Heat 

The specific heat of SiC /SiC  highly depends on temperature and has negligible sensitivity on neutron 
irradiation [6]. At temperature after 200 K, the specific heat of it increases slowly with increasing temperature and 
the relationship range 200-2400 K can be expressed as [2]: 

𝐶 = 925.65 + 0.3772 × 𝑇 − 7.9259 × 10 𝑇     

 −3.1946 × 10 𝑇  (200 𝐾 < 𝑇 < 2400 𝐾) (1) 

where 

𝐶   is the specific heat (Jkg K ); 
𝑇  is the temperature (K). 

The uncertainties recommended are ±7 % (200 K ≦ 𝑇 ≦ 1000 K) and ± 4 % (1000 K ≦ 𝑇 ≦ 2400 K). 

 Thermal Conductivity 

The thermal conductivity of SiC /SiC can be summarized as the harmonic average of non-irradiated thermal 
conductivity 𝐾  and the reciprocal of thermal defect resistance 1/𝐾  [2]. The non-irradiated thermal 
conductivity is theoretically expressed as a function of [𝐴 + 𝐵𝑇]  with constants 𝐴 and 𝐵. The thermal defect 
resistance reflects the linear relationship in the low range of fast neutron dose and saturation in after a threshold 
neutron fluence, therefore, the expression can be expressed in a similar form (with respect to dose) [9]. 

1/𝐾 = 1/𝐾 + 1/𝐾  

1/𝐾 = 36.262 × 10 + 15.256 × 10 𝑇

1/𝐾 = 52.632 × 10 + 35.582 × 10 𝐷 
 (2) 

where 

𝐾   is the thermal conductivity ( W m  K  ); 
𝑇  is the temperature (K); 
𝐷 is displacement damage (dpa), related to the neutron fluence with the conversion factor 

1 × 10 = 1.0 dpa [3],[6]. 

 Surface Emissivity 

The surface emissivity of SiC /SiC nearly not change with the neutron fluence and is linearly interpolated 
between 0.82 at 1400 K and 0.92 at 1100 K [23], it is expressed as, 

𝐸 =
0.92,                                  𝑇 < 1100 K

1.287 − 0.333 × 10 𝑇,                   1100 𝐾 ≤ 𝑇 ≤ 1400 K
0.82,                                    𝑇 > 1400 K

 (3) 

where the emissivity 𝐸  is dimensionless, 𝑇 is in K. 

 Thermal Expansion 

The thermal expansion is expressed as a function of temperature range 293 K and 1273 K and irradiation has 
little influence on it [2]. 

𝛼 = −0.7765 × 10 + 1.435 × 10 𝑇 − 1.2209 × 10 𝑇 + 3.8289 × 10 𝑇   

 (293 K <  𝑇 <  1273 K) (4) 

where the thermal expansion 𝛼 is in K-1 and the temperature 𝑇 is in K. 
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 Elastic Modulus 

The composites exhibited excellent irradiation resistance, 15-20% degradation in elastic modulus from 
unirradiated to 12 dpa in 750 ℃ [24]. According to the work by Choury, J. J. and Rouges, J. M. the Young’s 
modulus reduces 35% from the room temperature to 1400 ℃ [2]. With these data, it can be expressed by 

𝐸0 = 212 × (−1.7578 × 10−7𝑇2 + 1.7676 × 10−4𝑇 + 1.0)

𝐸𝑖𝑟𝑟 = 𝐸0 0.7158 + 1

𝐷+3.5322
                                                       

 (5) 

where 

𝐸   is non-irradiated elastic modulus (GPa); 
𝐸   is irradiated elastic modulus (GPa); 
𝑇  is the temperature (K); 
𝐷  is displacement damage measured in dpa, related to the neutron fluence with the conversion factor 

1 × 10  neutrons/m = 1.0 dpa [3],[6]. 

 Comparison with Zircaloy Cladding 

To evaluate the property gains of SiC /SiC after substituting of Zry-4, properties relative changes predicted 
by empirical models compared to Zry-4 is shown in Table 1 As expected, the thermal stability of SiC /SiC reflected 
by relative change from 600 K to 1100 K means that SiC /SiC can withstand the challenge of long exposure in high 
temperature when LOCA occurs. At the same temperature, the SiC /SiC shows better mechanical behavior than 
Zry-4 except of yield strain and thermal conductivity. While, at 1100 K characteristic of cladding temperature, the 
yield stress of the SiC /SiC is 22 times higher than that of Zry-4 can load much more pressure difference. However, 
we should also be aware of that low yield strain of SiC /SiC reduces the attraction for application and reinforcing 
the ductility allows this weakness to be overcome [2]. Other input parameters for Table 1 is listed as following, 

— Cladding Temperature (K) = 600 & 1100; 
— Neutron Fluence (n m-2) = 5 × 10 ; 
— Time Increasement (s) = 86400; 
— Neutron Flux (n m-2 s-1) = 2.21 × 10 . 

TABLE.1 PREDICTED PROPERTIES OF SiC /SiC AND ZRY-4 IN THE SAME NEUTRON FLUENCE 

MATPRO 

600K 600K Ratio 1100K 1100K Ratio 
Relative Change 

(%) 

SiC /SiC Zry-4 
SiC /

SiC 
/Zry-4 

SiC /SiC Zry-4 
SiC /SiC 
/Zry-4 

SiC

/SiC 
Zry-4 

Specific Heat 
Capacity (J kg-1 K-1) 

1034.7 326.17 3.17 1218.26 532.8 2.29 17.74 63.35 

Thermal 
Conductivity(W/m‧K) 

8.63 16.48 0.52 8.1 23.14 0.35 -6.14 40.41 

Emission (—) 0.82 0.325 2.52 0.82 0.325 2.52 0 0 

Thermal 
Expansion(K-1) 

4.26×10-6 1.43×10-3, 
1.96×10-3 — 5.33×10-6 

3.47×10-3, 
5.27×10-3 

— 25.12 
142.66, 
168.88 

Young Modulus 
(GPa) 

148.72 72.89 2.04 145.24 44.41 3.27 -2.34 -39.07 

Shear Modolus (GPa) 63.77 26.47 2.41 62.51 15.2 4.11 -1.98 -42.58 

Poisson 0.17 0.37 0.46 0.16 0.46 0.35 -5.88 24.33 

Hardness (GPa) 73.22 0.671 109.12 73.22 0.194 377.42 0 -71.09 

Swelling (—) 8.36×10-3 — — 4.38×10-3 — — -47.61 — 

Yield Strain (%) 0.14 0.526 0.27 0.15 — — 7.14 — 
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3. SIMULATION OF STEADY AND TRANSIENT CONDITIONS 

Two testing cases, FUMEX-Case27-2d and MT-1 characteristic of commercial size, are chosen with the 
purpose of exploration on possible substitute without any change of fuel assemble. The Case 27-2d which is a 
typical steady case of PWR, has an idealized histories supplied by FANP, the fixed cladding surface temperature 
and power distribution make it easy to compare the results between SiC /SiC and Zry-4 without caring the coolant 
affection [25].The case MT-1 tested in the National Research Universal (NRU) of Canada conducted by U.S. NRC 
objected to perform simulated LOCA experiment using full-length LWR fuel rods to study mechanical 
deformation, flow blockage and coolability [26]. Inspiring by the steady case results, MT-1 rod with opened pellet-
cladding gap and high cladding maximum temperature when LOCA occurs is selected to take full advantages of 
SiC /SiC properties in the accident condition.  

4. STEADY CASE 

Economic and safety are two important indicators for a reactor. Case27-2d, with full power of 1689.8 days 
and average discharge burnup of 68.53 MWd/kgU, has measured Fission Gas Release rate of 18–20 %, the 
maximum strain and stress of Zry-4 cladding also meet the safety demands. The work of this section will talk 
about the possibility of the application of SiC /SiC in such an ideal fuel rod design.  

 Input Parameters 

The detail parameters of Case 27-2d used in steady state analysis are listed in Table 2, and the power history 
is plotted in Fig. 1. 

4.1.1. Rod Size 

TABLE 2. INITIAL ROD SIZE FOR STEADY CASE [25] 

Fuel Stack Length(mm) 3500 

Upper Plenum Length (mm) 312 

Pitch (mm) 14.3 

Rod Diameter (mm) 10.75 

Cladding Thickness (µm) 730 

Gap Width (µm) 85 

Initial Inner Pressure (MPa) 2.2 

Coolant Pressure (MPa) 15.5 

Coolant Mass Density(kg/m2-s) 3517 

Inlet Temperature(C) 290 
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4.1.2. Input Power History 

 
FIG.1. Power history of Case27-2d. 

 Temperature Distribution 

The calculated maximum temperature of pellet and cladding are shown in Figs 2 and 3. The fuel centre 
temperature (FCT) of SiC /SiC rod is about 6.96% (100–150℃) higher than that of Zry-4 rod, while the inside 
temperature of SiC /SiC is lower and the difference between two rods increases, that’s because of the reducing gap 
heat transfer coefficient (HTC) (Fig. 7) after the gap closes, this also results in bigger gap temperature drop and 
higher stored energy in pellet in SiC /SiC rod (Fig. 5). Considering the melt point of UO  as high as 2590℃, it is 
still safe to use the SiC /SiC. 

 

FIG.2. Calculated fuel center temperature for the hottest axial node. 
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FIG. 3. Calculated maximum temperature of cladding. 

 Stored Energy 

Figures 4 and 5 shows that the SiC /SiC rod stores about 10% more energy than a Zry-4 rod and the average 
temperature of SiC /SiC is 6% higher due to the reason mentioned above. 

 

FIG. 4. Fuel average temperature of the axial middle node. 

 

FIG. 5. Stored energy of the axial middle node. 
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 Gap Condition 

Figure 7 show that the gap conductance of SiC /SiC rod is about 21% lower than that of Zry-4, especially 
when the gap closes (Fig. 6). The gap of the SiC /SiC rod closes at 3 MWd/kgU, about 10 MWd/kgU earlier than 
that of Zry-4 rod because the higher temperature of SiC /SiC rod pellet leading to higher thermal expansion and 
lower gap width.  

 

FIG. 6. Gap width of the axial middle node for different cladding. 

 

FIG. 7. Gap conductance of the axial middle node for different cladding. 

 Cladding Hoop Stress and Strain 

The hoop stress and strain of both rods are of the same tendency shown by Figs 8 and 9, but the  SiC /SiC is 
more sensitive to internal and external pressure difference. Although the SiC /SiC shows an impressive properties 
in hoop strain which has less deformation than Zry- 4 cladding, its low brittleness decreases the ability to withstand 
pressure difference of the pellet-cladding interfacial contact pressure and coolant pressure. Besides, it also exhibits 
sensitivity to pressure fluctuation as shown by Fig. 8. The compressed strain raises sharply when gap keep opening 
in the first one hundred days, but it drops quickly as the rod internal pressure drop to extend the pressure difference. 
While, when the gap closed, the reduced hoop strain mitigates brittle failure with the help of contact pressure, but 
hoop stress increases and endangers the cladding integrity. 
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FIG. 8. Hoop stress of the peak node for different cladding. 

 

FIG. 9. Hoop strain of the peak node for different cladding. 

 Gas Release and Internal Pressure 

Figure 11 shows that the internal pressure of SiC /SiC rod is about 1.3 times higher than that of Zry-4 rod, as 
expected. The average temperature of SiC /SiC rod is higher as mentioned above, leading to more fission gas and 
2.5~3 times the fission gas release rate (Fig. 10), but the difference of total void volume of both rods is negligible 
small. Although the internal pressure of  SiC /SiC rod is higher, it is still less than the coolant pressure. 

 

FIG. 10. Fission gas release for different cladding. 
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FIG. 11. Internal pressure for different cladding. 

 Summary 

As the essence of ceramic material, low thermal conductivity of the SiC /SiC affects the rod performance 
and several consequences are observed. The pellet temperature raised as the low thermal conductivity hinders the 
heat transferring from the pellet to coolant, at the same time, the gap HTC of SiC /SiC rod is lower leading to higher 
gap temperature drop, as expected, more energy stored in the pellet which resulting in higher fission gas release. 
The mechanical behavior is also influenced seeing that high temperature leads to higher thermal expansion which 
resulting in earlier gap close and higher hoop strain. However, all these thermal behaviors of SiC /SiC rod have 
limited affection on the thermal performance as the temperature of both the pellet and cladding is far away the 
melt temperature and they are of less concerning in Case27-2d. 

The mechanical behavior of  SiC /SiC should be paid more attention as its sensitivity to cladding inside 
pressure. As shown by Table 1, the elastic modulus of  SiC /SiC is 2~3 times as high as that of Zry-4 cladding and 
barely change in the range of 300 K to 1100 K, even higher temperature. According to the steady result on Case27-
2d, it can not be concluded that the gap should keep open or close based on the steady case. When the gap keeps 
open the hoop stress is negligibly small comparing the yield strength, but the compressed strain increases sharply 
with the decreasing internal gas pressure. when the gap closes the hoop strain lessens as the contact pressure 
counter the internal and external pressure difference, but the hoop stress make the SiC /SiC to be on the brink of 
rupture. 

5. TRANSIENT CASE 

It is the graceful properties in transient condition that the  SiC /SiC is proposed as the potential Accident 
Tolerant Fuel (ATF) material. Leave along its good oxidation resistance in air and steam up to temperatures of at 
least 1600℃ [25], the retention of strength up to high temperature is talked about in this section.  

The primary objective of the MT-1 conducted in three phases is to explorer the effects of Zry-4 cladding 
balloon and burst on heat transfer during LOCA [26]. In the precondition phase, the rod was conducted at an 
average power of 18.7 kW/m with cooling at pressure 8.62 MPa. In the pretransient phase, it was cooled with 
steam at a mass flow rate of 0.378 kg/s and an average power of 1.24 kW/m, the simulation starts from this phase. 
In the transient phase, the steam flow was turned off at 10 seconds, in the next 32 seconds, the rod was allowed to 
be heated up in stagnant steam, and then reflood water was introduced to fill the test section at a rate of 0.051 m/s 
(Fig. 12). The test terminated when all the thermocouples were quenched. The system pressure and the average 
power was held at 0.276 MPa and 1.24 kW/m respectively as the last phase. Other input data of rod size is listed 
in Table 3 [26]. 

There are several reasons the MT-1 is selected to predict the behaviors of the SiC /SiC, list of top two 
determinants is summarized. As shown by Fig. 8 and Fig. 9 in the steady section, the cladding can easily meet the 
yield stress limit when the gap closes, to prolong the exposure of SiC /SiC, MT-1 is chosen because of the gap 
keeping open during LOCA. The other reason is its accuracy to predict the burst time of the Zry-4 cladding as the 
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experiment observed, which makes it possible to exclude the other probably factors interference the calculation 
and makes the discussion more convincible. 

As limited by cladding failure in the LOCA condition, the balloon model necessary in LOCA calculation 
used in FRAPTRAN1.5_SiC_CIAE is modified by brittleness assumption. Enlightened by steady case, the SiC /SiC 
is sensitive with the difference of internal and external rod pressure and the yield strain of SiC /SiC is quite small, 
we suppose that the SiC /SiC rupture without ballooning once the yield strain or stress reach the limited value. 

 Input Parameters 

5.1.1. Rod Size 

TABLE 3. OUTSIDE DIAMETER AND THICKNESS OF THE FUEL ROD FOR MT-1 [26] 

Key parameters Outside/inside diameter (mm) Thickness (µm) 

Cladding 9.629/8.41 609.5  

Pellet-cladding gap — 75 

Pellet 8.26/0 — 

— rod length = 3658 mm 
— upper plenum length = 245 mm 
— pitch = 12.75 mm 
— Initial internal pressure = 1.55 MPa (27 °C) 

5.1.2. Coolant Boundary 

— The coolant pressure and rod average power keeps constant; 
— Coolant lose at 10th second, and re-flood begin at 42nd second; 

 
FIG. 12. Coolant mass flux for the transient case MT-1. 

 Cladding Burst 

The SiC /SiC rod burst time is 12 seconds later than that of Zry-4 rod (Fig. 13). Shown by Figs 14 and 15, 
the  SiC /SiC is far from yielding judging by the hoop stress, while it corrupts as the hoop strain limits because of 
dustily deficiency. 
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FIG. 13. Plenum pressure for different cladding. 

 

FIG. 14. Hoop stress of the rupture node for different cladding. 

 

FIG. 15. Hoop strain of the rupture node for different cladding. 
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 Melt Risk 

Contrary with the steady condition, the maximum temperature of both the pellet and cladding of SiC /SiC rod 
is 10% lower than that of Zry-4 rod, which is clear in Figs 16 and 17. As represented above, the gap heat transfer 
by mixture gas is relevant to gap width. The gap width of SiC /SiC rod is 23% (Fig. 19) smaller than that of Zry-4 
rod since its resistance to creep in very high temperature, resulting in later gap closure and larger gap conductance 
(Fig. 18). 

 

FIG. 16. Fuel center temperature of the rupture node for 𝑆𝑖𝐶 /𝑆𝑖𝐶 and Zry-4 rod. 

 

FIG. 17. Cladding maximum temperature for 𝑆𝑖𝐶 /𝑆𝑖𝐶 and Zry-4 rod. 

 

FIG. 18. Gap conductance of the rupture node for 𝑆𝑖𝐶 /𝑆𝑖𝐶 and Zry-4 rod. 
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FIG. 19. Gap width at the non-balloon axial node. 

 Summary 

The rupture time of the SiC /SiC is 12 seconds longer than the other’s. Due to good ductility of metallic 
cladding, the Zry-4 cladding holds as long as 51 seconds before its ballooning and burst. Although lack of the 
graceful performance in ductility, the ceramic cladding holds 12 seconds longer, and rupture in little 
circumferencial deformation which affects the cooling ability by shrinking the flow area. 

The 10% lower temperature of SiC /SiC fuel rod is obtained because of the negligible deformation in high 
termperature. Due to the good retention of strength in high temperature, the gap width in the SiC /SiC fuel rod is 
smaller than the Zry-4 fuel rod whose cladding expanses in the rod internal pressure in high temperature. The heat 
resistance in the SiC /SiC fuel rod is relatively lower, leading to lower rod average temperature. This makes the rod 
impregnable in the LOCA condition and bring other safety benefits, such as lower stored energy, longer response 
time for the coolant to take out of the residual heat. 

6. CONCLUSION AND DISCUSSION 

The SiC /SiC fuel rod performance analysis codes based on FRAPCON3.5 and FRAPTRAN1.5 are compiled 
by adding the SiC /SiC properties to form the ability of quantifying the comprehensive behaviors in reactor. Two 
cases, FUMEX-Case 27-2d and MT-1, are input to simulation the steady and transient condition. By comparing 
with the Zry-4 cladding in the same condition, the difference between two cladding are explainable and complied 
with the SiC /SiC internal properties. 

— The SiC /SiC which has lower thermal conductivity and leads to higher temperature shorten the design 
bargain comparing with Zry-4, but it performs better in mechanics. To make use of the atractive properties, 
the open gap design is recommended. Due to the low expansion ability of SiC /SiC, the gap of SiC /SiC rod 
closes earlier than that of Zry-4 rod, leading to better gap conductance and lower temperature in the same 
burnup. Adding the knowledge of limited strain to failure of SiC /SiC, the gap between pellet and SiC /SiC is 
recommended to keep open when irradiation. 

— The strain to failure is the limiting factor in steady and LOCA condition. Although the cladding failure 
judgment is inactive in the steady case, the SiC /SiC fails at the beginning because of sudden compressive 
strain increase. In LOCA, it ruptures when the strain yield without higher hoop stress observed. Efforts in 
improving the SiC /SiC  properties, especially reinforcing with continuous fibers to gain higher fracture 
toughness, should be exerted. 

This work based on the present data of SiC /SiC properties aiming at giving some clues for option analysis of 
ATF and designation purpose have limited prediciton for application in the LWRs, more work will be done if the 
following are clear, 
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— Other than temperature and neutron fluence, the porosity [21], initial cracks [2, 3], architecture [20], 
interphases and interface behavior affected by irradiation which playing a significant role in fracture [24, 27, 
28] also count. This work built on the basis of available data and providing somewhat general results focuses 
on preliminarily quantification of SiC /SiC in reactor.  

— Accurate models and detail knowledge is necessary to describe the production of microcracks or cracks in 
the composite which reducing the load carrying capacity of the matrix and leading to ultimate failure when 
a critical number attain is key to simulate the cladding damage mechanisms [2, 6, 22] and give an exact 
prediction at accident condition. 

— An integeral assessment for SiCf/SiC fuel rod is essential to give an accurate evaluation when further in-pile 
experimental data are available. 
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Abstract 

Coated nuclear fuel cladding has been considered as a perspective near-term candidate to decrease the high-temperature 
oxidation rate of zirconium-based alloys and to improve the behaviour in normal operation and AOOs thus enhancing the 
accident tolerance of an LWR fuel system. This study is focused on the development and experimental testing of coated 
cladding materials for WWER reactors. Results of the testing in normal operation and well as accidental conditions are 
presented. Several issues related to the multicomponent cladding development were found and a new multilayer cladding 
concept was proposed and tested. 

1. INTRODUCTION 

After the events at the Fukushima Daiichi NPP, enhancing the accident tolerance of LWRs became a topic 
of high interest in many countries and international organizations. The general goal of accident tolerant fuel (ATF) 
research is to develop alternative fuels to further enhance the safety, competitiveness, and economics of nuclear 
power [1–3]. 

Accident Tolerant Fuels (ATF) are defined according to the OECD/NEA as: "nuclear fuels that can tolerate 
severe accident conditions in a reactor for a considerably longer time compared to the traditional UO2-Zr fuel 
system while maintaining or improving performance in nominal, accident, and AOOs conditions" [4]. There have 
been several dozens of concepts of the ATF fuel, cladding and non-fuel components investigated around the world 
and development of the ATF is on a very high interest of researchers, universities, regulators as well as industry. 
One of the near-term ATF technologies considered is a concept based on traditional Zr alloy+UO2 fuel with a thin 
coating deposited on a substrate cladding material by various techniques. The substrates are traditional Zr alloys 
which have been utilized in commercial reactors for decades (zircaloys, ZIRLO, M5, E110 etc.) and coatings are 
generally oxidation, corrosion and heat resisting materials and their combinations depending on particular 
concepts. 

The main objectives of the summarized research project include development, manufacturing, testing, and 
characterization of new cladding concepts with Zr-alloys serving as a substrate with a focus on WWER reactors. 
In contrast with other research groups, this research focuses on specifics of Russian-designed WWER reactors 
together with unique coating materials deposited by different fabrication techniques (magnetron sputtering, cold 
spray, ionized jet deposition). 

Six WWER reactors are in operation in the Czech Republic, two are in operation and two under construction 
in Hungary and enhancing accident tolerance after the Fukushima accident is one of the main priorities of the 
Czech and Hungarian utilities and governmental organizations on the other side. 
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 Specifics of the WWER reactors 

The water-water energetic reactors – WWERs are pressurized water reactors designed originally in the Soviet 
Union in the 60s and 70s. They are in operation in several countries around the world (Armenia, Bulgaria, China, 
Finland, Hungary, India, Iran, Russian Federation, Slovakia, Ukraine) including the Czech Republic. The 
performance of the WWER systems in standard Design Basis Accidents (DBAs) is very similar to the performance 
of the Western PWR reactors. There are, however, many differences in fuel system design that affect the 
performance mainly during normal operation. The main specifics can be summarized as: 

— Primary water chemistry (corrosion, CRUD deposition); 
— Fuel geometry – hexagonal fuel assemblies (herder neutron spectrum, neutronic performance); 
— Different core materials – E110 (binary Zr-Nb), E635, 42HNM; 
— Core design – assembly shrouds, central pellet hole, control rod design. 

2. MULTICOMPONENT CLADDING 

The multicomponent cladding concepts satisfying the ATF requirements are based on traditional Zr alloys 
that still provide the main structural function and different layers are applied on its surface by various techniques. 
The layers might provide different functions such as corrosion or oxidation resistance, improving mechanical 
properties, interlayer to avoid eutectic etc. Since the coatings are deposited on the standard Zr alloys it is considered 
as the near-term concept that can be developed and implemented within a short period of time e.g. 5-10 years. 

 Deposition techniques 

There are many deposition techniques used to apply coatings to the Zr-based substrates. The choice of the 
deposition method determines the properties of the coatings as well as the substrate which can be affected by the 
method (excessive heat, stress/strain states etc.). Mainly two deposition techniques were used in the presented 
research – unbalanced magnetron sputtering and cold spray technique. Tests with coatings deposited by ionized 
jet deposition are ongoing. The choice of the method resulted from thickness and temperature limitations of the 
methods. Figure 1(a) shows the approximate temperature and coating thickness limitations for the commercially 
available techniques. It should be noted that there are many other methods available in the laboratory scale and the 
diagram shows only approximate values and the exact parameters depend on the particular technology and 
parameters used. 

When studying thermal spray techniques in details, it can be seen that there are several subgroups based on 
their fundamental characteristics. Figure 1(b) shows thermal spray techniques as a function of particle velocity and 
temperature. As can be seen, only the cold-spray technique can be taken into consideration for the application of 
concern due to temperature limitations. 

 

(a) 

 

(b) 

FIG. 1. (a) Commercially available deposition techniques with their temperature and thickness limitations. Thermal spray and 
PVD techniques were used in this research. (b) Approximate values of particle velocities and temperatures of flames for thermal 
spray techniques. 
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Unbalanced magnetron sputtering and ionized jet deposition are both PVD methods that can produce coatings 
at a temperature between 200 – 400°C up to tens of microns in thickness. Cold spray typically produces coatings 
with higher thicknesses but similar temperature. For these reasons, these methods were chosen for further 
development and testing. 

2.1.1. Cold Spray Technique 

The CS technique is a modern process used by many companies around the world. It is a very high-rate 
coating process that utilizes kinetic rather than thermal energy. There are several advantages in using this process 
such as very high deposition rates or that spray powders do not melt during the deposition. There are also some 
disadvantages such as high surface roughness after deposition, high gas flow requirements, use of many nozzles 
and waste of sprayed powder. 

The process is based on the acceleration of micron-sized particles toward the Zr-based substrate upon which 
the particle undergoes tremendous plastic deformation. The coating particles are typically purchased in the form 
of commercially available powders. During impact of the solid feed stock powder particles, the oxide layers on 
both the powder and the substrate surface are disrupted by “jetting” of the material and partially removed along 
with other impurities at the particle substrate interface causing the exposure of highly reactive “virgin” metal and 
subsequent metallic bonding between particle and substrate material [5]. 

 

(a) 

 

(b) 

FIG. 2. (a) SEM of the feedstock chrome powder produced by Exotech (b) CS Cr as-coated sample surface without any post-
treatment (top view) (Reproduced courtesy of Elsevier [6]).  

The VRC Gen III cold spray system at ARL was used to produce the first batch of the CS Cr coated 
specimens. It was operated using helium as the accelerating gas. The feedstock powder was pure chrome 
(Fig. 2(a)), produced by Exotech. Detailed deposition parameters can be found in [6]. The SEM micrographs of 
as-coated samples are shown in Fig. 2(b). As can be seen, there was no additional surface treatment, polishing, 
annealing or chemical treatment before testing except standard cleaning.  

A commercial CS system (Cold Gas Technologies Kinetics 400/34) equipped with a 6-axis industrial robot 
system, located in the CS laboratory at the University of Wisconsin, Madison was used for deposition of FeCrAl, 
Mo and duplex FeCrAl+Mo coatings [7, 8]. The system and its parameters such as feedstock powder, pressure, 
and temperature of working gases, gun translation velocity, tube rotational speed, and standoff distance were 
previously investigated and optimized in order to achieve high deposition rate and desired microstructure of the 
coatings [9–11]. 

2.1.2. Magnetron Sputtering 

Magnetron sputtering is a physical vapour deposition (PVD) process in which a plasma is created and ions 
from the plasma are accelerated by a magnetic/electrical field superimposed on the negatively charged electrode - 
target. The positive ions are accelerated and strike the target with sufficient force to dislodge and eject atoms. 
These atoms are ejected and condense on substrates [12]. 
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The coatings produced by magnetron sputtering are typically 0.1 to 25 µm thick. The big advantage is that 
the deposition is performed at low substrate temperatures 150-300°C. The process produces coatings with good 
adhesion which is improved through sputter cleaning of the substrate before and during the deposition process. 
Surface finish replicates, unlike the CS, substrate finish and it is easy to produce controllable coating structures 
with very high purity. The process is rather slow especially in comparison with CS, but several samples/tubes can 
be coated at the same time which improves potential industrial throughput. Additionally, the process is 
environmentally friendly in comparison with other techniques such as electroplating. 

FIG. 3. Images of the Hauser Flexicoat 850 at Faculty of Mechanical Engineering, CTU in Prague. Overview of the system 
(left); Deposition chamber (centre); Rotating sample holders with a Cr target in the back (right) (Reproduced courtesy of 
Elsevier [32]). 

On the other hand, it produces a line of sight coatings which means that it is extremely difficult to coat 
complicated shapes and especially convoluted geometries. The sputtering rates are lower than those obtained with 
other techniques and the technique produces a typical columnar structure with high compressive stresses and the 
standard technique can increase porosity when depositing thicker coatings. There are many parameters that might 
affect resulting properties and quality of a coating such as a target composition and purity, rotation speed inside a 
chamber, current mode, cathode power, target DC bias, working pressure, deposition temperature, current on the 
coils, gas flow etc. These parameters should be optimized for the particular application in order to achieve the best 
performance possible. 

Commercially available system Hauser Flexicoat 850 located at the Faculty of Mechanical Engineering, 
CTU in Prague was used for deposition of coatings using unbalanced magnetron sputtering method [13]. It is a 
multi-purpose device flexible for numerous applications. The maximal load diameter and height is 500 mm and 
maximal load mass is 250 kg. Depending on the type it can utilize a combination of different deposition 
technologies such as sputtering, HIPIMS, PACVD and other. For the purposes of this work, Unbalanced 
Magnetron Sputtering (UBM) was used. It is a special type of sputtering with extended and increased plasma 
density using coils in an unbalanced closed magnetic field. The images of the system, deposition chamber and 
rotating sample holders with Cr target are shown in Fig. 3. 

The deposition of Cr-based coatings were carried out from two targets (99.6–99.8 % Cr) with the following 
deposition parameters: deposition temperature 250°C, negative DC bias 75 V applied on the samples, the gas flow 
for Cr coating (90 sccm Ar) and for CrN coating (90 sccm Ar, 60 sccm N2), the working pressure 0.2 Pa and power 
6 kW in DC mode on both cathodes. The time of Cr coating deposition was 11 hours and for CrN coating was 14 
hours. Figure 4 shows top views and fracture surfaces with thickness measurements of 1st generation Cr and CrN 
coating. 
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FIG.4. SEM micrographs of the as-deposited first generation of Cr (left) and CrN (right) coatings on E110 alloy using 
magnetron sputtering technique. Top views and fracture surfaces of both coating types are shown. 

The deposition parameters and the properties of the coatings have been modelled by the NASCAM code. 
The motivation for the simulation of the deposition process is better optimization of the technique and also the 
calculation of the electrical properties of the material that can affect diffusion of H+ and O- ions and thus change 
the corrosion kinetics and hydrogen pickup. The model of the Cr coating on Zr substrate with deposition 
parameters described above is shown in Fig. 5. 

 

FIG. 5. Simulation of the Cr coating on Zr substrate to enhance the performance and corrosion properties of the material using 
the NASCAM code. 

 Studied materials 

Four different Zr-based alloys were tested in different experiments. The studied alloys are – E110,  
Zircaloy-4, Zircaloy-2, Optimized ZIRLO, and HiFi alloy. The main focus of the research are coated materials but 
reference tests with uncoated materials were performed as well to obtain a direct comparison between coated and 
uncoated samples. The chemical composition in wt. % of the tested Zr-based alloys is summarized in Tab. 1. 
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TABLE 1. CHEMICAL COMPOSITION OF Zr-BASED ALLOYS THAT SERVE AS SUBSTRATES IN 
THE TESTED MULTICOMPONENT CLADDING 

E110 Nb: 0,9–1,1%; Zr: balance 

Zircaloy-4 Sn: 1,32%; Fe: 0.21%; Cr: 0.11%; O: 0.13%; Zr: balance 

Zircaloy-2 LK3 Sn: 1.3%; Fe: 0.07-0.20%; Cr: 0.05-0.15%; Ni: 0.03-0.08%; Zr: balance 

Optimized ZIRLO Nb: 1,0%; Sn: 0,67%; Fe: 0,1%; O: 0,125%; Zr: balance 

HiFi Sn: 1.3%; Fe: 0.33%; Cr: 0.17%; Ni: 0.06%; Zr: balance 

There were several types of coatings produced by above-mentioned methods. The tested coatings produced 
by cold spray technique are: pure chromium, molybdenum, FeCrAl (two different compositions) and multilayer 
FeCrAl+Mo. Mainly Cr-based coatings were produced by the unbalanced magnetron sputtering: pure Cr, CrN, 
CryNx, and their combinations. The materials and methods used are summarized in Table 2. 

TABLE 2. TESTED COATINGS WITH THE DEPOSITION METHOD 
USED 

Cr Cold spray 

FeCrAl - low alloy Cold spray 

FeCrAl - a high alloy Cold spray 

Mo Cold spray 

Cr Magnetron sputtering (PVD) 

Cr/CrN Magnetron sputtering (PVD) 

CrN Magnetron sputtering (PVD) 

CryNx Magnetron sputtering (PVD) 

Additionally, coated samples produced by other PVD techniques were tested: ZrSi-Cr (Poland, INCT) and 
MAX phase (KIT, Germany). Steel denoted as AISI348 produced by the Brazilian institute USP was tested as 
well. The production, experiments, and results of testing with these samples is described in the separate Round 
Robin test report. 

3. EXPERIMENTAL 

Extensive testing of the materials described in the previous section was performed and there are still 
many ongoing activities. The tests can be divided into two types depending on the operational mode of 
LWR – normal operating and accidental conditions. 

 Normal operating conditions 

Even though the ATFs focus from the definition on the enhanced performance in accidental conditions, it 
should be ensured that they perform at least as good as the reference fuel system (Zr-UO2) or in words of the 
OECD/NEA [4] while maintaining or improving the fuel performance during normal operations and operational 
transients”. For that reason, several experiments were performed to study the performance of the multicomponent 
cladding during normal operation. 

3.1.1. Accelerated corrosion 

One of the fundamental requirements for ATF cladding material is the excellent corrosion behaviour. 
Standard long-term corrosion tests are required as the part of the ATF development process for a minimal period 
of 200 days. This test is rather time-consuming and not very efficient for testing of new candidate materials. For 
this reason, the 500°C steam oxidation test was performed. It was previously reported that 500°C steam oxidation 
results in material corrosion that is very comparable to typical PWR irradiation assisted corrosion [14, 15]. The 
system is shown in Fig. 6, it consists of the large steam generator, steam preheater, and an oxidation chamber. It’s 
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all interconnected and controlled by several thermocouples connected to the controlling system and data collection 
system. 

 

FIG.6. Steam oxidation system for accelerated corrosion tests (Reproduced courtesy of Elsevier [6]). 

The results of the tests up to 20 days is shown in Tab. 3. The FeCrAl coating showed protective behaviour 
at the beginning of the test. But due to thermal cycling and relatively high CTE mismatch of both materials, it 
cracked and later followed the Zry-4 corrosion kinetics. The best performing sample was pure Cr metal with very 
limited weight gain. It should be noted, that it was previously shown that 500°C oxidation results in comparable 
oxidation as in-reactor. However, this is valid only for Zr alloys and it wasn’t experimentally studied and confirmed 
for other materials such as coatings. 

This low-temperature steam oxidation test is also widely used for formation of oxides before high-
temperature steam oxidation. It is much faster than standard long-term corrosion, but the Zr-oxide properties are 
very similar to in-reactor oxides. However, the results are not sufficient to evaluate the corrosion behaviour of the 
new ATF materials. The standard long-term corrosion tests are required anyway but the results of accelerated 
corrosion might help with a screening of potential ATF candidate materials. 

3.1.2. Long-term corrosion 

As was mentioned, the acceptable corrosion behaviour of cladding materials is one of the key parameters of 
the ATF claddings. The accelerated corrosion test gives the first insights into expected corrosion behaviour but 
standard long-term corrosion tests have to perform anyway to qualify the studied materials. As noted, WWER 
reactors operate with different chemistry regime in comparison with Western PWRs. Standard corrosion tests were 
performed with several coated samples. The test is described in details in the Round robin report and also results 
related to this activity are presented in this Chapter of the TecDoc including the experimental setup and procedure. 
  



94 

TABLE 3. VISUAL APPEARANCE AND MEASURED WEIGHT GAINS FOR THE TESTED 
SAMPLES (REPRODUCED COURTESY OF ELSEVIER [6]). 

Time  Zircaloy-4 Cr CS coated Cr metal FeCrAl LA 
CS coated 

FeCrAl HA 
CS coated 

1 day Appearance 

     
Weight gain 
[mg/dm2] 

72.92 11.69 0.83 25.71 28.05 

4.3 
days 

Appearance 

     
Weight gain 
[mg/dm2] 

122.74 21.21 1.56 46.60 72.31 

11.6 
days 

Appearance 

     
Weight gain 
[mg/dm2] 

320.66 51.75 2.29 147.95 203.52 

20 
days 

Appearance 

     
Weight gain 
[mg/dm2] 

586.56 94.18 2.43 312.21 372.44 

The E110 alloy used in the WWER reactors has generally very low weight gains and hydrogen pickup 
compared to Western PWRs and their Li-based chemistry regimes. However, the Cr coated cladding shows drastic 
enhancements of corrosion resistance even compared to E110. This reduction would be further highlighted in 
comparison with zircaloys. The weight gain for Cr-coated and uncoated E110 is shown in Fig. 7. The reduced 
weight gain of the Cr-coated sample after about 150 days is caused by little spallation of the coating on the welds 
where the coating is less stable. 

 

FIG. 7. Weight gain of the Cr-coated and uncoated E110 alloy up to 350 days. 
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Hydrogen pickup and its concentration in the cladding is a second important parameter when evaluating the 
corrosion performance. The hydrogen pickup can lead to the formation of hydrides or cladding embrittlement and 
therefore should be limited. Unlike Zirconium, Hydrogen does not directly react with Chromium. The melting 
temperature of Cr is slightly reduced when hydrogen is present which is shown in Cr-H phase diagram in Fig. 8. 
It is therefore expected that hydrogen produced in the corrosion process will not be absorbed in the coating but 
fully in the underlying Zr-based substrate. This was confirmed by the measurements of the H content in the Cr-
coated cladding during and after long-term corrosion test. The H concentration is similar in coated as well as in 
the uncoated E110 cladding. Figure 9 shows the results of H content in the material. E110 has very low H-pickup 
and results of uncoated Zry-4 were added into the graph for comparison. More details about corrosion testing of 
the coated materials can be found in [16, 17]. 

 

FIG. 8. Cr-H phase diagram showing interactions only at very high temperature. 

 

FIG. 9. Hydrogen content of the E110, Cr coated E110 and uncoated Zry-4 during the long-term corrosion test. The dotted 
line shows the initial H-concentration in the material. 

3.1.3. Thermal creep 

The coatings and the underlying substrate material have different physical properties such as thermal 
expansion, creep, Poisson ratio etc. This will result in drastic changes of stress/strains states at the interface 
between coating and cladding during normal operation when the reactor will be manoeuvred. Additionally, there 
are other long-term effects that will challenge the stability of the interface such as down creep, swelling, growth, 
pellet-cladding mechanical interaction etc. 
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‶An experiment simulating fast thermal creep-down of the coated and uncoated cladding was designed and 
performed. Creep is slow time- and temperature-dependent strain that occurs in a material under load at higher 
temperatures. In a creep test, a constant load is applied to a specimen maintained at a constant temperature. The 
strain is then measured over a period of time. Primary creep is a period of primarily transient creep with decreasing 
creep rate due to work hardening of the material. Then secondary creep is a period with roughly constant creep or 
strain rate due to which is also referred as steady-state creep due to balance between work hardening and annealing. 
If the cross-sectional area reduces enough, tertiary creep occurs. The creep rate increases due to necking and 
increased local stress and eventually results in a fracture. Irradiation creep is the additional strain that occurs in-
pile as a result of irradiation and stress in material that needs to be considered in nuclear applications. The presented 
experiment was performed out-of-pile therefore only thermal creep was studied. 

An experimental setup was designed and built to simulate the in-reactor behaviour of cladding materials out-
of-pile. The nuclear fuel cladding can be loaded in this test in compression or tension between 0 – 350 MPa at the 
temperature between 20 – 320ºC. The samples were partially instrumented and some of the parameters were 
characterized outside of the autoclave after a certain testing period.″ [18] 

The coated and uncoated tubular samples are enclosed in the autoclave at high outer water pressure. They 
are connected through a piping system to the Ar high-pressure cylinder that can variably change the pressure 
during the test. The water chemistry was standard BWR NWC chemistry with a temperature between 290 – 310°C 
and pressure around 13.7 MPa. The schematics of the system is shown in Fig. 10. 

 

 

FIG. 10. (a) Schematics of the system with dynamic autoclave with continuous water control and high-pressure gas system 
controlling the inner pressure inside the samples. (b) As-coated and cleaned samples before the test. 

The results of the test showed extensive cracking of the coatings and accelerated corrosion of the outer 
surface. It should be noted, that the loading and unloading conditions were extreme and might be too conservative 
for the in-reactor operating conditions. Further details of the tests can be found in [18]. The most extensive damage 
was found for multicomponent cladding with Mo interlayer. Mo is more brittle in comparison with other tested 
materials and the long-term plastic deformation of the multilayer system led to cracking of the interlayer and grow 
of the cracks into the other layers. This can be seen in Fig. 11 that shows the SEM micrograph of the interfaces 
after testing. 
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FIG. 11. SEM micrograph of the FeCrAl+Mo+Zr cladding after long-term creep testing. The cracks initiate at the interface 
and propagate further into the FeCrAl coating. 

3.1.4. Fatigue behaviour 

During normal operation of an LWR, sources of vibration in a range of 0 – 50 Hz exist in a core. They are 
caused by pressure or temperature variations, pumps, oscillations, and other stochastic sources. The standard 
design basis requires limitations of maximal stress amplitudes or number of cycles. The licensing requirements 
define the safety factors of two when the fatigue curve is based on stress amplitude or a factor of 20 on the number 
of cycles. The exact parameters depend on the particular core and assembly design (grids, stiffness etc.). However, 
there is a concern that the coated cladding materials might affect the fatigue behaviour of the cladding materials. 
It is not yet fully resolved if coatings survive in rector periodical loading, if they enhance fatigue life or how to 
quantify these effects. 

Unique experimental 4-point bending setup for designed and build to evaluate this behaviour. It is enclosed 
in a dynamic autoclave with continuous chemistry control. Direct Current Potential Drop system and displacement 
control system were connected to monitor crack growth and initiation. The setup is based mostly on available 
ASTM standards [19–21]. The system is shown in Fig. 12 and consists of several parts namely – water loop, 
autoclave (Fig. 12, right), bending setup (Fig. 12, centre), DCPD system (Fig. 12, left), Instron and data acquisition 
system. 

Only cold sprayed Zry-4 materials were tested. Two test conditions were chosen – air at room temperature 
and BWR-HWC conditions. The results are summarized in [22]. Some of the coatings (e.g. thick FeCrAl) enhance 
the fatigue life up to 10 times in air at room temperature. On the other hand, the thin Cr coating reduced the fatigue 
life of the system by 10-20 % compared to the uncoated material. These first-ever results of fatigue behaviour of 
CS coated cladding materials indicate a potential reduction of fatigue life that is caused by the non-uniform 
application of hard coatings with deformation of the substrate caused by impact between sprayed particles and the 
substrate itself. SEM micrographs are shown in Fig. 13 show top (Fig. 13 (a)) and cross-sectional views  
(Fig. 13 (b)) of the Cr CS material after the test. There were many periodic cracks observed in the material some 
of which initiated at the interface between coating and substrate. 

 
(a) 

 
(b) 

 
(c) 

FIG. 12. (a) Schematics of the four-point bending setup for fatigue testing with connected DCPD system; (b) 4-point bending 
system after initial testing; (c) Testing system enclosed in an autoclave with heaters and chemistry control. 
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(a) 

 
(b) 

FIG. 13. (a) SEM micrograph of the Cr CS coated Zry-4 cladding after fatigue testing in BWR-HWC water chemistry. The 
thickness of the coating is in the range of 15-30 microns. (b) Top view of the main crack initiated at the locations with the 
maximal loading. 

3.1.5. Proton irradiation 

All the tests presented in this paper were performed with non-irradiated material. However, the irradiation 
will bring new problems and challenges into the deployment of the ATF concepts. The irradiation tests in the 
research reactors take usually years and are very expensive. Therefore, the authors decided to perform proton 
irradiation tests to study the irradiation behaviour of the coatings and mainly the interface between particular 
components of the cladding. Proton irradiation has been used as the supplement of neutron irradiation for some 
time elsewhere [23–25]. 

An experiment at the cyclotron U-120M at ÚJF in Řež, Czech Republic was designed and performed. The 
samples are still slightly radioactive and PIE will be done during spring 2019. Cr and CrN coated Zry-4 coupons 
were irradiated with protons of energy 9.95 MeV up to 2 dpa. Figure 14 shows the as-coated Zry-4 coupons with 
a diameter of 15 mm (Fig. 13 (a)), the H+ beamline at the cyclotron U-120M with the sample holder and cooling 
system (Fig. 13 (b)) and damage distribution inside the proton-irradiated sample as calculated by the SRIM 
code(Fig. 13 (c)) [26, 27]. 

The characterization will be performed using high-resolution TEM, SEM and other advanced techniques. 
The main goals of the test are to quantify the stability of the interface, study inter-diffusion of the materials and 
the change of material properties with irradiation. 

a) b) c) 

FIG. 13. (a) As-coated coupons before irradiation; (b) H+ beamline at the cyclotron U-120M; (c) Calculated damage 
distribution in the irradiated sample. 
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 Accidental conditions 

The tests simulating the behaviour in normal operating conditions should ensure that the ATF cladding 
materials do not negatively affect any mode of the normal operation and transients. On the other hand, the tests 
simulating accidental behaviour should clearly prove the benefits of the ATF materials. The testing was based on 
the standard DBA fuel system accidental scenarios – LOCA and RIA. 

3.2.1. High-temperature steam oxidation 

The high-temperature steam oxidation resistance is one of the key parameters when evaluating accidental 
tolerance. When using Zr alloys, a lot of hydrogen is produced during the steam oxidation. Additionally, the 
reaction is strongly exothermic and produces an excess of heat that leads to an escalation of the accidental scenario 
and core degradation. The high-temperature steam oxidation tests were performed also as a part of the round robin 
test and are therefore described in the separate chapter of this TecDoc including the experimental setups and 
procedure. 

Coated cladding samples were tested in flowing steam and Ar/steam mixture for variable time intervals (5-
120 minutes) at low pressure in the temperature range 1000-1450°C. Samples were directly quenched in ice water, 
dried out a characterized. Typically weight gain measurements, metallography, hydrogen, and oxygen content 
measurements and microhardness were performed for all tests. Additionally, evaluation such as SEM, WDS, 
EBSD, XRD, TEM was done for some of the samples. Many coated and reference uncoated samples have been 
tested and detailed results can be found in [16, 17, 28, 29]. 

The typical microstructure of coated and uncoated materials after high-temperature steam oxidation is shown 
in Fig. 14. Both of them originate from one-sided oxidation tests when only outer surface is exposed to prototypical 
conditions. Even though the coating is very thin, it can be seen that the microstructure is strongly affected by its 
presence. The uncoated microstructure shows Zr oxide on top with brittle oxygen-rich alpha grains underneath and 
prior-beta and residual beta phases that are ductile. On the other hand, the microstructure of the coated sample 
does not show any Zr-alpha grains but mixed Cr/Zr zone with different properties. This evaluation suggests that 
one-sided oxidation has to be performed when testing coated materials since double-sided do not capture the real 
conditions and partially neglects the effects of the coating. 

As shown elsewhere, the evaluation of the steam oxidation resistance should not be based only on the weight 
gain. This is the standard method used for Zr-based alloys, however, when testing coated materials, weight gain 
evaluation should be supplemented by mechanical tests. As was shown, the traditionally used ECR value is not 
applicable to coated cladding materials [28]. 

 

FIG. 14. Typical microstructure of uncoated (left) and Cr coated sample (right) after high-temperature steam oxidation test. 

When testing more types of coated materials, it was found that there are interactions between materials and/or 
phases. One of the main problems when using Cr coatings is the eutectic formation and melting well below melting 
point of both Cr and Zr. There might be also other reactions when samples exposed to the oxidizing environment. 
The authors used their experience from testing of CrN and Cr coatings to propose new multilayer concept – 
Zr+CrN+Cr. CrN interlayer transforms at a higher temperature (approx. 975°C) into Cr2N and free N2. The 
nitrogen molecules then diffuse inside the substrate material where very thin ZrN layer is formed. This newly 
formed interlayer will ensure that there is no interaction between Zr and Cr and no eutectic formation. This is 
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shown in Fig. 15 where the ZrN interlayer formed. It should be noted that the interlayer will form only at a 
temperature above 970°C that corresponds to accidental conditions. This newly proposed concept will be further 
tested and optimized in order to achieve the best performance possible. It was already shown that it will survive 
conditions above Cr-Zr eutectic point without any melting or degradation. 

There are other ongoing activities related to cladding behaviour in accidental conditions such as – ballooning 
and burst tests, material interactions, integral tests, critical heat flux tests etc. 

4. MODELLING AND SIMULATION 

The authors performed several simulations during the design and optimization of the experiments (fatigue, 
irradiation, creep etc.). Additionally, new FRASP mechanical model was updated and implemented into the 
FRAPCON 3.4 code. Extensive modelling of neutron/physical performance of ATF cladding materials was done 
as well. 

 

FIG. 15. CrN coated sample oxidized at a temperature above Cr/Zr eutectic formation. 

 Neutronic analysis 

An extensive neutron/physical analysis of WWER-1200 core with new ATF cladding material was 
performed. Five different coating materials were considered with a thickness between 10 and 100 microns. The 
geometry is based on the available characteristics of WWER-1200 core. Steady state and burnup calculations were 
performed using deterministic and stochastic codes. The detailed results are presented in [30], the study is based 
on preliminary simplified models presented in [31]. The geometry used in the calculation is shown in Fig. 16 and 
the fundamental parameters used are summarized in Tab. 4. 

TABLE. 4. MODEL PARAMETERS OF THE WWER1200 CORE 

Fuel temperature 1100 K 
Moderator temperature 587 K 
Moderator density 0.698 g/cm3 
Guide/Central tube temperature 600 K 
Boric acid concentration 3.43 g/kg 
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FIG. 16. The geometry of the WWER-1200 fuel assembly used in the simulations. (Reproduced courtesy of Elsevier [30]) 

Every coating material entails certain neutronic penalty and therefore has an economic impact on the power 
plant. This penalty decreases during operation and for ZrSi coating can be even positive. The reactivity coefficients 
determining the safety parameters of the core do not significantly differ from the reference uncoated case. The 
total penalty of applied coatings converted to effective power days varies between +5 and -68 days for 60 MWd/tHM 
burnup depending on the material and its thickness. 

5. CONCLUSIONS AND FUTURE WORK 

The group at CTU in Prague, UJP Praha, and its partners have been working on the development of new 
cladding materials with enhanced accidental tolerance for WWER reactors. To concept is the so-called 
multicomponent cladding concept based on traditional Zr alloys with protective coatings applied on its surface(s). 
Three deposition methods have been studied and the methods and parameters were optimized in order to achieve 
the best performance from the perspective of normal operation and accidental conditions. The development is an 
iterative process when the samples are continuously tested and based on the feedback from testing, the coatings 
and deposition methods are further optimized. 

Unique tests simulating normal operating conditions have been designed and built. It includes accelerated 
corrosion testing, creeps testing, fatigue or emulation of irradiation damage experiments. Several challenges for 
coated cladding concepts were found such as inter-diffusion, fatigue life reduction, hydrogen pickup or stability 
of the interfaces. The final coated cladding concept should resolve these issues before its commercial 
implementation since the normal operation is the most important operational mode from the perspective of utilities. 

Additionally, experiments simulating accidental conditions were done. They are mostly based on LOCA and 
RIA events that are limiting events for the current fuel system. Steam and air oxidation tests revealed other 
challenges of multicomponent cladding materials such as cladding embrittlement or a need for new safety criteria. 

Some of the activities are ongoing due to the extensive nature of the project. The project objectives rapidly 
extended and other institutes joined the original team. Thanks to them, there are also ongoing irradiation tests in 
LVR-15 reactor, ongoing PIE in CVR, critical heat flux tests and others. The optimization of coatings and 
deposition techniques is a long-term process and might bring benefits for future concepts. 

The CTU and its partners joined also Round Robin test activities where they provided samples to other 
participants and tested material in predefined experiments. The results are presented in the separate chapter of this 
TECDOC. 
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Abstract 

The current development of accident-tolerant fuel (ATF) claddings aims at improving the high temperature integrity of 
new solutions over existing zirconium cladding materials. Characterization of the newly proposed cladding materials is 
essential in order to assess their feasibility for commercial use. The cladding material should tolerate loss of cooling for a 
significant period without failing. This report describes the experimental work done at VTT Technical Research Centre of 
Finland on candidate fuel claddings within IAEA CRP ACTOF project. The tested materials were AISI 348, Cr/Cr2AlC/Cr 
coated Zry-4, Si24Cr36Zr40 coated Zry-2 and pure Cr coated Zry-4 by using a high temperature steam furnace capable of 
achieving temperatures up to 1600°C. Experiments were performed at the temperatures of 1100°C / 60 min, 1200°C / 30 min 
and 1300°C / 5 min in flowing steam conditions. In addition, autoclave test at PWR water chemistry environment was 
performed to confirm their viability in normal LWR conditions. In this report, post-test analyses are presented in terms of 
weight change measurements and microstructural observations by using state of the art electron microscopes. 

1. INTRODUCTION 

The motivation behind the development work on ATF (Accident Tolerant Fuel) claddings is based on specific 
limitations associated with zirconium alloys under design-basis and beyond-design-basis accident scenarios. 
Zirconium fuel cladding in current LWRs provides adequate material performance while being relatively 
transparent to neutrons produced in a reactor core. However, hydrogen release due to the reaction of Zr with steam 
is one of the main contributors to serious loss of integrity scenarios in nuclear reactor accidents. The development 
of ATF cladding materials has been under consideration particularly after the events at Fukushima Daiichi NPP. 
In Fukushima Daiichi, a station black-out caused by an earthquake and subsequent tsunami resulted in failure of 
core cooling, temperature rise and zirconium-steam reactions. The reaction produced hundreds of kilos of H2, 
which leaked out of the reactor pressure vessels in units 1-3. Subsequent hydrogen explosions resulted in severe 
damage to reactor buildings. After fuel rod cooling has been lost, failure mechanisms other than loss of integrity 
due to high temperature Zr-steam reactions are also possible, e.g. ballooning and bursting. Many of the failure 
mechanisms are expected to be LWR concept independent. On the other hand, many of the SMR (Small Modular 
Reactor) concepts have passive cooling, which reduces the risk of cladding overheating. 

Several potential solutions have been proposed as replacements for present-day zirconium-based fuel 
assembly materials, such as improved Zr-based alloys, FeCrAl alloy, Mo-based alloys, SiC composites, various 
coatings, and modified fuel pellets [1-7]. In the development of the new materials, the understanding of the damage 
mechanisms of the fuel cladding is important, i.e. the oxidation behaviour and mechanical properties in normal 
operating conditions and in loss of coolant scenarios in high temperature steam environments.  

As a part of Finnish Academy funded MENUCHAR and SAFIR2022 INFLAME projects, a number of high 
temperature steam tests on different materials and coating combinations have been performed at VTT between 
2016 - 2019. Some of the tests are VTT’s contribution to the IAEA CRP ACTOF project and their results are 
reported in this document. 

2. EXPERIMENTAL METHODS 

In order to improve candidate materials performance at high temperatures (e.g. in beyond design basis 
accidents), coatings were deposited on Zr-alloys. In this work, Zr coupons were coated by using physical vapor 
deposition (PVD) technique on Zr-substrate materials. PVD is a process by which a thin film of material (a few 
microns only) is deposited on a substrate. PVD has the advantage over chemical vapor deposition (CVD) that the 
deposition temperature is lower, in the range of 500°C or below [8,9]. Thus, undesired diffusion processes or 
reactions between substrate and coating are avoided. In contrast to plasma spraying, the PVD process leads to the 
formation of homogeneous coatings without pores or cracks. The coated layers are also significantly thinner.  
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The following coating material/zircaloy combinations were provided by project partners: Maxphase coating 
by KIT, Cr coating by CTU and ZrSiCr by INCT. KIT and CTU provided also uncoated substrates for reference 
tests. In addition to zircaloys, uncoated bulk material AISI 348 was provided by USP for the tests. The materials, 
test conditions, and durations are shown in Table 1. The nominal compositions of substrate materials are as 
following (in weight-%): 

— AISI 348 (17.5Cr 11Ni 1.7Mn 0.41Si 0.85Nb); 
— Zry-4 (1.5Sn 0.20Fe 0.1Cr 0.09-0.13O); 
— Zry-2 (1.5Sn 0.12Fe 0.1Cr 0.12O 0.05Ni). 

Tests were performed in flowing steam at 1100–1300oC and, in order to confirm candidate ATF cladding 
materials viability in normal LWR conditions, also in PWR water at 360°C with [Li] = 2–2.2 ppm, [B] = 600–
1000 ppm, and [H2] = 3 ppm.  

The tested specimens were in a coupon form and had different coating materials and coating thicknesses 
[10]: 

— AISI 348 (bulk material); 
— Zry-4 with a ~15 µm Cr coating; 
— Zry-4 with a Cr/Cr2AlC/Cr multilayer coating with sublayer thicknesses of 1.5µm (Cr), 4.5 µm (Cr2AlC), 

and 0.5 µm (Cr); 
— Zry-2 with a ~2.5 µm ZrSiCr coating.  

The Cr2AlC is called Maxphase, and it is also an alumina-forming material in high-temperature oxidation 
[11]. All three coatings, i.e. pure Cr, Cr/Cr2AlC/Cr (Maxphase) and ZrSiCr, were deposited by using PVD 
technique.  

TABLE 1. MATERIALS EXPOSED AT VTT WITHIN IAEA CRP ACTOF PROJECT TO PWR WATER 
ENVIRONMENT OR HIGH TEMPERATURE STEAM CONDITIONS. 

Material PWR, 
360oC, 
21 d 

PWR, 
360oC, 

42 d 

PWR, 
360oC, 

63 d 

Steam, 
1100oC, 
60 min 

Steam 
1200oC, 
30 min 

Steam 
1300oC, 
5 min 

AISI 348 (USP) Done Done Done Done Done Done 
Zry-4+ Maxphase (KIT) Done Done Done Done Done Done 
Zry-4 ref (KIT) Done Done Done NA NA NA 

Zry-4 + Cr (CTU) Done Done Done Done Done Done 
Zry-4 ref (CTU) Done Done Done NA NA NA 
Zry-2 + ZrSiCr (INCT) 16.5 days(a) NA NA  NA NA NA 

Zry-2 ref (INCT) NA NA NA NA NA NA 

(a)  Test material received near the end of test campaign, NA = material not available. 

 Test facilities 

2.1.1. Autoclave for LWR exposures 

The autoclave tests in PWR water were performed in VTT’s autoclave laboratory. The autoclave is connected 
to a water recirculation loop. The loop consists of low and high-pressure sections, see Fig. 1. The low pressure 
section consists of a make-up water tank equipped with nitrogen, hydrogen and mixed gas gasification systems, a 
low pressure re-circulation pump, a mixed bed ion exchanger used for water purification before the test solution 
is prepared, and water chemistry measurement instrumentation for on-line monitoring of conductivity, pH, 
dissolved oxygen, and dissolved hydrogen. Water chemistry monitoring instruments can be switched either to 
measure autoclave inlet or outlet water. 

The dissolved oxygen content is monitored using an Orbisphere Model 3660 oxygen analyzer and the 
dissolved hydrogen content is monitored using an Orbisphere Model 3610 hydrogen analyzer. A Kemotron 
Conductivity analyzer is used to monitor the water conductivity. pH at ambient temperature is measured using a 
Monec D9100 pH meter. The measured water chemistry parameters are recorded by a Dell OptiPlex GX620 PC. 
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As the oxygen and pH sensors contain chlorides, oxygen and pH are not measured continuously in order to prevent 
chloride contamination in the water re-circulation loop. During the measurements, the water from the O2 and pH 
sensor cells is re-directed to an external container for disposal. 

Analytical grade Baker analyzed (J. T. Baker) H3BO3, LiOH and Milli-Q water are used for the preparation 
of the simulated coolant in the make-up water tank. The boric acid and LiOH levels in the water are controlled 
based on the grab samples and measured pH and conductivity values. The high pressure section consists of a high 
pressure diaphragm pump (LEWA type EL-1), a pressure accumulator to reduce pressure fluctuations, a heat 
exchanger, a pre-heater, four 1 litre autoclaves connected in series (one of them used in this project), and a pressure 
release valve which separates the high- and low pressure sections of the loop. The autoclaves, loop pipelines and 
valves are made of austenitic stainless steel AISI 316L. Sensor connectors at the low-pressure side are made of 
AISI 316L stainless steel except for the pH electrode connector which is PVC (polyvinyl chloride). The maximum 
operating pressure of the autoclave is 220 bar temperature 370ºC. The autoclave’s internal pressure is monitored 
using a KELLER 250 bar pressure sensor connected to a West 6100+ controller. The test temperature is monitored 
and controlled by an internal K-type thermocouple connected to West 6100+ controller. 

  

 

FIG. 1. Schematic structure of the water recirculation loop including autoclave (top) and photograph of the used autoclave in 
this test campaign (bottom).  
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2.1.2. High temperature furnace for steam exposures 

Steam tests were performed by using a steam furnace system described in Fig. 2 and Fig. 3. The furnace 
consist of an alumina tube (working tube), a specimen tube and a sample holder, all manufactured from 
recrystallized alumina (RCA). The furnace has one zone, i.e. uniform heat is produced in the middle of test section. 
The desired temperature can be maintained in a 100 mm long zone with silicon carbide heating elements. The 
maximum temperature of the steam furnace is 1600°C. More detailed information about the dimensions and 
chemical compositions of the alumina tubes are shown in Table 2.  

 

FIG. 2. Photograph of high temperature steam furnace system (left) and alumina sample holder (right). 

 
1. Water reservoir for possible quenching 6. Alumina support 
2. HPLC pump 7. Alumina tube 
3. Preheater 8. Cooling pool 
4. Helical super-heater 9. Argon feed line 
5. ATF cladding tube with internal heating and 
temperature control 

 

FIG. 3. Schematic arrangement of VTT’s steam-oxidation test furnace for ATF cladding samples. 
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TABLE 2. DETAILED INFORMATION OF STEAM FURNACE AND ITS FITTINGS 

Furnace Sample holder 
(Recrystallized Aluminum) 

Specimen tube 
(Recrystallized Aluminum) 

Working tube  
(Recrystallized 

Aluminum) 
Carbolite STF 16/610 max. 
temperature 1600°C,  
max. power in heating stage 
7000 W,  
max. power in maintaining 
desired test temperature 4000 W 

D=15 mm, d=10 mm, 
Alumina Alsint 99.7t Type 
C 799 to DIN EN 60672,   

Al2O3 content 99.7% 

D=24 mm, d=18 mm, 
Alumina Alsint 99.7t Type 

C 799 to DIN EN 
60672,  Al2O3 content 

99.7% 
 

length 1500 mm,  
d= 75mm, RCA  

An example of a typical specimen exposure sequence is shown in Fig. 4. The curves represent sample 
temperature (n) and steam temperature in preheater (water vaporizer, i) in the case of AISI 348 and Maxphase 
coated Zry-4 specimens at 1200°C / 30 min. All specimens were tested one sample at a time in the furnace. The 
specimens were removed from the furnace after desired exposure times (60 min, 30 min and 5 min), and then 
photographed and weighed. Metallographic cross-section specimens were prepared and images were taken by an 
optical microscope.  

 

FIG. 4. Temperature measurements near sample surface (n) and from preheater during steam exposure test at 1200°C. Note 
that the preheater temperature (i) decreases when water flow is on (HPLC pump switched on) during the exposure. However, 
the sample temperature (n) remains constant. 

2.1.3. Electron microscopy 

A Zeiss Crossbeam 540 field emission scanning electron microscope (FEG-SEM) equipped with energy 
dispersive X-ray spectrometer (EDS) and wave-length dispersive X-ray spectrometer (WDS) from EDAX was 
used to characterize exposed specimens after autoclave and steam furnace tests. Initial metallographic state of the 
specimens was not studied due to lack of samples. Each specimen was imaged with secondary electrons. Elemental 
composition of oxide/coating layers were determine by selected area and point analyses. In addition, elemental 
SEM-EDS-maps were collected to observe overall composition variations in the vicinity of the oxide/coating 
layers. Imaging and SEM-EDS analyses were done using 15 keV electron energy and 500 pA - 1.5 nA probe 
currents. One sample (AISI 348 sample SPP 4, 1100°C, 60 min, results reported in Chapter 3.2.3.1) was analysed 
using WDS in order to infer the intermetallic state of particles found in the specimen.  
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3. RESULTS 

 LWR autoclave exposures 

Six different samples, including one AISI 348 bulk sample, and two reference samples (uncoated Zry-4 / 
KIT & Zry-4 / CTU) were included in the PWR autoclave tests. The samples were exposed for 21, 42 and 63 days 
except for specimens delivered by INCT. INCT specimens were installed into the autoclave near the end of the 
LWR test campaign and were exposed for 16.5 days. 

After the autoclave exposures, the specimens were photographed (the photographs are shown in Appendix 
1), weighed, and weight changes per unit area were calculated, see Fig.5. Based on the weight change 
measurements, weight gain of AISI348 was moderate after 21- and 42-days exposure. However, after 63 days 
exposure, a small weight loss was observed, see Fig.5 (bottom, higher magnification inset of AISI 348 results).  

  

FIG.5. Weight change measurements of samples exposed to PWR water at 360°C for 21, 42 and 63 days (left). Right figure is 
showing the same results excluding Maxphase coated Zry-4, which showed significant weight loss. A magnification of AISI 348 
results is shown as an inset. 

In order to confirm this observation, more detailed information from cross-section characterization and 
sample surface analyses were done. Visual inspections indicate that, in general, AISI 348 samples are covered 
with a uniform oxide layer, which is most probably iron rich oxide.   

Weight change measurements showed clearly that uncoated Zry-4 reference materials behaved as expected, 
i.e. the observed weight gain increased as a function of exposure time due to the growth of a protective oxide film. 
On the other hand, Maxphase coated Zry-4 showed significant weight loss due to flaking coating (photographs 
shown in Appendix 1). Cr coated Zry-4 showed only a small increase in weight gain after 21 and 42 days exposure. 
A somewhat lower weight gain is seen after the final exposure time of 63 days than after the 42 days exposure. 
The reason for the lower weight gain is not clear. SiCrZr coated Zry-2 samples showed also weight gain after the 
short exposure period of 16.5 days. 

3.1.1. AISI 348 / USP 

Overview and detailed SE images of AISI 348 specimen, which was exposed for 63 days, are shown in Fig. 
6. The specimens exposed for 21 and 42 days are not reported here in terms of cross-section / elemental analyses 
due to the insignificant oxidation of the specimens. The oxide layer on the specimen exposed for 63 days was not 
continuous and most parts of it flaked off during the sample preparation. Locally, layers of metal were observed 
on top of a thin oxide layer possibly as a results of the initial surface machining. In general, the thickness of these 
local areas of oxide layer was about 1 μm, see the higher magnification on right hand side in Figure 6. 

SEM-EDS maps of O, Nb, Cr, Mn, Fe and Ni, where the oxide layer is on the left side, are shown in Fig. 7. 
SEM-EDS Selected Area analyses are shown in Fig. 8. In Fig. 7 the Nb-map shows presence of some Nb particles 
(carbide stabilizer). 
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FIG. 6. SE images of AISI 348 specimen (63 days). 

SE O Nb 

Cr Mn Fe 

 

Ni 

FIG. 7. SEM-EDS maps showing the distribution of O, Nb, Cr, Mn, Fe and Ni of the AISI 348 specimen (63 days). 
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O K Al K Si K Nb L Cr K Mn K Fe K Ni K 
Selected Area 1 — 0.1 0.6 0.4 17.0 1.7 71.1 9.1 
Selected Area 2 — — 0.6 0.4 17.0 2.0 71.0 9.1 
Selected Area 3 6.2 — 0.4 43.3 9.7 — 36.0 4.5 
Selected Area 4 — — 0.6 1.7 17.1 2.1 69.8 8.7 
Selected Area 5 — — 0.6 0.4 17.0 2.0 70.1 9.1 

FIG. 8. SEM-EDS chemical composition (wt. %) SA analyses of specimen AISI 348 (63 days). K and L X-ray emission lines 
were used for quantification. 

3.1.2. Zry-4 / KIT 

Overview and detailed SE images of Zry-4 reference KIT specimen, which was exposed for 63 days, are 
shown in Fig. 9. The reference specimen was exposed so that the same specimen was removed from the autoclave 
after each exposure period (21, 42, and 63 days) and then it was inserted back to the autoclave after photographing 
and weight change measurements. A cross-section was prepared after the final exposure. The oxide layer thickness 
on the specimen surface ranged typically from 1 μm to 10 μm. The layer was continuous although slightly porous 
and several cracks through the oxide layer were observed. 

SEM-EDS maps of O, Zr, Sn and Ni, where the oxide layer is on the bottom, are shown in Fig. 10. SEM-
EDS Selected Area analyses are shown in Fig. 11. A few μm thin darker layer can be seen between the outer oxide 
layer and the substrate in the SE image. Based on the Selected Area analyses, the layer is oxide with slightly 
elevated Cr and Fe content. Some Cr/Fe-rich particles are also observed in the oxide layer (see Cr/Fe-maps in 
Figure 10).  

 

 

FIG. 9. SE images of Zry-4 reference KIT specimen (63 days). 
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SE O Zr 

   

Sn Cr Fe 

FIG. 10. SEM-EDS maps showing the distribution of O, Zr, Sn, Cr and Fe of the Zry-4 reference KIT specimen (63 days). 

 

 O K Zr L Sn L Cr K Fe L Ni K 
Selected Area 1 1.8 95.8 1.4 — 0.5 0.5 
Selected Area 2 24.7 72.6 1.2 0.4 0.8 0.3 
Selected Area 3 24.2 73.0 1.1 0.4 1.0 0.4 
Selected Area 4 25.9 71.8 1.1 — 0.6 0.6 
Selected Area 5 12.6 85.0 1.4 — 0.6 0.5 

FIG. 11. SEM-EDS chemical composition (wt. %) SA analyses of specimen Zry-4 reference KIT specimen (63 days). K and L 
X-ray emission lines were used for quantification. 

Overview and detailed SE images of Maxphase (Cr2AlC) coated Zry-4 specimen, which was exposed for 21 
days, are shown in Fig. 12. The coating thickness ranged from about 0.5 μm to 5 μm. The coating was not 
continuous and parts of it has come loose during the sample preparation. Through the coating cracks and cracks 
between the coating and the substrate were found.  

SEM-EDS maps of O, Al, Si, Zr, Sn, Cr, Fe and Ni, where the oxide layer is on the left side, are shown in 
Fig.13. SEM-EDS Selected Area analyses are shown in Fig. 14. There is no coating on the short side close to the 
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edge between the long and short sides of the specimen where Zr has oxidized. On the long side the coating has 
protected the Zr substrate from oxidation. 

FIG. 12. SE images of Maxphase (Cr2AlC) coated Zry-4 KIT specimen (21 day exposure). 

   

SE O Al 

   

Si Zr Sn 

   

Cr Fe Ni 

FIG. 13. SEM-EDS maps showing the distribution of O, Al, Si, Zr, Sn, Cr, Fe and Ni of the Maxphase (Cr2AlC) coated Zry-4 
KIT specimen (21 day exposure). 
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O K Al K Si K Zr L Sn L Cr K Fe K Ni K 
Selected Area 1 1.8 — — 94.1 1.7 1.2 1.3 — 
Selected Area 2 2.8 8.0 — 1.7 0.2 86.5 0.6 — 
Selected Area 3 2.4 18.6 — — 0.2 78.1 0.4 — 
Selected Area 4 4.2 0.2 — 0.3 0.2 94.1 0.8 — 
Selected Area 5 4.1 2.8 0.3 1.9 0.3 89.9 0.7 — 
Selected Area 6 25.4 — — 71.0 — 0.7 0.9 0.8 
Selected Area 7 27.3 — — 70.1 1.1 0.6 1.0 — 

Fig. 14. SEM-EDS chemical composition (wt. %) SA analyses of Maxphase (Cr2AlC) coated Zry-4 KIT specimen (21 day 
exposure). K and L X-ray emission lines were used for quantification. 

Overview and detailed SE images of Maxphase (Cr2AlC) coated Zry-4 specimen, which was exposed for 42 
days, are shown in Fig. 15. The coating thickness ranged from about 3 μm to 10 μm. The coating was not 
continuous and parts of it has come loose during the sample preparation. Through the coating cracks and cracks 
between the coating and the substrate were found.  

SEM-EDS maps of O, Al, Si, Zr, Sn, Cr, Fe and Ni, where the oxide layer is on the left side, are shown in 
Fig.16. SEM-EDS Selected Area analyses are shown in Fig. 17. On the short side of the specimen, the oxidation 
has progressed through the coating to the Zr substrate. 

FIG. 15. SE images of Maxphase (Cr2AlC) coated Zry-4 KIT specimen (42 day exposure). 
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FIG. 16. SEM-EDS maps showing the distribution of O, Al, Si, Zr, Sn, Cr, Fe and Ni of the Maxphase (Cr2AlC) coated Zry-4 
KIT specimen (42 day exposure). 
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O K Al K Si K Zr L Sn L Cr K Fe K Ni K 
Selected Area 1 1.9 — — 95.0 1.8 — 1.4 — 
Selected Area 2 24.7 — — 70.7 1.3 0.9 1.4 1.0 
Selected Area 3 26.4 — — 69.7 1.4 1.1 1.5 — 
Selected Area 4 26.1 — — 68.7 1.5 1.2 1.5 1.1 
Selected Area 5 9.5 12.0 0.4 — 0.1 75.6 1.7 0.5 
Selected Area 6 13.6 1.9 0.3 — 0.2 71.7 2.3 0.8 

FIG. 17. SEM-EDS chemical composition (wt. %) SA analyses of Maxphase (Cr2AlC) coated Zry-4 KIT specimen (42 day 
exposure). K and L X-ray emission lines were used for quantification. 

Overview and detailed SE images of Maxphase (Cr2AlC) coated Zry-4 specimen, which was exposed for 63 
days, are shown in Fig. 18. The coating thickness ranged from about 2 μm to 40 μm. The coating was not 
continuous and parts of it have come loose during the sample preparation. Through the coating cracks and cracks 
between the coating and the substrate were found. When comparing 63 days to 21 days the remaining amount of 
coating is smaller in specimen, which was exposed 63 days.  

SEM-EDS maps of O, Al, Si, Zr, Sn, Cr, Fe and Ni are shown in Fig.19. SEM-EDS Selected Area analyses 
are shown in Fig. 20. During the exposure the coating has been peeled off from most parts of the specimen. Due 
to peeling off of the coating close to the edge between the short and long sides of the specimen, the environment 
has been in contact with the substrate, which can be seen in the oxide map in Fig.19 and SA6 and SA7 SEM-EDS 
analyses in Fig. 20. 

FIG. 18. SE images of Maxphase (Cr2AlC) coated Zry-4 KIT specimen (63 days). 
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FIG. 19. SEM-EDS maps showing the distribution of O, Al, Si, Zr, Sn, Cr, Fe and Ni of the Maxphase (Cr2AlC) coated Zry-4 
KIT specimen (63 day exposure). 
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O K Ni L Al K Si K Zr L Sn L Cr K Fe K 
Selected Area 1 3.2 0.3 0.4 0.5 — 0.1 95.2 0.4 
Selected Area 2 4.1 0.2 0.3 0.9 — 0.2 93.9 0.4 
Selected Area 3 2.2 0.2 20.8 0.3 — 0.2 76.1 0.2 
Selected Area 4 4.8 0.1 21.3 0.4 0.4 0.1 72.7 0.2 
Selected Area 5 4.0 0.2 0.9 0.5 2.2 0.1 91.9 0.3 
Selected Area 6 25.1 0.1 0.1 — 68.7 1.1 3.8 1.1 
Selected Area 7 26.2 0.5 — — 71.3 1.0 0.6 0.4 
Selected Area 8 1.9 0.4 — — 95.6 1.5 — 0.6 

FIG. 20. SEM-EDS chemical composition (wt. %) SA analyses of Maxphase (Cr2AlC) coated Zry-4 KIT (63 day exposure). K 
and L X-ray emission lines were used for quantification. 

3.1.3. Zry-4 / CTU 

Overview and detailed SE images of Zry-4 reference CTU specimen, which was exposed up to 63 days (by 
using one coupon specimen as in the case of Zry-4 reference KIT specimen), are shown in Fig. 21. The oxide layer 
thickness ranged from 1 μm to 10 μm. The layer was continuous, however, it was slightly porous and several 
through the oxide layer cracks were formed. 

SEM-EDS maps of O, Zr, Sn and Ni, where the oxide layer is on the left side, are shown in Fig. 22.  
SEM-EDS Selected Area analyses are shown in Fig. 23. 

FIG. 21. SE images of Zry-4 reference CTU specimen (63 day exposure). 
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Fig. 22. SEM-EDS maps showing the distribution of O, Zr, Sn and Ni of the Zry-4 reference CTU specimen (63 day exposure). 

 

 O K Ni L Zr L Sn L Fe K 
Selected Area 1 29.3 0.5 68.6 0.9 0.8 
Selected Area 2 28.4 0.2 70.1 0.6 0.8 
Selected Area 3 29.0 0.4 69.1 0.8 0.8 
Selected Area 4 25.7 0.8 71.6 1.1 0.9 
Selected Area 5 1.9 0.2 96.4 0.7 0.8 

FIG. 23. SEM-EDS chemical composition (wt. %) SA analyses of Zry-4 reference CTU specimen (63 day exposure). K and L 
X-ray emission lines were used for quantification. 

Overview and detailed SE images of Cr coated Zry-4 CTU specimen, which was exposed for 21 days, are 
shown in Fig. 24. The coating thickness ranged from about 20 μm to 30 μm. The coating was continuous but some 
through the coating cracks and cracks between the coating and the substrate were found. 
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SEM-EDS maps of O, Zr, Sn and Ni, where the coating is on the top, are shown in Fig. 25. SEM-EDS 
Selected Area analyses are shown in Fig. 26. No evident oxidation of the Zr substrate can be seen. 

FIG. 24. SE images of Cr coated Zry-4 CTU specimen (21 day exposure). 

 

  

SE O Zr 

   

Sn Cr Fe 

FIG. 25. SEM-EDS maps showing the distribution of O, Zr, Sn, Cr and Fe of the Cr coated Zry-4 CTU specimen (21 day 
exposure). 
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O K Al K Si K Zr L Sn L Ti K Cr K Fe K Ni K 

Selected Area 1 3.2 — — — 0.1 — 95.7 0.6 0.4 
Selected Area 2 6.6 0.1 0.2 — 0.2 — 67.7 1.3 0.5 
Selected Area 3 3.4 — 0.2 — 0.1 0.2 95.4 0.4 0.4 
Selected Area 4 2.0 — — 93.5 1.5 — 1.3 0.9 0.8 
Selected Area 5 1.9 — — 92.7 1.4 — 2.6 0.9 0.6 

FIG. 26. SEM-EDS chemical composition (wt. %) SA analyses of Cr coated Zry-4 CTU (21 day exposure). K and L X-ray 
emission lines were used for quantification. 

Overview and detailed SE images of Cr coated Zry-4 CTU specimen, which was exposed for 42 days, are 
shown in Fig. 27. The coating thickness ranged from about 20 μm to 30 μm. The coating was continuous but some 
through the coating cracks and cracks between the coating and the substrate were found. 

SEM-EDS maps of O, Zr, Sn, Cr and Fe, where the coating is on the top, are shown in Fig. 28. SEM-EDS 
Selected Area analyses are shown in Fig. 29 (note: the image is upside down when compared to the images in 
Fig. 28). A crack trough the coating can be seen. However, it did not result in the oxidation of the underlying Zr 
substrate. 

FIG. 27. SE images of Cr coated Zry-4 CTU specimen (42 day exposure). 
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FIG. 28. SEM-EDS maps showing the distribution of O, Zr, Sn, Cr and Fe of the Cr coated Zry-4 CTU specimen (42 day 
exposure). 

 

 O K Si K Zr L Sn L Ti K Cr K Fe K Ni K 
Selected Area 1 2.2 — 94.9 1.5 — 0.5 0.5 0.4 
Selected Area 2 1.9 — 93.8 1.3 — 1.8 0.6 0.5 
Selected Area 3 3.3 — — 0.1 0.2 95.6 0.5 0.3 
Selected Area 4 3.0 — — 0.1 — 96.5 0.5 — 
Selected Area 5 3.1 — — 0.1 — 95.9 0.5 0.3 
Selected Area 6 3.0 0.1 — 0.1 — 96.0 0.6 0.2 

FIG. 29. SEM-EDS chemical composition (wt. %) SA analyses of Cr coated Zry-4 CTU specimen (42 days). K and L X-ray 
emission lines were used for quantification. 

Overview and detailed SE images of Cr coated Zry-4 CTU specimen, which was exposed for 63 days, are 
shown in Fig. 30. The coating thickness ranged from about 20 μm to 40 μm. The coating was continuous but some 
through the coating cracks and cracks between the coating and the substrate were found. 
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SEM-EDS maps of O, Zr, Sn, Cr and Fe are shown in Fig. 31. SEM-EDS Selected Area analyses are shown 
in Fig. 32. 

FIG. 30. SE images of Cr coated Zry-4 CTU specimen (63 day exposure). 
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FIG. 31. SEM-EDS maps showing the distribution of O, Zr, Sn, Cr and Fe of the Cr coated Zry-4 CTU specimen (63 day 
exposure). 
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 O K Ni L Si K Zr L Sn L Cr K Fe K 
Selected Area 1 3.1 0.1 0.1 — 0.2 96.0 0.5 
Selected Area 2 3.1 0.2 0.1 — 0.1 96.0 0.5 
Selected Area 3 1.7 0.5 — 94.6 1.5 1.8 — 
Selected Area 4 3.1 0.3 0.2 — 0.2 96.0 0.3 
Selected Area 5 1.9 0.3 — 95.9 0.7 0.5 0.7 

FIG. 32. SEM-EDS chemical composition (wt. %) SA analyses of Cr coated Zry-4 CTU specimen (63 day exposure). K and L 
X-ray emission lines were used for quantification. 

3.1.4. ZrSiCr coated Zry-2 / 16.5 days 

Overview and detailed SE images of ZrSiCr coated Zry-2 INCT specimen, which was exposed for 16.5 days, 
are shown in Fig. 33. The oxide layer thickness ranged from about 2 μm to 10 μm. The layer was not continuous 
and parts of it has come loose during the sample preparation. Through the oxide layer cracks and cracks between 
the oxide layer and the substrate were found. 

SEM-EDS maps of O, Al, Si, Zr, Sn, Cr, Fe and Ni, where the oxide layer is on the left side, are shown in 
Fig. 34. SEM-EDS Selected Area analyses are shown in Fig. 35. The oxide layer is clearly leaking, which is shown 
in the O and Zr maps in Fig. 34 where under the oxide layer an increase in the O content as well as decrease of the 
Zr content are observed. 

FIG. 33. SE images of ZrSiCr coated Zry-2 INCT specimen (16.5 day exposure). 
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FIG. 34. SEM-EDS maps showing the distribution of O, Al, Si, Zr, Sn, Cr, Fe and Ni of the ZrSiCr coated Zry-2 INCT specimen 
(16.5 day exposure). 
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O K Ni L Al K Si K Zr L Sn L Cr K Fe K 
Selected Area 1 1.8 1.1 — — 94.0 0.8 0.9 1.4 
Selected Area 2 25.8 0.7 — — 71.4 0.7 0.5 0.9 
Selected Area 3 4.7 0.6 — 28.6 31.5 0.2 33.7 0.7 
Selected Area 4 27.8 — 0.1 1.1 27.4 — 31.4 9.0 
Selected Area 5 13.7 — — 17.0 25.1 — 44.3 — 
Selected Area 6 27.8 — — — 69.8 1.1 0.4 0.7 

FIG. 35. SEM-EDS chemical composition (wt. %) SA analyses of ZrSiCr coated Zry-2 INCT specimen (16.5 day exposure). K 
and L X-ray emission lines were used for quantification. 

 High temperature steam exposures 

3.2.1. AISI 348 / USP 

Three AISI 348 samples were exposed to flowing steam: sample SPP 1 at 1100°C for 60 minutes, SPP 2 at 
1200°C for 30 minutes and SPP 3 at 1300°C for 5 minutes. An SEM was used to take secondary electron (SE) and 
backscatter electron (BSE) images in order to characterize the specimens after different exposure temperatures. 
SEM-EDS was used in order to map and analyze elemental distributions and contents especially from the outer 
and inner oxide layers. Prior to testing, sample dimensions were measured. The samples were weighed before and 
after testing in order to calculate the weight change per unit surface area. The weigh changes are shown in  
Table 3. Moderate increase in weight was observed with increasing temperature regardless of considerably reduced 
exposure time.  

TABLE 3. CALCULATED WEIGHT CHANGES (ΔW) ON AISI 348 AFTER STEAM EXPOSURES. 

SPP 1 1100°C / 1h SPP 2 1200°C / 30 min SPP 3 1300°C / 5 min 

Δw 1.62 % Δw 4.74 % Δw 5.86 % 

SE and BSE images are shown in Fig. 36. In the SE image the outer oxide layer is on the left side, the inner 
oxide layer next to the outer oxide layer in the middle and the bulk is on the right side. It can be seen in the BSE 
image how the outer oxide layer is partly loosened during the sample preparation. This layer has porosity and 
multiple cracks. The thickness of the whole oxide layer varied from 200 μm to 450 μm. 

SEM-EDS maps of main elements like O, Si, Cr, Mn, Fe and Ni are shown in Fig. 37, where the outer oxide 
layer is on the left side. SEM-EDS Selected Area (SA) analyses are shown in Fig. 38. Based on the SEM-EDS 
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map analyses, a typical double oxide layer structure is observed including iron rich outer oxide and inner oxide 
layer rich with Cr, most probably Fe-Cr spinel, with certain amount of Si, Mn, and Ni. In addition to this, some 
Mn was found close to the original sample surface, see Fig. 38 (SA2).  

SE BSE 

FIG. 36. Specimen SPP 1 SE and BSE images after exposure at 1100°C / 60 min. 

O Si Cr 

Mn Fe Ni 

FIG. 37. Specimen SPP 1 SEM-EDS maps showing the distribution of O, Si, Cr, Mn, Fe and Ni after exposure at 1100°C / 
60 min. The outer oxide layer is on the left side, the inner oxide layer in the middle and the bulk on the right side just outside 
the images. 
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O K Si K Nb K Mo L Cr K Mn K Fe K Ni K 
Selected Area 1 26.4 0.1 0.1 0.1 0.2 1.6 71.0 0.5 
Selected Area 2 24.8 0.2 0.4 0.1 14.0 2.1 56.8 1.5 
Selected Area 3 23.3 1.6 0.9 0.1 28.0 1.2 40.7 4.1 
Selected Area 4 11.7 0.6 0.4 0.1 18.2 1.2 60.4 7.3 
Selected Area 5 0.8 0.5 0.3 0.1 19.0 1.6 69.1 8.7 

FIG. 38. Specimen SPP 1 SEM-EDS chemical composition (wt. %) SA analyses. K and L X-ray emission lines were used for 
quantification. 

SE and BSE images are shown in Fig. 39 on specimen SPP 2 after exposure at 1200°C / 30 min. In the SE 
image the outer oxide layer is on the left side, the inner oxide layer next to the outer oxide layer in the middle and 
the bulk is on the right side. In the BSE image, the outer oxide layer is on the top. The outer oxide layer is porous 
and partly loosened due to sample preparation and some cracks can be seen in the inner oxide layer. The thickness 
of the whole oxide layer varied from 500 μm to 650 μm.  

SEM-EDS maps of O, Si, Cr, Mn, Fe and Ni, where the outer oxide layer is on the bottom part, is shown in 
Fig. 40. Corresponding SEM-EDS SA analyses are shown in Fig. 41. The structure of the outer layer is more 
broken than after the exposure to 1100°C.    

SE BSE 

FIG. 39. Specimen SPP 2 SE and BSE images after exposure at 1200°C / 30 min. 



129 

O Si Cr 

Mn Fe Ni 

FIG. 40. Specimen SPP 2 SEM-EDS maps showing the distribution of O, Si, Cr, Mn, Fe and Ni. The outer oxide layer is on the 
bottom, the inner oxide layer on the upper part of the maps and a narrow zone of the bulk alloy is seen on the top. 

 

 

O K Si K Nb K Mo L Cr K Mn K Fe K Ni K 
Selected Area 1 23.2 — — — 0.2 2.2 73.9 0.6 
Selected Area 2 23.2 0.1 0.2 0.1 0.3 1.9 74.0 0.2 
Selected Area 3 23.9 0.7 0.9 0.1 7.0 2.0 64.5 0.7 
Selected Area 4 21.3 0.2 0.5 0.1 24.9 1.0 44.5 7.4 
Selected Area 5 18.9 0.5 0.6 0.1 26.9 0.9 44.7 7.3 

FIG. 41. Specimen SPP 2 SEM-EDS chemical composition (wt. %) SA analyses. K and L X-ray emission lines were used for 
quantification.  

SE and BSE images are shown in Fig. 42 on specimen SPP 3 after exposure at 1300°C / 5 min. In the SE 
image the outer oxide layer is on the top, the inner oxide layer is below the outer oxide layer and the bulk can be 
seen on the bottom. The BSE image shows that the outer oxide layer is porous and partly loosened as a result of 
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sample preparation. The inner oxide layer has large cracks. The thickness of the whole oxide layer varied from 
520 μm to 1050 μm.  

SEM-EDS maps of O, Si, Cr, Mn, Fe and Ni are shown in Fig. 43 where the outer oxide layer is on the left 
side. SEM-EDS SA analyses are shown in Fig. 44.  

SE BSE 

FIG. 42. Specimen SPP 3 SE and BSE images after exposure at 1300°C / 5 min. 

O Si Cr 

Mn Fe Ni 

FIG. 43. Specimen SPP 3 SEM-EDS maps after exposure at 1300°C / 5 min showing the distribution of O, Si, Cr, Mn, Fe and 
Ni. The outer oxide layer is on the left side, the inner oxide layer in the middle and the bulk is on the right side outside the 
images. 
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 O K Si K Nb K Mo L Cr K Mn K Fe K Ni K 
Selected Area 1 23.5 0.1 0.2 0.1 0.2 1.8 74.0 0.2 
Selected Area 2 23.7 0.2 0.3 0.1 2.2 1.6 71.7 0.2 
Selected Area 3 22.8 0.4 0.7 0.1 19.9 1.5 49.3 5.4 
Selected Area 4 16.3 0.3 0.5 0.1 21.1 0.9 45.0 15.8 

FIG. 44. Specimen SPP 3 SEM-EDS chemical composition (wt. %) SA analyses. K and L X-ray emission lines were used for 
quantification. 

A common feature in the specimens was the double layer structure of the oxide. The outer layer contained 
mainly Fe with some Mn and the inner layer Fe, Mn, Cr and Ni. The Fe content in the outer oxide layer has slightly 
increased when the test temperature has been increased. At 1100°C the Fe content is 71.0 wt. % and at 1200°C 
and 1300°C around 74 wt. %. The thickness of the whole oxide layer also increased when test temperature was 
increased. At 1100°C, the average thickness measured from SEM cross-sections varied between 200 μm and 450 
μm, and at 1300°C from 520 μm to 1050 μm.  

At the highest temperature, some Cr diffusion has taken place from the inner layer to the outer layer. This 
can be seen in SEM-EDS maps, Fig. 43, and in the change of chemical content of Cr and Fe on the SA1 (Cr 0.2 
wt. % and Fe 74.0 wt. %) and SA2 (Cr 2.2 wt. % and Fe 71.7 wt. %) in Fig. 44. 

3.2.2. Cr coated Zry-4 / CTU 

Similar procedures were followed with three Cr coated Zry-4 CTU specimens as with the AISI 348 
specimens. The weigh changes are shown in Table 4. Moderate increase in weight was observed with increasing 
temperature up to 1200°C although exposure time decreased down to 30 min. The observed weight gain after 
exposure at 1300°C was relatively high being 6–20 times higher compared to lower temperatures.  

TABLE 4. CALCULATED WEIGHT CHANGES (ΔW) ON CR COATED ZRY-4 CTU SPECIMEN AFTER 
STEAM EXPOSURES. 

Spec. 1 Zry-4 1100°C / 60 min Spec. 2 Zry-4 1200°C / 30 min Spec. 3 Zry-4 1300°C / 5 min 

Δw 0.46 % Δw 1.37 % Δw 8.59 % 

Overview and detailed SE images of Cr coated Zry-4 specimen, which was exposed at 1100°C for  
60 minutes, are shown in Fig. 45. The thickness of coating and the oxide layers together was about 10 μm. The 
observed coating was otherwise continuous but cracks between the coating and the oxide layer were found. 
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SEM-EDS maps of O, Zr, Sn, Cr and Fe are shown in Fig. 46. SEM-EDS Selected Area analyses are shown 
in Fig. 47. A thin layer of Cr and Zr between the coating and the substrate in SEM-EDS maps in Fig. 46 and in 
SA2 in Fig. 47 shows that Cr is diffusing towards the Zr substrate. 

FIG. 45. SE images of Cr coated Zry-4 CTU specimen (1100 °C, 60 min). 

   

SE O Zr 

   

Sn Cr Fe 

FIG. 46. SEM-EDS maps showing the distribution of O, Zr, Sn, Cr and Fe of the Cr coated Zry-4 CTU specimen (1100°C, 
60 min). 
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C K O K Si K Zr L Sn L Cr K Fe K Ni K 
Selected Area 1 — 1.7 — 94.1 1.3 2.0 0.3 0.5 
Selected Area 2 — 2.3 — 38.6 0.3 56.7 1.8 0.4 
Selected Area 3 — 3.0 0.2 — 0.2 96.2 0.5 — 
Selected Area 4 — 3.1 0.1 — 0.1 96.2 0.4 — 
Selected Area 5 — 27.3 0.2 — 0.1 72.2 0.2 — 
Selected Area 6 26.0 3.5 1.0 15.8 0.2 52.8 0.8 — 

FIG. 47. SEM-EDS chemical composition (wt. %) SA analyses of Cr coated Zry-4 CTU specimen (1100°C, 60 min). K and L 
X-ray emission lines were used for quantification. 

Overview and detailed SE images of Cr coated Zry4 CTU specimen, which was exposed at 1200°C for  
30 minutes, are shown in Fig. 48. The thickness of the coating and the oxide layers together was about 15 μm. The 
observed coating layer was continuous. As with the 1100°C specimen, cracks through the oxide layer and between 
the coating and the oxide layer were found. 

SEM-EDS maps of O, Zr, Sn, Cr and Fe are shown in Fig. 49. SEM-EDS Selected Area analyses are shown 
in Fig. 50. A thin layer of Cr and Zr between the coating and the substrate in SEM-EDS maps in Fig. 49 and the 
observed elemental compositions of Cr and Zr in SA2 in Fig. 50 shows that Cr is diffusing towards the Zr substrate 
as was observed also at the lower temperature of 1100°C. 

FIG. 48. SE images of Cr coated Zry-4 CTU specimen (1200°C, 30 min). 
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SE O Zr 

   

Sn Cr Fe 

FIG. 49. SEM-EDS maps showing the distribution of O, Zr, Sn, Cr and Fe of the Cr coated Zry-4 CTU specimen (1200°C,  
30 min). 

 

 C K O K Al K Si K Zr L Sn L Ca K Cr K Fe K 
Selected Area 1 — 2.1 — — 93.7 1.4 — 2.1 0.8 
Selected Area 2 — 2.2 — — 38.3 0.4 — 58.6 0.5 
Selected Area 3 — 3.3 — — 0.3 0.2 — 96.2 — 
Selected Area 4 — 28.2 0.2 0.1 — 0.2 — 70.8 0.5 
Selected Area 5 60.7 16.3 0.5 1.6 2.2 — 2.9 2.4 13.4 
Selected Area 6 — 26.7 0.5 0.2 — — 0.2 71.3 1.1 

FIG. 50. SEM-EDS chemical composition (wt. %) SA analyses of Cr coated Zry-4 CTU specimen (1200°C, 30 min). K and L 
X-ray emission lines were used for quantification. 

Overview and detailed SE images of Cr coated Zry-4 CTU specimen, which was exposed at 1300°C for  
5 minutes, are shown in Fig. 51. The thickness of coating and the oxide layer ranged from 40 μm to 400 μm. The 
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coating was continuous, but the coating and the substrate has partly come loose during the sample preparation as 
concluded via observation of several substrate cracks.  

SEM-EDS maps of O, Zr, Sn, Cr and Fe, where the oxide layer is on the top, are shown in Fig. 52. In the Cr 
map, Cr-rich line-shaped features in the substrate are result from grinding and polishing during sample preparation. 
SEM-EDS Selected Area analyses are shown in Fig. 53. The strong oxidation of the Zr substrate at 1300°C 
indicates poor oxidation resistance of this type of coating at the highest temperatures. 

FIG. 51. SE images of Cr coated Zry-4 CTU specimen (1300°C, 5 min). 

   

SE O Zr 

   

Sn Cr Fe 

FIG. 52. SEM-EDS maps showing the distribution of O, Zr, Sn, Cr and Fe of the Cr coated Zry-4 CTU specimen (1300°C, 
5 min). 
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 O K Zr L Sn L Cr K Fe K 
Selected Area 1 7.2 91.3 1.5 — — 
Selected Area 2 24.5 72.7 1.2 0.8 0.8 
Selected Area 3 11.0 35.9 0.4 51.2 1.5 
Selected Area 4 25.9 — 0.1 73.5 0.5 

FIG. 53. SEM-EDS chemical composition (wt. %) SA analyses of Cr coated Zry-4 CTU (1300°C, 5 min). K and L X-ray emission 
lines were used for quantification. 

3.2.3. Maxphase (Cr2AlC) coated Zry-4 / KIT 

In general, all samples have been heavily oxidized as shown in Fig. 54. Oxidation was very uneven, so any 
quantitative measurements from oxide-layer thicknesses cannot be made, especially after the exposures to the 
higher temperatures of 1200°C and 1300°C. Every sample had an area on both sides of the sample where no 
oxidation has occurred. It seems that the rapid growth of the oxide is related to the edges of the samples, i.e. from 
high surface energy sites. Central regions have areas with less or no oxidation and the Maxphase coating is in 
relatively good condition. The calculated weight changes after steam exposures at different temperatures are shown 
in Table 5. As was the case with the AISI 348 samples, the weight of the Maxphase coated Zry-4 samples increased 
as a function of test temperature although the exposure time decreased from 60 min to 5 min, respectively. At 
1300°C, the weight gain was as high as 30 % when all peeled off oxide was included. Based on this, it can be said 
that at higher temperatures this coating material is not feasible at least at the test conditions used in this test 
campaign.  

 

FIG. 54. The visual appearance of the Maxphase coated Zry-4 after exposure in flowing steam before (top) and after the 
exposure (bottom) at 1100°C for 60 minutes (left), 1200°C for 30 minutes (centre) and 1300°C for 5 minutes (right).  
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TABLE 5. THE MEASURED MASS CHANGES (ΔW) OF THE MAXPHASE COATED ZRY-4 SAMPLES 
AFTER THE STEAM EXPOSURES. 

SPP4 1100°C / 60 min SPP5 1200°C / 30 min SPP6 1300°C / 5 min 

Δw 6.57 % Δw 15.19 % Δw 30.36 % 

As shown in Fig. 55, the Maxphase coating is still visible in both sides of specimen SPP 4 after the exposure 
(see Fig.55(a), red arrows). Based on the observations, one can see that the oxide has grown fast towards the center 
from the edge of the specimen. However, almost no oxide formation under the intact coating is observed, Fig. 
55(b). In an area with locally fractured coating, outlined with a red ellipse, some oxide formation is seen, but on 
the arrow pointed area, where only the top layer of coating is breached, no oxide formation is visible (Fig. 55(b)). 
In addition, no fragile -Zr is existing most probably due to the fact that there is no oxygen penetration. In Fig. 56 
is shown the bottom side of this same sample. 

 

a b 

FIG. 55. SPP 4 sample after steam exposure at 1100°C for 60 minutes. 

 

FIG. 56. Bottom side of SPP 4 showing porosity of intact coating most probably due to the evaporation of coating elements. 

The observed coating condition underneath of sample SPP 4 seems to be intact. There is no brittle -Zr 
present, i.e. no oxidation. However, it seems that the coating has dispersed quite strongly from the original coating 
layer. This is most probably due to the fact that Al has dispersed from the coating layer as shown by SEM-EDS 
analyses in Fig. 57. It is evident that the specimen alignment during the exposure is not optimal and this results in 
uneven behavior. This issue is under consideration in order to achieve the same testing environment on both sides 
of the specimen.   
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Figure 57, SEM-EDS maps of specimen SPP 4, shows elements of interest and greyscale image from the 
area where Maxphase was intact and no ZrO2 was formed yet. As mentioned, it is noteworthy that Al has dispersed 
heavily from the assumed uniform initial middle layer, i.e. from original layer of Cr2AlC. Due to this, there would 
be a clear need to characterize also an unexposed specimen in order to understand the behavior of Al at this 
temperature. However, this was not done due to limited number of specimens. 

 

FIG. 57. Original coating configuration of Maxphase coated Zry-4 (left, unexposed) and SEM-EDS maps of individual elements 
after exposure at 1100°C.  

The surface morphology of sample SPP 4 is shown in Fig. 58. Some precipitates were found on the sample 
surface after the exposure at 1100°C for 60 min. SEM-WDS analysis was performed in order to characterize the 
observed precipitate shown in Fig. 58 within the red circle. The SEM-WDS analysis from the sample surface 
precipitate resulted in 189 counts equaling 59.28 at. % Zr. In the case of 189 counts, it would suggest that the 
precipitate is Zr5Sn4 (55.5 at. %), a phase of which existence in a model material has been confirmed in open 
literature [12].  

SEM-EDS analysis was performed on the same precipitate showing that only Sn, Zr, and small amounts of 
O are present. If the precipitate is assumed an intermetallic, then a relatively firm assumption could be made that 
the intermetallic is Zr5Sn4.  

 

FIG. 58. The precipitate location observed on the sample surface of SPP 4 and corresponding SEM-WDS analysis from the 
precipitate. 
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Sample SPP 5 was exposed at 1200°C for 30 minutes. After exposure, the outer oxide layer is ZrO2 and it 
has some clear cracks most probably due to differences of thermal expansion coefficients of different phases. For 
the uniform part of the oxide film, the thickness is estimated to be around 150 µm. A cross-section image is shown 
in Fig. 59. The area outlined with the red-lined rectangle is probably -Zr, below that is -Zr and above the -Zr 
is ZrO2. SEM-EDS line scan over the oxide layer and assumed -Zr in specimen SPP 5 is shown in Fig. 60. Note 
that the assumed -Zr contains more oxygen than the initial -Zr (observed change in slope in the green curve). 
/-Zr identification is based on literature as described in refs. [12, 13]. 

 

FIG. 59. Specimen SPP 5 after exposure at 1200°C / 30 min. Area within the red-lined rectangle is, probably, -Zr, below is 
-Zr and above ZrO2. 

 

 

FIG. 60. SEM-EDS line-scan over the oxide layer and assumed -Zr in specimen SPP 5 after exposure at 1200°C / 30 min. 

The exposure time of sample SPP 6 was 5 minutes at 1300°C. Remnants of Maxphase coated Zry-4 coupon 
sample after the exposure is shown in Fig. 61. Inside the red-lined rectangle shown in Fig. 61 different layers can 
be seen. No analysis of this part was possible by SEM because the sample was so fragile. Figure 61(a) shows the 
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top side of the sample and Fig. 61(b) the bottom side of the sample. Cross-section was prepared approximately 
along the red horizontal line shown in Fig. 61. SEM images from the almost thoroughly oxidized perimeters of the 
cross-section are shown in Figs 62(a) and (b). SEM images from the middle of the cross-section with evidently 
less oxidation are shown in Fig.63(a) (full cross-section from the middle of specimen SPP 6) and Fig. 63(b)  
(a higher magnification detail). In these images, the cracked areas are possibly -Zr. The assumption is mainly 
based on literature. Only limited oxidation has appeared on spots where Maxphase coating has cracked (outlined 
with red-lined ellipses in Fig. 63(a). Figure 64 shows compositional analysis (SEM-EDS maps) from a part of the 
area shown in Fig. 63(b). The map shows roughly similar composition profile on the surface region as specimen 
SPP 4 after the exposure at 1100°C.Fig. 65 shows a detail of a crack seen in the middle of Fig. 62(a). Sn from the 
matrix has enriched into the crack and into the oxide. It is seen as white horizontal layers within the oxide and 
within the vertical crack. The existence of Sn is verified with the SEM-EDS maps of different elements shown in 
Fig 66. Based on Zr-Sn phase diagram, Fig. 67, this test temperature was above a critical temperature seen in the 
Zr-Sn diagram. In general, in the areas where oxidation has occurred, similar development of microstructure is 
reported in literature [12,13].  

 

 

a) b) 

FIG. 61. Remnants of sample SPP 6 after exposure at 1300°C for 5 minutes. Bottom side of the sample a) and top side of the 
sample b) are shown. Red horizontal line indicates the line of cross-sectioning. 

 

 

a) b) 

FIG. 62. Specimen SPP 6 cross-section perimeters, a) close to the left side in Fig. 61a and b) close to the right side in Fig. 61, 
after exposure at 1300°C for 5 minutes. SEM-EDS analysis revealed Sn inside the cracks. The remaining metallic part is 
probably brittle -Zr. 
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a) b) 

FIG. 63. Specimen SPP 6 after exposure at 1300°C / 5 min. a) Full cross-section from the middle of specimen SPP 6, b) a 
detail from the upper part shown in the left hand side image.  

   

SE All overlaid, red is Zr (net), purple 
is C 

O 

   

Al Cr Sn 

FIG. 64. SEM-EDS maps of different elements in Maxphase coated Zry-4, specimen SPP 6, after exposure at 1300°C for  
5 minutes. This analysis is from the surface zone of the central area of the specimen where no significant oxidation has 
occurred. 
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FIG. 65. SEM cross-section of specimen SPP 6 after exposure at 1300°C / 5 min. In the middle is a crack filled with Sn-rich 
media. Left with a thin crack is most likely -Zr, top and below is ZrO2.  

   

SE All overlaid, red is Zr O 

   

Al Cr Sn 

FIG. 66. Maxphase coated Zry-4, specimen SPP 6, after exposure at 1300°C / 5 min. This analysis is from the area shown in 
Fig. 26 representing the cracks filled with Sn. 

 

FIG. 67. Phase diagram of the Zr–Sn binary system [13]. 
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4. DISCUSSION AND CONCLUSIONS 

The AISI 348 / USP bulk material LWR autoclave specimen was exposed for 63 days. Results indicated that 
there had been a continuous oxide layer, which was lost during sample preparation. In the locations where the 
oxide layer was observed, the oxide layer thickness was about 1 µm. In some locations a metallic layer was 
observed above the oxide layer. The metallic layer is most probably a residue from the initial sample preparation 
or post-test cross-cutting, i.e. a result of machining. 

The Maxphase coated Zry-4 KIT specimens exposed in autoclave environment showed significant loss of 
protective feature after all exposure times of 21, 42 and 63 days. In all exposures, the coating layers indicated 
cracks through the coating as well as cracks between the coating and substrate. This is most probably due to 
different thermal expansion coefficients between formed oxide phases during heating and cooling periods. The 
observed coating/oxide layer thickness was from 0.5 µm to 5 µm after the 21 day exposure, from 3 µm to 10 µm 
after the 42 day exposure and from 2 µm to 40 µm after the 63 day exposure. The original unexposed coating layer 
thickness was around 6.5 µm thick. The observed coating/oxide layer thicknesses are rather inaccurate estimates 
as most of the coatings were lost most likely during the post-test sample preparation. Most significant coating loss 
was observed after the 63 day exposure. On the 63 day reference specimen (without coating), oxide layer thickness 
ranged from 1 μm to 10 μm. The layer was continuous but slightly porous and several cracks through the oxide 
layer were observed. 

The Cr coated Zry-4 CTU specimens exposed in autoclave environment had rather uniform coating layer 
with thickness ranging from 20 µm up to 40 µm. The coating was uniform but some cracks through the coating 
and between the coating and the substrate were observed. The Cr and O contents and the integrity of the coating 
were not notably affected by the exposure time. The Zry-4 reference specimen exposed up to 63 days showed 1 
µm to 10 µm thick continuous oxide layer with some porosity and several cracks through the oxide layer in the 
post-test studies done after the longest exposure.  

The ZrSiCr coated Zry-2 INCT specimen was exposed for 16.5 days in autoclave environment and it had 
from 2 µm to 10 µm thick oxide layer. The layer was continuous otherwise but parts of the oxide layer were lost 
during the post-test sample preparation. Also, cracks through the oxide and cracks between the oxide layer and the 
substrate were observed. The increased crack density in the coating itself due to autoclave exposure resulted in 
oxygen enriched areas in the substrate under the coating, i.e. the protective feature of the coating layer was lost 
already after 16.5 days of exposure.  

Based on the present observations from the autoclave tests in PWR water chemistry at 360°C, the most stable 
coating was the Cr coating on the Zry-4 CTU specimens, which did not change in any major way during the 
autoclave exposures.   

In general, the thickness of the oxide layer on AISI 348 bulk material in high temperature steam exposures 
increased quickly with increasing temperature even though the exposure time decreased. At 1100°C, the thickness 
varied from 200 μm to 450 μm and at 1300°C from 520 μm to 1050 μm. Fe increases and Cr decreases in the inner 
layer and Fe increases (slightly) also in the outer oxide layer with increasing temperature. There is very little Cr 
in the outer layer regardless of the temperature (overall a typical double layer oxide structure). In addition, some 
increase in the Mn content was observed in the outer layer compared to the inner layer. Overall, a typical fuel 
cladding with ~0.5 mm wall thickness made of AISI 348 would be breached quickly at this temperature range. It 
is clear that based on the results at the applied test temperatures, uncoated AISI 348 is not worth to study further 
as an ATF solution. 

The thickness of coating and the oxide layers in Cr coated Zry-4 CTU specimens exposed in high temperature 
steam increased with increasing temperature. At 1100°C the thickness was about 10 μm, at 1200°C about 15 μm 
and at 1300°C the thickness ranged from 40 μm to 400 μm. The coating of the specimens after exposures at 1100°C 
and 1200°C was continuous. However, cracks between the coating and the oxide layer were found. The specimen 
exposed at 1200°C also had cracks through the oxide layer. The coating of specimen exposed at 1300°C was also 
continuous, but the coating and the substrate partly came loose during the post-test sample preparation. The 
thickness of the coating and the oxide layer together ranged from 40 μm to 400 μm, i.e. at 1300°C the oxidation 
progresses quickly.  In 1100°C and 1200°C specimens, Fe enrichment was observed on the outer oxide layer as 
well as in the thin Cr/Zr-rich zone between Zr substrate and oxide layer.  

In general, very high oxidation rates were observed on Maxphase coated Zry-4 steam specimens. However, 
very interesting results were found in the central part of the coupons, i.e. uniform intact coating. Based on the 
results, it can be said that at the higher test temperatures, 1200°C and 1300°C, the coupons oxidized thoroughly at 
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the peripheral areas. Characterization of the initial state of the coating materials should be made (preferably with 
the same equipment) and the test configuration could be updated to tubular and longer specimens, so that the 
harsher condition at the peripheral areas of the sample would not be highlighted as much as now. It can be observed 
from sample SPP 6 exposed at 1300°C for 5 minutes that the oxidation has progressed very quickly from sample 
sides towards the central area. On the other hand, at the central area, the oxidation has progressed quite slowly on 
the areas even where the Maxphase coating has cracks. One could speculate here that the test arrangement with 
coupon shaped samples has distinct corner areas where the environment is far harsher than in the centre of the 
sample, and the centre would represent the free surface of a cladding tube better. On the other hand, if the quick 
oxidation results from high surface energy in the edges, the situation is different. If a cladding tube, for example, 
breaks or cracks, the exposed edges would oxidize quickly. Based on these results it´s not possible to estimate 
what would be the situation, if there would be a large scratch caused by a projectile etc. in the coolant flow.  

The coating itself is sustained in the environment. The brittleness of the samples is more related to the  
-Zr —› -Zr phase transformation (this is a coating independent phenomenon, not specific to the Maxphase 
coating). Sn seems to diffuse into a layer within the oxide. Simultaneously the -Zr transforms into a brittle -Zr 
containing an elevated amount (5 % – 10 %) of oxygen. This -Zr layer seems to develop cracks perpendicular to 
the surface of the sample, which are spaced quite evenly. It cannot be defined based on this study if the cracking 
is related to increased oxygen or diffusion of Sn out from the matrix. Literature would support the latter [12, 13].  

It seems that weakness in the cladding under design-basis accident (DBA) or beyond design-basis accident 
(BDBA) comes from phase transformation -Zr -> -Zr, as the -Zr is quite brittle and fractures upon itself, most 
probably due to internal stresses caused by the phase transformation. Also Kwon et al. in 1990 [12] suggested that 
Zr4Sn decomposes to -Zr and Zr3Sn5 at 820 °C. According to Baykov et al. [13] Zr alloys with 1.2 % – 1.7 % Sn, 
and small amounts of other transition elements, have been used for many years as materials for fuel cladding in 
nuclear reactors. They claimed that experimental data about this system are scarce and thus interesting to study 
further. Studies of the intermetallic compounds in the Zr–Sn system have been performed by McPherson and 
Hansen [14], Gran and Anderson [15], Luo and Vielhaber [16], Naik and Banerjee [17], Kwon [12, 18], and Arias 
[19]. In general, they agree about the existence of Zr4Sn, Zr5Sn3, and ZrSn2 compounds. However, the existence 
of the compound Zr5Sn4, first reported by Kwon [12, 18], still remains in doubt. Furthermore, the discrepancy 
between the stoichiometry of the Zr4Sn phase and its crystal structure (A15, Cr3Si prototype) has not been clarified 
yet.  
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APPENDIX 

SAMPLES BEFORE AND AFTER EXPOSURES  
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Abstract  

The bundle experiment QUENCH-19 was performed in August 2018 at Karlsruhe Institute of Technology (KIT) in 
cooperation with the Oak Ridge National Laboratory (ORNL) to investigate the cladding material FeCrAl under severe accident 
conditions. To support the experiment besides pre-test calculations also post-test analyses were performed with the GRS system 
code ATHLET-CD. The test QUENCH-19 was conducted similarly to the experiment QUENCH-15 to compare the oxidation 
behavior of FeCrAl and Zr at high temperatures. In contrary to test QUENCH-15, where a sharp escalation after start of 
quenching resulted in temperatures up to ~1900°C, no escalation occurred during QUENCH-19 and peak cladding temperatures 
of only ~1450°C were reached. After the implementation of two approaches for the oxidation kinetics of FeCrAl with the 
assumption that only Al2O3 and no other oxides will be generated, the post-test simulation with ATHLET-CD showed good 
agreement with the general thermal behavior within the heated length. While the maximum temperature was obtained with 
high accordance, the radial temperature profile was underestimated compared to the measured data. The comparison of the 
hydrogen production of totally 9 g resulting from the test and less than 1 g for both oxidation approaches in the simulation 
shows that the oxidation model for FeCrAl in the code has to be improved. For a detailed evaluation of the calculated hydrogen 
generation it is necessary to use the final results of the post-test examination of the bundle to know which components 
contributed to the total value.   

1. INTRODUCTION 

The QUENCH experimental program at the Karlsruhe Institute of Technology (KIT) was initiated in 1996 
and is still on-going. It has the main objective to investigate the hydrogen production that results from the water 
or steam interaction with overheated elements of fuel bundles. Other ultimate goals of the program are to identify 
the limits (temperature, injection rate, etc.) for which successful reflood and quench can be achieved and to 
compare currently used cladding materials [1]. Up to now 19 tests have been performed, using electrically heated 
fuel rod simulators. The program provides experimental data for the development of models and for the validation 
of code systems. 

The research on accident tolerant fuels (ATF) had already started before the accident at the Fukushima 
Daiichi nuclear power plant in 2011, but after this event the development of new materials with substantially 
enhanced performance under severe accidents was treated as an important point for progress in the safety of light 
water reactors. One main point for new ATF cladding material is a significantly reduced steam oxidation kinetics 
connected to a slower heat-up and therefore leading to an increased time period before temperatures reach melting 
points in comparison to Zr-based alloys currently deployed in LWR’s. One of these materials under investigation 
is FeCrAl; at 1200°C the oxidation rate of FeCrAl alloys is approximately 1000 times lower than that for zirconium 
alloys. A slower reaction of FeCrAl with steam will therefore reduce the rate of hydrogen generation. This will 
decrease the rate of pressure built up inside the pressure vessel and increase the time for the start of hydrogen 
release into the containment [2]. 

The objective of test QUENCH-19 was the investigation of FeCrAl cladding behaviour in an integral bundle 
experiment and to compare this with ZIRLO claddings. The reference test was the previous QUENCH-15 
experiment [3].  

2. CONDUCT AND FIRST RESULTS OF THE QUENCH-19 EXPERIMENT [3] 

The QUENCH-19 bundle experiment was conducted at KIT on 29th August 2018. It was performed in 
cooperation with the Oak Ridge National Laboratory (ORNL) and was supported by the KIT program NUSAFE. 
The test objective was the comparison of FeCrAl and ZIRLO claddings under similar configuration and similar 
boundary conditions as the previous QUENCH-15 experiment [3].   

Different to QUENCH-15, the new test QUENCH-19 had FeCrAl (Y) claddings and 4 FeCrAl (Y) spacer 
grids as well as 8 KANTHAL APM corner rods and a KANTHAL APM shroud. For both tests the PWR-typical 
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bundle consisted of 24 heated rods and 8 corner rods inside a shroud, which was insulated by ZrO2 fiber and 
surrounded by a Inconel cooling jacket (Fig. 1).  

 

FIG. 1. Cross section of test bundle QUENCH-19 (arrangement the same as for QUENCH-15). 

To get the same temperature conditions as for the QUENCH-15 test similar gas flow conditions were adopted 
(Fig. 2) and the same stepwise increase of electrical power was used up to a value of 18.12 kW (Fig. 3).  

Inspite of these very similar boundary conditions there was a significant difference in the bundle heating 
already during the pre-oxidation period. Fig. 3 shows that there was a ~200°C lower temperature plateau for the 
QUENCH-19 test. After reaching the maximum power value there was a strong escalation of the peak cladding 
temperature up to ~ 1900°C during QUENCH-15, but only a slow increasce of maximum values for QUENCH-
19. Therefore, the power was kept constant for about 2000 s until a peak cladding temperature of ~1455°C was 
reached. The reflood was initiated at ~9100 s; at the same time the electrical power was reduced to 4.1 kW which 
was kept during the reflood. A temperature excursion was not observed.  

 

FIG. 2. Steam and argon flow rates of QUENCH-15 and QUENCH-19 [3]. 
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FIG. 3. Comparison of QUENCH-15 and QUENCH-19 [3]. 

The total hydrogen release during the whole test was 9.2 g compared to 47.6 g in the QUENCH-15 test with 
a much shorter period of high electrical power. While during pre-oxidation a very small release rate resulted in 
only 0.3 g hydrogen mass a sharp increase of hydrogen release rate was observed after the peak cladding 
temperature exceeded 1400°C.   

3. POST-TEST CALCULATIONS 

  Description of the code ATHLET-CD  

‶ATHLET-CD (Analysis of THermal-hydraulics of LEaks and Transients with Core Degradation) [4] 
describes the reactor coolant system thermal-hydraulic response during severe accidents, including core damage 
progression as well as fission product and aerosol behavior, to calculate the source term for containment analyses, 
and to evaluate accident management measures. It is developed by GRS in cooperation with IKE, University of 
Stuttgart. ATHLET-CD includes also the aerosol and fission product transport code SAFT and as a part of the 
system code AC2 it is coupled with COCOSYS for modeling thermal-hydraulics and fission product behavior in 
the containment. 

The code structure is highly modular to include a manifold spectrum of models and to offer an optimum 
basis for further development (Fig. 4). ATHLET-CD contains the original ATHLET models for comprehensive 
simulation of the thermal-hydraulics in the reactor coolant system. The ATHLET code comprises a thermo-fluid-
dynamic module, a heat transfer and heat conduction module, a neutron kinetics module, a general control 
simulation module, and a general-purpose solver of differential equation systems called FEBE. The thermo-fluid-
dynamic module is based on a six-equation model, with fully separated balance equations for liquid and vapor, 
complemented by mass conservation equations for up to 5 different non-condensable gases and by a boron tracking 
model. Alternatively, a five-equation model, with a mixture momentum equation and a full-range drift-flux 
formulation for the calculation of the relative velocity between phases is also available. Specific models for pumps, 
valves, separators, mixture level tracking, critical flow etc. are also included in ATHLET.  

The rod module ECORE consists of models for fuel rods, absorber rods (AgInCd and B4C) and for the fuel 
assemblies including BWR canisters and absorbers. It describes mechanical rod behavior (ballooning), Zr-alloy 
and B4C oxidation (Arrhenius-type rate equations), Zr-UO2 dissolution and melting of metallic and ceramic 
components. Melt relocation (candling) is simulated by rivulets with constant velocity and cross-section, starting 
from the node of rod failure. The models allow oxidation, freezing, re-melting, re-freezing and melt accumulation 
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due to blockage formation. Feedback to the thermal-hydraulics considers steam starvation and blockage formation. 
Besides convective heat transfer, energy can be exchanged by radiation amongst fuel rods and to surrounding core 
structures. 

The release of fission products is modeled by rate equations or by a diffusion model within the module 
FIPREM. The transport and retention of fission products and aerosols in the reactor coolant system are simulated 
by the module SAFT. For the simulation of debris bed a specific model MEWA can be applied, with its own 
thermal-hydraulic equation system, coupled to the ATHLET fluid-dynamics on the outer boundaries of the debris 
bed. The transition of the simulation of the core zones from ECORE to MEWA depends on the degree of 
degradation in the zone. Finally, the code also comprises late phase models for core slumping, melt pool behavior 
in the lower plenum and vessel failure within the module AIDA. 

The code validation is based on integral tests and separate effect tests, as proposed by the CSNI validation 
matrices, and covers thermal-hydraulics, bundle degradation as well as release and transport of fission products 
and aerosols. They include out-of-pile bundle experiments performed in the CORA and in the QUENCH facility 
as well as in-pile experiments performed in the PHÉBUS or in the LOFT facility. The TMI-2 accident is used to 
assess the code for reactor applications″ [5] 

 

FIG. 4. Modular structure of the system code ATHLET-CD within AC2 

 Input Data and Model Options 

The post-test calculation used the same nodalization and as far as possible the same modelling options as for 
the earlier QUENCH-15 simulation.   

The input model for the QUENCH facility comprises among others the bundle fluid channel, subdivided into 
20 axial nodes (10 nodes within the heated length). The rod bundle is simulated within the code module ECORE 
by three concentric rings, an inner ring (ROD1) containing four heated rods, an intermediate ring containing eight 
heated rods (ROD2) and an outer ring with twelve heated rods (ROD3). In addition, the 5 spacer grids, the 8 corner 
rods, the shroud with its ZrO2 thermal insulation, and the outer cooling jacket were simulated. 

The argon and steam flows, as well the quenching by water have been simulated by fill junctions at the 
bottom of the bundle resp. at the top of the bundle (injection of argon after start of flooding). 

For the simulation of QUENCH-19 input parameters and modeling options as recommended by the code 
user’s manual have been applied. For the external resistance per heated rod, which takes into account the voltage 
drop across the sliding contacts at the rod extremities as well as at the wires connecting the sliding contacts to 
power supply, a value of 5 mΩ was used. 

 Assumptions and model changes for FeCrAl 

In the input data deck for the simulation of the test the material properties of Zr were replaced by the values 
for FeCrAl given by KIT for the Kanthal APM alloy with a composition of 69 % Fe, 21.6 % Cr, 4.9 % Al 



155 

(+ 4.5 % others) [6]. With the assumption that no other oxides are produced by oxidation beside Al2O3 and material 
data for aluminium oxide taken from [7] the following material properties have been used (Table 1): 

TABLE 1. MATERIAL PROPERTIES OF FeCrAl AND Al2O3 

Material  Property FeCrAl Al
2
O

3
 

Density (kg/m3) 7.1×103 3.9×103 

Thermal conductivity 
(W/mK) 

11 (323 K) →  
35 (1673 K) 

35 

Specific Heat 
(J/kg K) 

460 (  293 K) →  
800 (1673 K) 

880 

The modification of the oxidation model for FeCrAl components with this specific composition was 
considered in ATHLET-CD within the ECORE module for the claddings and within the HECU module for 
corner rods, spacer grids and shroud. Corresponding to the chemical reaction, 

Fe Cr Al  +
𝑧

2
 ∙  3 H O →  Fe Cr Al O  +

𝑧

2
 ∙  3 H  +  𝑧 ∙ 𝛥ℎ 

with an energy release of 𝛥ℎ =  9.3×105 J/mol = 9.32×106 J/kg FeCrAl (molar weight  
𝑀  = 99.8×10-3 kg/mol) heat and hydrogen were produced. Due to the composition of FeCrAl with the molar 
masses of 𝑥 =1.307, 𝑦 =0.404 and 𝑧 =0.215 [6] the amount of hydrogen production was calculated. The mass of 
the resulting oxide Al2O3 (molar weight MAl2O3 = 102.0×10-3 kg/mol) determined the layer thickness of the oxide 
corresponding to its density and the given geometry of the rods.  

The oxidation rate was treated as a parabolic law as derived from the analytical solution of the diffusion 
equation in the same way as used for the oxidation of Zr: 

        𝑑𝑊  =  𝐾  𝑑𝑡   →    =   (1) 

where 

𝑊 is mox/surf.area (kg/m2); 
𝐾 is reaction rate (kg2‧m-4‧s-1); 
𝑡 is time (s) 

The reaction rate K is defined by an Arrhenius formulation 

𝐾 = 𝐴 ∙ 𝑒 ∙ 𝑔(𝑝 )  (2) 

where 

𝑅   is universal gas konstant R = 8.314 (J/molK) 
𝑇   cladding temperatura (K) 
𝑔(𝑝 )  reduction factor to consider steam starvation (0 ≤ 𝑔(𝑝 ) ≤ 1) 
𝐴, 𝐵   the rate constants 

as given by KIT for KANTHAL APMT [6]:  

𝐴 = 3.1 kg2/m4s,  
𝐵 = 2.78519×105 J/mol. 
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Additionally, to this data, a second rate with a multiplication factor of 300 was used, which was derived from 
[2]. Figure 5 compares the resulting oxidation rates with the standard options of ATHLET-CD used for the 
oxidation of Zr.  

 

FIG. 5. Comparison of oxidation rates for Zr and FeCrAl in ATHLET-CD. 

The post-test calculations have been performed using the most recent code version ATHLET-CD 3.2 with 
the above mentioned changes. 

 Main results of QUENCH-19 post-test simulation 

The main results of the post-test calculation of test QUENCH-19 are depicted in the Figs 6 to 13 [8]. Figs. 6 
to 11 show the calculated and measured temperatures of the claddings at the elevations 250 mm (Fig. 6), 550 mm 
(Fig. 7), 850 mm (Fig. 8), 950 mm (Fig. 9), 1050 mm (Fig. 10) and 1350 mm (Fig. 11) from the bottom of the 
active fuel. The bundle temperatures for inner (ROD1: blue), intermediate (ROD2: red) and outer ring of rods 
(ROD3: green) are satisfactorily reproduced by the code in comparison with data (black, olive, grey) within the 
heated length, only for the position above the heated length at 1350 mm height the cladding temperatures were 
overestimated in comparison to the experiment. Additionally, the comparison shows that there exists a relatively 
high radial gradient between inner and outer temperatures with a difference up to ~200°C in the measured data 
(noticeable larger in comparison to QUENCH-15; the reason of this differences are not yet completely clarified 
[3]) while the simulation yields a flat profile with a difference of at most 50°C.  

In agreement with the measurement there is no temperature excursion in the simulation. The peak cladding 
temperature in the experiment of 1728 K (1455°C) at an elevation of 850 mm is calculated in good concordance 
with 1685 K (1412°C) at 950 mm height, a deviation of only 43°C. After start of quenching no further temperature 
increase occurs as shown also for the test. The melting temperature of FeCrAl, which is 1773 K was not reached 
neither in test nor in the simulation (horizontal black dashed line) but the videoscope observation of the bundle at 
the positions of the withdrawn corner rods showed the damage of several claddings at the bundle elevations 
between 850 and 1000 mm. It is assumed that the claddings failed due to interaction with melted thermocouples 
(mostly) or by spalling of small annular cladding parts [3].  
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FIG.6. Bundle temperatures at 250 mm. FIG.7. Bundle temperatures at 550 mm. 

  

FIG.8. Bundle temperatures at 850 mm. FIG.9. Bundle temperatures at 950 mm. 

  

FIG.10. Bundle temperatures at 1050 mm. FIG.11. Bundle temperatures at 1350 mm. 

Melting point of FeCrAl 1773 K 



158 

  

FIG.12. Hydrogen generation rate. FIG.13. Mass of generated hydrogen. 

The comparison of hydrogen generation rate (Fig. 12) and mass of total generated hydrogen (Fig. 13) shows 
a heavy underestimation of oxidation in the simulation, especially for the reaction rate given by [6], but also with 
the increased rate (factor 300) as given in [2], with 0.008 g resp. 0.35 g compared to 9 g in the test. The hydrogen 
production in the test was comparable low up to the time when the maximum temperatures reached a level of 
~1400°C. Then a sharp increase of hydrogen release rate was observed at about 800 s before reflood. Probable 
trigger of this event could be the melting of steel thermocouple claddings [3]. This effect was not considered in 
the post-test calculation, nevertheless the oxidation modelling for FeCrAl should be improved. 

4. SUMMARY AND CONCLUSIONS 

After the implementation of two approaches for the oxidation kinetics of FeCrAl with the assumption that 
only Al2O3 and no other oxides will be generated, the most recent ATHLET-CD code version has been applied for 
the simulation of the QUENCH-19 test. As far as possible the same input data deck and modelling options were 
used compared to the reference case QUENCH-15, only boundary conditions of the test had been taken from the 
data file and material data for FeCrAl instead of Zr (given by KIT) and the only considered oxidation product 
Al2O3 instead of ZrO2 (from [7]) were changed.  

The results of the post-test simulations show that ATHLET-CD is able to predict the thermal behavior of the 
experiment in good agreement to the measured values, especially within the heated length. Compared to the 
observed radial temperature profile of up to ~200°C in the experiment, which is different to the reference case 
QUENCH-15 and the reason for this is not clear up to now, ATHLET-CD calculates a flat profile with a difference 
of only ~50°C between inner and outer rods. Different to QUENCH-15 there was no temperature excursion neither 
in the test nor in the simulation; the temperatures decrease immediately after water injection. The maximum 
temperature was obtained with high accuracy; there was a small underestimation of only ~40°C. 

The comparison of the hydrogen production with totally 9 g resulting from the test and less than 1 g for both 
oxidation approaches in the simulation shows that the oxidation model of FeCrAl in the code does not comprise 
all the effects which contribute to the hydrogen generation in the test. For a detailed evaluation of the calculated 
hydrogen generation it is necessary to use the final results of the post-test examination of the bundle to know which 
components account for the total value. Nevertheless, the implementation of the oxidation model for FeCrAl was 
a first approximation and will be improved. 
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Abstract 

The QUENCH-19 bundle experiment with B136Y cladding tubes and 4 Kanthal AF spacer grids as well as 7 KANTHAL 
APM corner rods and KANTHAL APM shroud was conducted at KIT on 29th August 2018. This was performed in cooperation 
with the Oakridge National Laboratory (ORNL). The test objective was the comparison of FeCrAl(Y) and ZIRLO claddings 
under similar electrical power and gas flow conditions. The experiment was performed in four stages. The electrical power 
supply was the same as in the reference test QUENCH-15 (ZIRLO) during the first two stages (pre-oxidation and transient). 
The third stage with constant electrical power was performed to extend the temperature increase period. The test was terminated 
at peak cladding temperature of about 1460°C by water flooding similar to QUENCH-15. The total hydrogen production was 
9.2 g (47.6 g for QUENCH-15). 

1. INTRODUCTION 

The main objective of the QUENCH program at KIT is the investigation of the hydrogen source term and 
materials interactions during LOCA and the early phase of severe accidents including reflood [1]. Bundle 
experiments as well as separate-effects tests are conducted to provide data for the development of models and the 
validation of severe fuel damage code systems. The QUENCH bundle facility is an out-of-pile bundle facility with 
electrically heated fuel rod simulators and extensive instrumentation. So far, 19 experiments with various severe 
accident scenarios as well as a series of 7 DBA LOCA experiments were conducted. 

The last severe accident test QUENCH-19 was the worldwide first large-scale bundle test with ATF cladding. 
It was conducted with FeCrAl(Y) claddings (alloy B136Y3) in cooperation with ORNL, USA. The QUENCH-15 
bundle test with ZIRLO claddings was used as the reference test with similar bundle geometry [2]. 

2. DESCRIPTION OF THE TEST FACILITY 

The general scheme of the test section is given in Fig. 1. The test rods were arranged within the QUENCH-
19 bundle as shown in the schematic cross section of Fig. 2. Composition characteristics of the QUENCH-19 
bundle are presented in Table 1. The test bundle is approximately 2.5 m long and is made up of 24 heated fuel rod 
simulators. ‶Heating is electric by 5 mm diameter tungsten heaters installed in the rod centres, and the heated 
length is 1024 mm (between bundle elevations 0 and 1024 mm). Electrodes of molybdenum/copper are connected 
to the tungsten heaters at one end and to the cable leading to the DC electrical power supply at the other end. The 
tungsten heaters of heated rods are surrounded by annular ZrO2 pellets simulating UO2 fuel. 

The fuel rod simulators are held in position by five grid spacers (at bundle elevations -200, 50, 550, 1050 
and 1410 mm). The lower grid spacer was the standard AREVA Inconel spacer; the other four spacers were 
manufactured by ORNL from the Kanthal AF material. The rod cladding of the fuel rod has 9.52 mm outside 
diameter and 8.76 mm inner diameter. All the test rods were filled with Kr at a pressure of approximately 0.23 MPa 
after bundle heating to cladding peak temperature of 800 K. The rods were connected to a relative large reservoir 
that on the one hand limited pressure increase during the heating (no ballooning risk), on the other hand 
compensated minor gas losses and allowed observation of the first cladding failure as well as the failure 
progression.″[1]  
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FIG. 1. QUENCH: Schematics of the test section. 
FIG. 2. Cross section of QUENCH-19 bundle, 
top view. 

There are seven corner rods installed in the bundle. Four of them, i.e. rods “A”, “C”, “E”, and “G” are made 
of a solid rod (Kanthal APM, Ø6 mm) at the top and a tube at the bottom (Kanthal D, Ø 6 mm, wall 0.4 mm) and 
are used for thermocouple instrumentation. The other three rods, i.e. rods “B”, “D”, and “F” (solid rods of 6 mm 
diameter) are designed to be withdrawn from the bundle to check the amount of oxidation and hydrogen absorption 
at specific times. Two solid rods (B and F) were withdrawn during the test, whereas the solid rod D was withdrawn 
after the test. 

‶The test bundle is surrounded by a shroud of Kanthal APM with a 34 mm thick ZrO2 fibre insulation 
extending from the bottom (-300 mm) to the upper end of the heated zone (+1024 mm) and a double-walled cooling 
jacket of Inconel 600 (inner)/stainless steel (outer) over the entire length. The annulus between shroud and cooling 
jacket with the fibre insulation is purged (after several cycles of evacuation) and then filled with stagnant argon. 
The annulus is connected to a flow- and pressure-controlled argon feeding system in order to keep the pressure 
constant at the target of 0.23 MPa (beyond this pressure gas is released) and to prevent an access of steam to the 
annulus after possible shroud failure (argon feeding below the target value). The 6.7 mm annulus of the cooling 
jacket is cooled by argon from the upper end of the heated zone to the bottom of the bundle and by water in the 
upper electrode zone. Both the absence of ZrO2 insulation above the heated region and the water cooling are to 
avoid too high temperatures of the bundle in that region.″[1] 
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TABLE 1. DESIGN CHARACTERISTICS OF THE QUENCH-19 BUNDLE. 

Bundle 24 heated rods 

Pitch 12.6 mm 

Cladding outer/inner diameter 9.52/8.76 mm  

Cladding material alloy B136Y3 

Cladding thickness 0.381 mm  

Cladding length 2280 mm (-595 to 1685 mm) 

Heated length 1880 mm 

Fuel pellets ZrO2 annular pellets  

Pellet outer/inner diameter 8.58/5.2 mm 

Main heater material (between 0…1024 mm) Tungsten (W) 

W heater diameter 5 mm 

Grid spacer  material Kanthal AF, Inconel 718 

length AF 16 mm; Inconel 48 mm 

location lower (Inconel) -200 mm 

 upper 4 (AF) 50; 550; 1050, 1410 mm 

Corner rods (7) material Kanthal APM (rod), Kanthal D (tube) 

 instrumented (A, C, E, G) 
tube  6×0.4 (bottom: -1140 mm) 

rod  6 mm (top: +1300 mm) 

 not instrumented (B, D, F) rod  6 mm (-1350 to +1155 mm) 

Shroud material Kanthal APM tube OBE (FeCrAl) 

outside diameter/thickness 89/3 mm 

length (elevations) 1600 mm (-300…+1300 mm) 

Shroud insulation material ZrO2 fiber 

insulation thickness ≈ 34 mm 

elevations -300…1000 mm 

Cooling jacket material (inner/outer) Inconel 600 (2.4816) / SS (1.4571)   

inner tube  158.3 / 168.3 mm 

outer tube  181.7 / 193.7 mm 

3. TEST BUNDLE INSTRUMENTATION 

‶For temperature measurements the test bundle, shroud, and cooling jackets are equipped with thermocouples 
(TCs). The thermocouples attached to the outer surface of the rod cladding at elevations between -250 and 
1350 mm are designated “TFS” for all heated rods (Figs. 3, 4). The shroud thermocouples (designation “TSH”) 
are mounted at the outer surface between -250 and 1250 mm. The thermocouples that are installed inside the 
instrumentation rods at the two corner positions of the bundle (positions A, C, E and G) are designated “TIT”. The 
thermocouples in the lower bundle region, i.e. up to 550 mm elevation, NiCr/Ni thermocouples with stainless steel 
sheath/MgO insulation and an outside diameter of 1.0 mm, are used for measurements of the rod cladding and 
shroud temperatures. The thermocouples in the hot zone and above are high-temperature thermocouples with 
W5Re/W26Re wires, HfO2 insulation, and a sheath of stainless steel AISI 304 with an outside diameter of about 
2.2-2.3 mm. All “TIT” thermocouples are also of the high-temperature type.″[1] 

The thermocouple measurement accuracies are: 

— at bundle elevations between 0 and 500 mm (NiCr/Ni thermocouples): ± 2 K (up to 600 K), ± 0.005×T K 
(above 600 K); 

— at bundle elevations between 600 and +1300 mm (W/Re thermocouples): ± 5 K (up to 700 K), ± 0.01×T K 
(above 700 K).  
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FIG. 3. QUENCH-19: positions of thermocouples. FIG. 4. TFS fastening at clad surface. 

The hydrogen release is analysed by a quadrupole mass spectrometer Balzers “GAM300” located at the off-
gas pipe of the test facility. The ion currents representing the concentrations of the respective gases are determined. 
From these data the mass production rate of hydrogen as well as of the other gases is calculated with the ratio of 
the partial pressure of the particular gas and that one of argon (carrier gas) and multiplied by the argon flow rate 
through the test bundle. 

The operational data, e.g. voltage, current, electric power, pressure, and temperatures were recorded by a 
data acquisition system as were the temperatures of the test section. 

4. TEST CONDUCT AND FIRST RESULTS 

In the QUENCH-19 experiment the test sequence can be distinguished in the following phases: 

— Pre-oxidation  0000 – 6018 s (similar to QUENCH-15); 
— Heat-up   6018 – 7127 s (similar to QUENCH-15); 
— Extended period  7127 – 9100 s (constant electrical power); 
— Quench   ≈9115 – 9285 s with water flow rate 48 g/s (similar to QUENCH-15). 

The power input history for the QUENCH-19 test is provided together with the measured peak cladding 
temperature is depicted in Fig. 5.  
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FIG. 5. QUENCH-19 test performance in comparison with QUENCH-15. 

The coolant data as argon and steam flows, as well as system pressure are shown in Fig. 6. QUENCH-15 and 
-19 have quite similar gas inlet conditions except the inlet gas temperature: while the QUENCH-15 gas temperature 
was constant during the test (720 K), the corresponding QUENCH-19 temperature increased from 640 to 700 K. 

 

FIG. 6. Comparison of QUENCH-19 and QUENCH-15 gas parameters at bundle inlet and outlet. 

The boundary conditions were noticeably different for two bundle tests (Fig. 7). Whereas the porous heat 
insulation of QUENCH-15 was filled with dry Ar, the QUENCH-19 insulation contained humid Ar due to leakage 
of steam through the small gap at the upper shroud flange. 
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FIG. 7. Readings of thermocouples at different elevations during transient. 

These different boundary conditions could be the main reason for the fact, that the peak cladding temperature 
was about 210 K lower during pre-oxidation than in QUENCH-15 (Fig. 8). Furthermore, the radial temperature 
gradient across the QUENCH-19 bundle was larger than the gradient for QUENCH-15. In contrast to  
QUENCH-15 no temperature escalation during extended transient of the QUENCH-19 test was observed. 

 
FIG. 8. Readings of thermocouples at 850 mm. 
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At the beginning of the transient, the lower temperatures were observed at all elevations of the QUENCH-
19 bundle in comparison to QUENCH-15 (Fig. 9). The hottest elevation of the QUENCH-19 was the level 850 mm 
unlike 950 mm for QUENCH-15. At the end of transient, the temperatures were very similar between -250 and 
650 mm, whereas at higher elevations the QUENCH-15 temperatures were significantly higher due to strong 
exothermal reaction ZIRLO/steam in this bundle at T>1500 K. 

 
FIG. 9. Axial temperature distribution for QUENCH-15 and -19. 

Due to higher temperatures at the onset of reflood, the initial evaporation rate was higher in QUENCH-15 
(Fig. 10). Therefore, the duration of water level increase up to the bundle head was shorter in QUENCH-19 (270 s 
instead 330 s instead 330 s in QUENCH-15). 

 
FIG. 10. Reflood stage: evaporation of injected water and progress of collapsed water front propagation. 

The wetting of cladding surface thermocouples TFS occurred early than the collapsed water front reached 
the corresponding thermocouple elevation (Fig. 11). The reason is the relatively high region of two-phase fluid. 
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FIG. 11. QUENCH-19: wetting of thermocouples by two-phase fluid. 

The inspection of some peripherical rods by videoscope showed absence of cladding circumferential 
segments with the height up to 12 mm, probably spalled after thermal axial expansion followed by quench 
shrinkage (Fig. 12). However, several other peripherical rods remained intact. 

 
FIG. 12. QUENCH-19: videoscope observations of damaged claddings at upper part of heated zone. 

The other damage character of claddings was identified by the visual inspection of the post-test bundle. The 
claddings of the thermocouples made of the AISI-304 stainless steel (melting range 1400-1450°C) and located at 
the elevations 850, 950 and 1050 mm were melted. The relocated melt attacked the FeCrAl claddings and caused 
partial melting of these claddings (Fig. 13). 
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FIG. 13. QUENCH-19 bundle at elevations between 900 and 1100 mm: cladding damages by molten thermocouple steel 
(AISI 304) sheaths. 

The generation rate of hydrogen released due to oxidation of claddings, corner rods, shroud, grid spacers and 
thermocouples showed the maximal value of 280 mg/s at the end of the transient (QUENCH-15: 1830 mg/s). The 
total hydrogen release at the end of the test was 9.2 g, what corresponds about 20% of total hydrogen in  
QUENCH-19 (Fig. 14). 

FIG. 14. Hydrogen release during QUENCH-15 and QUENCH-19. 

5. SUMMARY AND CONCLUSIONS 

The QUENCH-19 test with bundle containing 24 heated rods with B136Y3 cladding tubes and 4 Kanthal AF 
spacer grids as well as 7 KANTHAL APM corner rods and KANTHAL APM shroud was performed at KIT on 
August 29, 2018 with similar electrical power history as reference test QUENCH-15 (ZIRLO claddings). Not 
similar conditions were 1) cooler steam-Ar flow, and 2) humid Ar inside the heat insulation for QUENCH-19, 
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3) additional test stage with constant electrical power between reflood initiations in QUENCH-15 and QUENCH-
19 to extend the temperature increase period; such an approach made it possible to observe a change in the 
evolution of hydrogen in the “slow motion” mode. 

The QUENCH-19 test was performed in four test stages: 

a) pre-oxidation during about 6000 s (similar to QUENCH-15); 
b) transient during about 1130 s (similar to QUENCH-15); 
c) extended period with constant electrical power of 18.32 kW during 1970 s (to extend the temperature 

increase stage); 
d) test termination by water flooding with rate of 48 g/s (similar to QUENCH-15). 

The peak cladding temperatures during the pre-oxidation stage were about 200 K lower in comparison to 
QUENCH-15. The radial temperature gradient was noticeable larger in comparison to QUENCH-15. The reasons 
for these test differences could be the different properties of the bundle materials (lower thermal conductivity and 
higher heat capacity and thermal expansion of FeCrAl) as well as the different boundary conditions (cooler gas 
flow, humid heat insulation). 

Much lower heating rate in comparison to QUENCH-15 was measured. A temperature of about 1150 °C was 
reached at the time point as a local melting of QUENCH-15 claddings occurred. No temperature escalation was 
observed during the extended transient. Maximum cladding temperature measured before reflood was about 
1460°C. 

The coping time was about 3200 s (≈ 1200 s for QUENCH-15). The conclusion about increased coping time 
in QUENCH-19 in comparison with the reference test QUENCH-15 is only qualitative: quantitative assessments 
for reactor conditions should be made with care due to artificial extension of transient before reflood. 

Many claddings were damaged at elevations between 850 and 1000 mm: 1) by interaction with melted 
thermocouples or 2) parts of claddings were spalled (probably due to thermal expansion followed by quench 
shrinkage). 

Sharp increase of hydrogen release rate was observed about 800 s before reflood. Probable trigger of this 
event could be the melting of steel thermocouple claddings. The maximum hydrogen release rate reached before 
reflood was 280 mg/s (1830 mg/s for QUENCH-15). Total hydrogen production 9.2 g (47.6 g for QUENCH-15). 
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Abstract  

Various concepts of enhanced accident tolerance fuel (ATF) cladding have been proposed and extensively studied 
worldwide to replace the Zr alloy cladding in water-cooled nuclear reactors.  Four alternative ATF cladding materials, i.e. 
austenitic steel AISI348 (Fe18Cr7Ni), Cr coated Zircaloy-2, Cr/Cr2AlC coated Zircaloy-4 and SiCrZr coated Zircaloy-2, and a 
reference Zircaloy-4 were tested in high-temperature steam at three individual temperatures and times. The AISI348 steel has 
poor oxidation resistance with a Fe-based double-layered oxide scale. Growth of a Cr2O3 layer on Cr coating protected the 
substrate from oxidation up to 1300°C for short time. Enhanced oxidation resistance was also seen for Cr/Cr2AlC and SiCrZr 
coatings. However, the Cr/Cr2AlC coatings were prone to cracking and thin SiCrZr coatings were quickly fully oxidized at 
tested temperatures (1100°C and above).  

1. INTRODUCTION 

The initial goal of the developments of fuel rods with enhanced accident tolerance (ATF) was the 
improvement of the high temperature behavior in steam atmospheres occurring during beyond design basis nuclear 
accidents. The key requirements for ideal ATF claddings are suppressed cladding-steam oxidation with 
simultaneously minimizing hydrogen generation and chemical heat release, good thermal and mechanical 
properties and irradiation resistance [1,2]. One strategy is surface modification of state-of-the-art zirconium-based 
alloy cladding with innovative metallic or ceramic coatings [3]. Another solution is replace current zirconium-
based alloy cladding with new metallic or ceramic materials, for instance Fe-based alloys and SiCf/SiC [4]. To 
estimate the additional coping times and manipulate accident progression via implement of alternative ATF 
claddings, their oxidation behavior and degradation mechanisms during severe accidental scenarios should be 
pursed. In the framework of IAEA ACTOF project, interlaboratory tests are performed with respect to newly 
developed ATF cladding concepts among various partners. In KIT, we are response for the high-temperature steam 
oxidation test simulating accidental scenarios. 

2. MATERIALS AND EXPERIMENTS 

 Samples 

Table 1 summarizes the basic information of the samples tested in this study. Five different samples, 
including two bulk samples and three coated samples, are delivered by various partners. The samples are in a 
rectangular shape. The two bulk samples are Zircaloy-4 (used as reference) and austenitic steel AISI348 
(Fe18Cr7Ni). The coated samples differ both in coating materials and in coating thickness, as shown in Table 1. 
The pure Cr coated Zircaloy-2 (Zry-2) is with a coating thickness of ~15 um. The Cr/Cr2AlC/Cr coated  
Zircaloy-4 (Zry-4) is a multilayer design, and each sublayer thicknesses are Cr(1.5um)/ Cr2AlC (4.5um)/ Cr (0.5 
um). Cr2AlC is a material so called MAX phase, and it is also a alumina-forming material during high-temperature 
oxidation [5,6]. The third one is a SiCrZr alloy coated Zry-2 with a coating thickness of ~2.5 um. All three coatings, 
i.e. Cr, Cr/Cr2AlC/Cr and SiCrZr, are deposited by physical vapour deposition. Figure 1 shows the appearance of 
the samples in as-delivered state. All samples display metallic lustre except for Cr/Cr2AlC/Cr coated Zry-4. This 
sample was annealed in argon after deposition. Therefore, it has been confirmed that a thin oxide layer (~20 nm) 
grows on the surface.  The Cr coated and SiCrZr coated Zry-2 have identical as well as the largest surface area, 
follow by ref. Zry-4 and Cr/Cr2AlC/Cr coated Zry-4. The Steel AISI348 is in the smallest dimension. All five 
samples have a 2 mm diameter suspension hole.  



171 

 
FIG.1. Appearance of the samples in as-delivered state. 

 Oxidation tests 

The high-temperature steam oxidation experiments were performed using a horizontal corundum tube BOX 
furnace (inner diameter: 32 mm, length: 600 mm) under normal pressure. The tests were implemented at three 
different temperatures and times, i.e. 1100°C – 60 min, 1200°C – 30 min, and 1300°C – 5 min using individual 
sample. The specimens were placed on a corundum crucible sample holder located in the center of the furnace. 
They were first heated in high purity Ar atmosphere (99.9999%) with a flow rate of 20 l/h from ambient 
temperature to designated value with 10 K/min heating rate. Subsequently, the steam was injected into the furnace 
by changing the gas flow to 20 l/h Ar and 20 g/h H2O. The concentration of the steam during the oxidation phase 
was ~55 vol.%. The specimens were oxidized in steam for pre-defined time. After the isothermal exposure, the 
specimens were finally cooled down to room temperature in the furnace in Ar. Fig. 2 shows a scheme of the 
temperature profile during the oxidation test. [7] 

‶The gas composition and flow rates during the test were defined by flow controllers and a CEM (Controlled 
Evaporation and Mixing) system. The composition of the off-gas was in-situ analyzed by a quadrupole mass 
spectrometer (Balzers GAM300). Particular interest was focused on the evolution of hydrogen release rate in the 
off-gas during the tests, which was used as measurement for the oxidation rate. Pure steam atmosphere cannot be 
achieved due to argon is needed to serve as the carrier gas and reference gas for mass spectrometer analysis″ [7] 

The mass of the specimens before and after oxidation was measured using an analytical balance. The 
specimens were also characterized using XRD (Seifert PAD II) and SEM (Philips XL30S). 

  

TABLE 1 SAMPLES AND THEIR GEOMETRY 

Institute ID Size (mm) Surface area (mm2) 

KIT Ref. Zircaloy-4 14.65 9.90 0.65 319.8 

USP AISI348 20.00 5.10 1.50 282.4 

CTU Cr (15um) coated Zry-2 20.00 20.00 1.00 880.0 

KIT Cr/Cr
2
AlC/Cr (6um) coated Zry-4 15.00 9.90 0.65 327.2 

INCT 
Si

24
Cr

36
Zr

40
 (wt.%, 2.5 um)  

coated Zry-2 
20.00 20.00 1.00 880.0 
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FIG.2. Scheme of the temperature profile during the oxidation test at three different temperatures. 

3. RESULTS 

 Oxidation tests for 60 min at 1100°C 

Figure 3 shows the post-test appearances of the samples after 60 min oxidation at 1100°C. The reference 
Zircaloy-4 lost its metallic lustre and changed to a dark colour after oxidation. The thermally grown oxide scale 
was adherent without visible spallation. In case of bulk AISI348, the oxide scale exhibited a low adherence, with 
substantial spallation. The delaminated oxide layers indicated that the oxide scale was appreciably thick. A change 
of colour, induced by oxidation, was also observed for the three coated samples. Localized spallation of the Cr 
coating was presented, only at the side which contacts with the sample holder. The Cr/Cr2AlC/Cr coating (refer as 
Cr2AlC coated) underwent significant swelling and cracking near the edge areas. The fast oxidation of uncovered 
edges and relatively low ductility/fracture toughness seems contribute to the failure of this type of coating at the 
edges. Correspondingly, the coating in the centre region retained protective and adhesive. The CrSiZr alloys 
coatings had a shiny colour without any spallation.  The colour discrepancy in the circular areas on one side of Cr 
and SiCrZr coated samples was attributed to sticking with the sample holder.  

The mass gain, including total mass gain and surface mass gain, and the hydrogen production of the samples 
are exhibited in Fig. 4. Compared with reference Zircaloy-4, all other samples evidenced lower mass gains and 
hydrogen production. Specifically, the Cr coated Zircaloy-2 possess the best oxidation resistance improvement, 
with around 2 orders of magnitude lower mass gain.  The other three samples showed several times lower mass 
gain and hydrogen production compared to ref. Zircaloy-4. The bulk steel AISI348 had a second lower total mass 
gain; however, its surface mass gain and hydrogen production were higher than that of Cr2AlC coated samples. 
The sample geometry and scale spallation likely contribute to these different obtained values. The hydrogen 
production, replicating the oxidation rate more realistic, reveals the oxidation resistance as follows: similar 
behaviour for AISI348 steel and SiCrZr coated samples, then Cr2AlC with slightly improved performance, and the 
best for Cr coated samples.  
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FIG.3. Post-test appearances of the samples after oxidation at 1100°C for 60 min in steam. 

 

FIG.4. Mass gain and hydrogen production of the samples tested at 1100°C for 60 min. 

In Fig. 5, the in-situ hydrogen production rates recorded during the isothermal exposure at 1100°C are 
plotted. In the case of transient hydrogen release rate, a similar tendency was observed for all the samples. The 
hydrogen curves first increased sharply yielding a high concentration peak, and then decreased continuously during 
the exposure. The peaks likely arise from the initial oxidation of fresh surfaces. The peak values decrease following 
the sequence of ref. Zry-4, AISI348, SiCrZr coated Zry-4, Cr2AlC coated Zry-4 and Cr coated Zry-2. The integral 
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curves of total hydrogen production in Fig. 5(b) indicated that the oxidation kinetics all roughly follow a parabolic 
law. However, a slightly accelerated hydrogen production rate was shown for Cr2AlC coated Zry-4 when the 
exposure time reached approximately 2500 s. It can be interpreted by the fast oxidation of underneath Zry-4 
substrate due to the cracking and failure of the coating near the edges areas (Fig. 3).  

 

 

FIG.5. In-situ hydrogen production rate during the isothermal exposure at 1100°C. (a), transient hydrogen rate; (b), total 
hydrogen production.  

The phase compositions of the thermally grown oxide were identified by XRD and the results are shown in 
Fig. 6 except for the ref. Zry-4.  The oxide scale is composed of single Fe3O4 and Cr2O3 phase for AISI348 and Cr 
coated Zry-2, respectively. The principal phase with respect to the multilayer Cr2AlC coated Zry-4 was also Cr2O3. 
It is reasonable since the outmost layer is a thick Cr layer. Few broad and low intensity diffraction peaks seems 
generate by the Cr2AlC coating layer. The oxide scale formed on the CrSiZr coated Zry-2 is mainly made of 
monoclinic ZrO2, probably with some inclusion of Cr2O3 and low crystallinity (or amorphous) SiO2.  

The typical surface morphologies after oxidation at 1100°C for 60 min examined by SEM are displayed in 
Fig. 7. The surface oxide develops a convoluted morphology, featured by angular grains on the austenitic steel 
AISI 348 (Fig. 7(a)). Significant spallation of the oxide scale was confirmed. The oxide is dense and uniform 
except some spallation and cracking for the Cr coated samples. In addition, some needle-shaped grains existed on 

(a) 

(b) 
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the surface layer (Fig. 7(b)). The oxidation of uncovered edges led to parallel cracking as well as delamination and 
spallation of the coatings for the Cr2AlC coated Zry-4 (Fig. 7(c)). In other areas, the coating is adherent and 
protective, and the oxide scale has a compact structure. In case of CrSiZr coated Zry-2, no spallation of the oxide 
scale or the coatings was observed as shown in Fig. 7(d). However, the surface is covered by isolated round-shaped 
grains. 

Figure 8 illustrates the typical cross section morphologies with corresponding thickness of the oxide scale of 
the five samples after oxidation at 1100°C.  As seen in Fig. 8(a), the reference Zircaloy-4 resulted in growth of a 
dense ZrO2 layer, around 190 µm thick, on the surface.  The scratch tracks within the ZrO2 layer were polishing 
defects. A double-layered oxide scale, i.e. an exterior loose Fe3O4 layer and an interior relatively dense FeCr2O4 
layer, formed on the steel AISI348 (Fig. 8(b)). The loose Fe3O4 layer delaminated, fractured and partially spalled 
off. The thickness was about 95 µm and 90 µm for the Fe3O4 and FeCr2O4 layer, respectively. 

With respect to the Cr coated Zry-2, the substrate was entirely covered by the Cr coating homogenously, 
including the edges and the corners as shown in Fig. 8(c). Oxidation of the Cr coating led to formation of a 5.5 µm 
Cr2O3 scale, together with 22 µm Cr remained.  

 
FIG.6. XRD patterns of the sample surfaces after oxidation at 1100°C. 
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FIG.7. SEM images of typical surface morphologies after oxidation at 1100°C: (a) steel AISI348, (b) Cr coated Zry-2, (c) 
Cr2AlC coated Zry-4, (d) CrSiZr coated Zry-2. Inserts in (b) and (c) are images in high magnification.  

The actual Cr coating thickness was close to 25 µm before oxidation. The underneath Zircaloy-2 substrate 
was not oxidized, except for the detached areas in Fig. 7(b). For the Cr2AlC coated Zry-4, the delaminated coatings 
near the edges peel off during handling and embedding, as shown in Fig. 8(d). Oxidation of the substrate was 
obviously seen in these regions, while the thickness of the ZrO2 scale progressively decreased with the site reaching 
the centre.  The inserted images of coating/substrate interfaces at which the coating still attached revealed that the 
coating has superior oxidation resistance due to the growth of a thin Al2O3 layer underneath the top Cr2O3 layer. 
The oxide scale thickness is the thinnest among the five samples. Improving the adherence and toughness of this 
type of coatings will be the critical issues for practical applications. In case of CrSiZr coated Zry-2, the coatings 
was fully oxidized, but adherent. However, the oxidized coatings cannot serve as a diffusion barrier for steam. An 
even ZrO2 layer, with 73 µm thick, grew beneath the coating stemming from the oxidation of the substrate.  

A unique oxide scale microstructure configuration was observed for the CrSiZr coated Zry-2 and the SEM-
EDS mapping results were shown in Fig. 9. The fully oxidized SiCrZr coating constructed an oxide scale with two 
sublayers: an outer layer composed of SiO2 and ZrO2 and an inner layer made of SiO2 and Cr2O3.  The occurrence 
of this layered structure is presumably due to selective oxidation of the most active elements at the initial stage of 
oxidation.  However, a considerable amount of Si from the coatings diffused into the interior region of the Zry-2  
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FIG.8. SEM images of typical cross section morphologies after oxidation at 1100°C for 1h with corresponding thickness of the 
oxide scale. (a) ref. Zircaloy-4, (b) steel AISI348, Cr coated Zry-2, (d) Cr2AlC coated Zry-4, (e) CrSiZr coated Zry-2. Inserts 
in (c), (d) and (e) are images of coating/substrate interfaces in high magnification. 

 

FIG. 9. SEM images of typical cross section and corresponding EDS mapping of CrSiZr coated Zry-2 after oxidation at 1100°C 
for 1 h. 
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substrate and precipitated as a SiO2 layer located at around 10 µm away from the surface, as indicated by the 
EDS mapping. As reason it can be assumed that Si is the most mobile element in the coatings. Thus, it diffuses 
into the substrate during heating up and isothermal oxidation.  The combined diffusion rate of Si and oxidation 
rate of the coated samples determine the location of this SiO2 layer.   

 Oxidation tests for 30 min at 1200°C 

Figure 10 gives the post-test appearances of the samples after oxidation at 1200°C for 30 min in steam.  No 
apparent spallation of the thermally grown oxide scale or the coating was observed for all samples. The adherence 
of the Cr coatings was improved compared to oxidation at 1100°C, arising from substantial interaction between 
coating and substrate at higher temperature. It is worth pointing out that pronounced delamination/ballooning of 
the Cr2AlC based coatings near the edge areas was seen. During handling and transport, the delaminated coatings 
fractured and spalled off, and only small areas of the coatings remain in the centre at the substrate. 

The mass gain and the hydrogen production of the samples are shown in Fig. 11. Except for Cr coated  
Zry-2, other samples only indicated limited oxidation resistance improvement compared to the Zry-4 reference, 
i.e. slightly lower or even higher surface mass gain and hydrogen production. The austenitic steel AISI348 has a 
lower relative mass gain, but a higher surface mass gain and hydrogen production compared to Zry-4. It can be 
expected because of the small surface area of this samples. Its oxidation rate outpaces that of Zry-4. The Cr coated 
Zry-2 additionally reveals a very low mass gain and hydrogen production, around 30 times lower than those of ref.  
Zry-4. Since significant delamination of the Cr2AlC coatings, a high mass gain value was confirmed for Cr2AlC 
coated Zry-4. The values recorded for SiCrZr coated samples were marginally lower compared to ref. Zry-4. 

 
FIG. 10. Post-test appearances of the samples after oxidation at 1200°C for 30 min in steam. 
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FIG. 11. Mass gain and hydrogen production of the samples tested at 1200°C for 30 min. 

Figure 12 displays the in-situ hydrogen production rate recorded during the isothermal exposure at 1200°C.  
Similar to oxidation at 1100°C, the transient hydrogen release rates first increased sharply yielding a high 
concentration peak, and then decreased continuously during the exposure. However, now the values of Steel 
AISI348 are obviously higher than those of Zry-4, implying a higher oxidation rate of the austenitic steel. In line 
with the mass gain, the hydrogen production rate of Cr2AlC coated and SiCrZr coated samples are fairly close. In 
addition, a slight increase and a broad hump of the transient hydrogen release rates were observed for Cr2AlC 
coated and SiCrZr coated samples, respectively. This is probably due to the delamination/cracking or complete 
oxidation of the coatings during oxidation. Oxidation of ref. Zry-4, Steel AISI348 and Cr coated Zry-2 follows a 
parabolic law, while the oxidation rate of Cr2AlC coated and SiCrZr coated samples can be better described by a 
linear law as shown in Fig. 12(b). 

Figure 13 shows the XRD patterns of the sample surfaces after oxidation. The oxide scales are predominantly 
composed of Fe3O4, Cr2O3 and m-ZrO2 for steel, Cr coated Zry-2 and CrSiZr coated Zry-2, respectively. In case 
of the Cr2AlC coated Zry-2, due to the spallation of the coatings and expose of the Zry-4 substrate, the primary 
phase was confirmed as m-ZrO2. The signals from the coatings were not collected due to the sample positioning 
during the XRD measurement.  

The SEM images of typical surface morphologies after oxidation at 1200°C are illustrated in Fig.14. No 
spallation of the scale or coating was seen now except for the Cr2AlC coated Zry-4. The oxide scale is composed 
of angular grains, similar to at 1100°C for AISI348. In case of Cr coated Zry-2, a large number of needle-shaped 
grains (whiskers) existed on the surface, accompanied by a smooth layer beneath. EDX analysis found that both 
are Cr2O3 grains. The growth of such needle-shaped grains generally originates from the fast outward diffusion of 
cations via grain boundaries or lattice defects [8]. It is necessary to point out that the smooth layer contains 
considerably fine pores. The oxide scale has a compact structure for the unseparated Cr2AlC based coatings. With 
respect to the CrSiZr coated Zry-2, the surface is again covered by round-shaped oxide grains. 
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FIG. 12. In-situ hydrogen production rate during the isothermal exposure at 1100°C. (a) transient hydrogen rate; (b) total 
hydrogen production. 

 
FIG. 13. XRD patterns of the sample surfaces after oxidation at 1200°C. 

(a) 

(b) 
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FIG. 14. SEM images of typical surface morphologies after oxidation at 1200°C: (a) AISI348, (b) Cr coated Zry-2, (c) Cr2AlC 
coated Zry-4, (d) CrSiZr coated Zry-2. 

Figure 15 is the SEM image of typical cross section morphologies of the samples after oxidation at 1200°C 
for 30 min. The ref. Zry-4 formed a dense ZrO2 layer with thickness of ~130 µm (Fig. 15(a)). Similarity, oxidation 
of steel AISI348 resulted in growth of an oxide scale with two sublayers as seen in 1100°C.  The outer layer was 
loose adherent Fe3O4 layer and the inner layer was relatively dense FeCr2O4 layer (Fig. 15(b)).  Now the total oxide 
layer thickness outweighs the thickness of the ZrO2 layer on the ref. Zry-4.  For the Cr coated Zry-2, a thin Cr2O3 
oxide scale, around 7.3 µm thick, grew on the surface. No oxidation of the Zry-2 substrate was confirmed. 
Meantime, an interdiffusion layer was observed after oxidation at this temperature (Fig. 15(c)). Higher oxidation 
temperature facilitates the inward diffusion of Cr from the coatings into the substrate. The Cr2AlC based coatings 
displayed relatively low adherence, and significant spallation and delamination was observed again. Oxidation of 
the substrate was obviously shown where the coatings were delaminated, and a ZrO2 layer, 80 µm thick, formed 
as seen in Fig. 15(d). In contrast, in coating attached area there was no oxidation of the substrate and oxidation of 
the Cr2AlC generated an alumina layer beneath the surface Cr2O3 layer, which hinders the quick consumption of 
the coatings. Again, the CrSiZr coatings were completely oxidized, but showed a high adherence without cracking 
and spallation after oxidation. A uniform ZrO2 layer (~110 µm) grew beneath the coating, as seen in Fig. 15(e). 
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FIG. 15. SEM images of typical cross section morphologies after oxidation at 1200°C for 30 min. 

 Oxidation tests for 5 min at 1300°C 

Figure 16 shows the post-test appearances of the samples after oxidation at 1300°C for 5 min in steam. Again, 
except for the Cr2AlC coated Zry-4, no spallation or delamination was observed. However, compared to samples 
test at 1100°C and 1200°C, the Cr2AlC based coatings underwent less delamination at the edge areas, while 
blistering of the coatings was observed on one side.  It seems that the reason is given by improved adherence for 
this type of ceramic coatings at such high temperature and some contamination particles incorporating into the 
coating during deposition, respectively.   

 
FIG. 16. Post-test appearances of the samples after oxidation at 1300°C for 5 min in steam. 
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The mass gain and hydrogen production data are shown in Fig. 17. The relative mass gains are in the same 
order for steel AISI 348, Cr2AlC coated Zry-4 and SiCrZr coated Zry-2, whereas the Cr coated Zry-4 presented 
one order of magnitude lower value. The surface mass gain and hydrogen production were even higher for the 
austenitic steel compared to ref. Zry-4, then followed by Cr2AlC coated Zircaloy-4 and SiCrZr coated Zry-2, with 
the minimum values for Cr coated Zry-2.  

The in-situ hydrogen production rates recorded during the isothermal exposure at 1300°C are shown in Fig. 
18. Like before, the transient hydrogen release rates first increased abruptly, and then decreased continuously 
during the exposure. Except during the initial few minutes, the hydrogen release rate was higher for steel AISI 348 
than that of ref. Zry-4. The oxidation kinetics are roughly described by parabolic law for all samples, as shown in 
Fig. 18(b) of the integrated curves. 

The XRD measurement, in Fig. 19, found that the oxide scale changed to Fe2O3 phase, rather than Fe3O4 at 
low temperatures for the steel AISI348. A Cr2O3 scale grew on the surface of Cr coated Zry-2. In case of Cr2AlC 
based coated Zry-4, the surface was mainly composed of binary chromium carbide (Cr23C7) and α-Al2O3. The 
scale was mainly constituted of m-ZrO2 phase with respect to the SiCrZr coating.   

The SEM images of typical surface morphologies after oxidation at 1300°C are displayed in Fig. 20. The 
surface is uneven with angular grains for the steel investigated (Fig. 20(a)). The oxide scale is porous, like at 
1200°C, but with less needle-shaped grains on the surface in case of Cr coated Zry-2 (Fig. 20(b)). The reduction 
in the number of the whisker grains is likely due to the oxide volatilization. The oxide scale is relatively uniform 
and dense for the Cr2AlC based coatings in which they were still adherent (Fig. 20(c)). With respect to the CrSiZr 
coated Zry-2, the oxide grains are not round shape anymore, but more angular.  In addition, the scale structure is 
loose with considerable voids/pores (Fig. 20(d)).  

 

FIG.17. Mass gain and hydrogen production of the samples tested at 1300°C for 5 min. 

Figure 21 shows the SEM images of typical cross section morphologies of the samples after oxidation at 
1300°C for 5 min. A 45 µm thick ZrO2 layer grew on the surface of the ref. Zircaloy-4 substrate, Fig. 21(a). The 
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oxidation of steel AISI348 yet again formed a double-layered, thick oxide scale, as shown in Fig. 21(b). However, 
the outer layer changed to Fe2O3, instead of Fe3O4 at lower temperatures before.  Oxidation rate of Cr coatings 
became much faster at such high temperature, and the Cr2O3 layer reached 8 µm for 5 min oxidation (Fig. 21(c)).  
Diffusion of Cr into the substrate also remarkably enhanced, revealing a ~5 um diffusion layer.  In case of Cr2AlC 
coated Zry-4, the uncovered edges were severely oxidized (Fig. 21(d)).  While in the areas where coatings were 
still adherent, there was no oxidation of the substrate. However, the layered arrangement of the coatings seems 
was destroyed before oxidation due to pronounced interdiffusion. The Cr surface layer probably mixed with the 
Cr2AlC layer during the heating up period, and oxidation of the coatings did not result in growth of a layered scale 
anymore. The oxide scale now was composed of (CrAl)2O3 solid solution as found by EDS mapping. Some voids 
existed in the oxide layer, probably due to the volatilization of the Cr2O3. Significant diffusion of Al from the 
coating into the substrate was observed. The oxidation and inward diffusion of Al contributed the decomposition 
of Cr2AlC into binary carbide as found by XRD. The enhanced diffusion increases the adherence of the coatings. 
For the CrSiZr coated samples, a nearly pure ZrO2 layer grew on the surface, as seen in Fig. 21(e). It is necessary 
to point out that a Si-rich layer was observed beneath the ZrO2 and Zr(O) layer.  The absence of Si and Cr elements 
in the oxide scale is likely due to the volatilization and inward diffusion of these two elements.  

 

FIG.18. In-situ hydrogen production rate during the isothermal exposure at 1300°C. (a), transient hydrogen rate; (b), total 
hydrogen production. 

(b) 

(a) 
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FIG. 19. XRD patterns of the sample surfaces after oxidation at 1300°C. 

 

FIG. 20. SEM images of typical surface morphologies after oxidation at 1300°C: (a) Steel AISI348, (b) Cr coated Zry-2, (c) 
Cr2AlC coated Zry-4, (d) CrSiZr coated Zry-2. 
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FIG. 21. SEM images of typical cross section morphologies after oxidation at 1300°C for 5 min with corresponding thickness 
of the oxide scale. (a) ref. Zircaloy-4, (b) steel AISI348, (c) Cr coated Zry-2, (d) Cr2AlC coated Zry-4, (e) CrSiZr coated Zry-
2. 

4. SUMMARY AND CONCLUSIONS 

Four alternative ATF cladding materials, i.e. austenitic steel AISI348 (Fe18Cr7Ni), Cr (25 um) coated 
Zircaloy-2, Cr (1.5um)/ Cr2AlC (4.5um)/ Cr (0.5 um) coated Zircaloy-4 and SiCrZr (2.5 um) coated Zircaloy-2, 
and a reference Zircaloy-4 were tested in high-temperature steam at three individual temperatures and times, 
1100°C – 60 min, 1200°C – 30min, and 1300°C – 5 min. 

Oxidation of ref. Zircaloy-4 resulted in growth of a dense ZrO2 oxide scale. Oxidation of the steel AISI348 
led to formation of a double-layered oxide scale: an exterior loose Fe3O4 or Fe2O3 layer and an interior relatively 
dense FeCr2O4 layer. The outer layer delaminated, fractured and peeled off with low adherence. The oxidation 
resistance was poor for this alloy, and the oxidation rate outweighs that of the ref. Zircaloy-4 at 1200°C and 
1300°C.   

Oxidation of the Cr coated Zry-2 formed a Cr2O3 layer on the surface, which protected the substrate from 
oxidation. Partial spallation of the Cr coatings was observed at 1100°C, oxidation at higher temperatures revealed 
no spallation due to pronounced interdiffusion/reaction enhancing the adherence of the coatings. Oxidation rate 
and inward diffusion rate of the Cr coatings increased remarkably as the temperature reached 1300°C.  The 
thickness of the Cr2O3 layer is in the range of 35 – 5 times thinner than that of ZrO2 on the ref. Zry-4 with the 
increasing of oxidation temperature. A thin Al2O3 layer underneath the top Cr2O3 layer established on the 
Cr/Cr2AlC/ Cr coated Zry-4 at 1100°C and 1200°C. However, the multilayer structure was likely destroyed during 
the heating up period due to interdiffusion, and a (CrAl)2O3 solid solution layer formed when tested at 1300°C. 
Even though the coatings possess superior oxidation resistance, it showed a lower adherence compared to the 
metallic coatings. Significant ballooning and cracking of the coatings, especially near the uncoated edge areas, 
was observed. The CrSiZr coatings were completely oxidized during all three tests, but indicated a high adherence 
without cracking and spallation. The oxide scale was also characterized by a double-layered structure at low 
temperatures (1100°C and 1200°C). The steam penetrated the oxidized coatings and a uniform ZrO2 layer grew 
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beneath the coatings.  In addition, a noteworthy amount of Si diffused into the interior region of the substrate and 
finally precipitated as a SiO2 layer. In case of the coated samples, volatilization of the Cr2O3 and SiO2 seems 
responsible for the loose surface morphology observed with considerable voids/pores. Needle-shaped Cr2O3 grains 
(whiskers) existed on the Cr coatings.  

In summary, Cr2O3-based scale (Cr and SiCrZr coatings) and Al2O3 scale (Cr2AlC coatings) possess 
enhanced oxidation resistance, while FexOy-based scale (AISI348) shows no protection, compared to ZrO2 scale 
(Zr alloys). A critical thickness of the coatings is needed to guarantee the establishment of a protective oxide scale. 
Impeding the diffusion of coating elements, especially light elements (Si and Al), into the substrate and improving 
the toughness/adherence of alumina-forming ceramic coatings require particular attention in the future studies. 
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Abstract 

Cr2AlC, one of the alumina-forming MAX phases, was synthesized and examined as potential protective coating on 
Zircaloy-4 substrates to against high-temperature oxidation. The Cr2AlC coatings are synthesized by magnetron sputtering 
using elemental nanoscale multilayer stacks, and subsequent ex-situ thermal annealing in argon. Formation of a single Cr2AlC 
MAX phase after annealing at 550°C was confirmed. The coatings have a 1.5 μm thick Cr overlayer. The Cr overlayer aims to 
eliminate potential fast hydrothermal dissolution of Al during normal operation. The total thickness of the coatings is around 
6.5 μm with a 500 nm thick Cr interlayer as bonding layer and diffusion barrier. The high-temperature oxidation tests evidence 
high adherence, excellent oxidation resistance up to at least 1200°C and autonomous self-healing capability via the growth of 
a protective a protective Al2O3 scale beneath Cr2O3. Thus, Cr2AlC-based coatings on Zr alloys have promising application 
prospects as one type of ATF claddings for improved accident tolerance. 

1. INTRODUCTION 

We investigate the deposition of Ti2AlC, Cr2AlC and Zr2AlC MAX phases on Zircaloy-4 by a PVD process 
in the framework of the ATF research at the Karlsruhe Institute of Technology, Institute for Applied Materials. 
We succeeded producing single phase Ti2AlC and Cr2AlC MAX phases with and without barrier layer suppressing 
interdiffusion. Single phase Zr2AlC MAX phases could not be produced on this way. Pre-tests has shown that the 
Cr2AlC MAX phases are the most promising in respect to their high temperature oxidation behavior. Therefore, 
this material system was chosen for the Round Robin tests in the framework of the IAEA CRP ACTOF. 

2. COATING DEPOSITION 

In this study, we use Zircaloy-4 coupons as substrates. The coupons are thin slices with dimensions of  
~0.575 × 10 × 10 mm3. The chemical composition (wt.%) of the Zircaloy-4 substrates is as follows: Sn ~1.4, Cr 
~0.10, Fe ~0.22, O ~1000 ppm, Zr balance. Two shapes of samples are used. The two main sides of Zircaloy-4 
specimens are firstly ground with SiC paper, followed by polishing using active oxide polishing suspensions, and 
finally rinsed with distilled water. The finished average surface roughness (Ra) of the surface is around 50 nm. 
Only the two polished sides are coated and the four edges of the substrate are not able to cover under our deposition 
arrangement.  

The coatings were synthesized via a two-step process, i.e. first deposited by magnetron sputtering and 
subsequently thermal annealed in pure argon. The as-deposited coatings were deposited using a laboratory PVD 
equipment (Leybold Z 550 coater). Three high-purity cylindrical elemental plates of chromium (Cr: 99.95%, FHR 
Anlagenbau GmbH), graphite (C: 99.95%, Schunk Kohlenstofftechnik GmbH) and aluminium (Al: 99.95%, FHR 
Anlagenbau GmbH) are used as materials sources for magnetron sputtering. For this purpose, these plates are 
bonded onto a water-cooled copper backplate and then are used as targets for magnetron sputtering in this study. 
The plates are ~6 mm thick and 75 mm in diameter. Figure 1 shows the schematic representation of the design of 
the as-deposited coatings on Zircaloy-4 substrates and the arrangement of the targets and substrates during 
deposition. 

We have determined the sputtering rates of each elements using Si substrates before coating of the  
Zircaloy-4 substrates. The substrates were cleaned in an ultrasonic bath in acetone for 10 min before they were 
placed in the vacuum chamber. Inside the deposition chamber, they were mounted on a rotating sample holder at 
a vertical distance of around 7 cm to the sputtering target. Prior to deposition, the chamber was evacuated to a base 
pressure of around 1×10-4 Pa. The substrates were plasma-etched at 500 W RF power in pure Ar atmosphere at 0.5 
Pa for 10 min. Then the working pressure of Ar was maintained at 0.5 Pa and the substrates were grounded. The 
magnetron power was set at 200 W for all three targets with RF power for Cr and Al targets and DC power for 
graphite target. Deposition of these pure element coatings was carried out one by one for around 20 min, then their 
deposition rates were calculated based on the coating thickness measured by a surface profiler. The measured 
deposition rates were approximately 0.8nm/s for Cr, 0.2 nm/s for C and 1.1 nm/s for Al. 



189 

To achieve the Cr/CrCAl/Cr multilayer design of the coatings in Zircaloy-4 substrate as shown in Fig. 1(a), 
the substrates were first coated with pure Cr layer with only power on Cr target while off for two other targets.  
With respect to deposition of the nanoscale CrCAl layer, all three targets were ignited. The PVD equipment run 
in a stop-and-go mode, i.e. the sample holder rotated from one target position to another one and stayed for various 
holding times at each individual target position (Fig.1(b)). A shutter was installed between the target and the 
substrate holder to only allow the deposition of one element at each position. The thicknesses of each elemental 
layer are around 8 nm for chromium, 2 nm for carbon and 4 nm for aluminium, calculated according to the 
stoichiometric ratio of these three elements (2:1:1) in Cr2AlC and considering their theoretical densities. The 
thickness of each elemental layer was controlled by adjusting the dwell time at each target position. The periodical 
stacks has been repeated until a total film thickness of ~ 5 µm. A 1.5 µm Cr layer was finally deposited on top by 
only switching on the power on Cr target and without rotation of the substrate sample holder. Furthermore, the 
substrates were not additionally heated and no bias applied during deposition.  

 

FIG. 1. Schematic representation of (a) the design of the as-deposited coatings on Zircaloy-4 substrates, and (b) arrangement 
of the targets and substrates during deposition. 

3. COATING ANNEALING 

After deposition, the coated Zircaloy-4 specimens were ex-situ annealed in pure argon (99.9999%) at 
atmospheric pressure using a commercial thermal balance (NETZSCH STA-449 F3 Jupiter) to facilitate the growth 
of MAX phases by solid reaction of the nanoscale elemental multilayers. An oxygen trap system (OTS) with 
zirconium getter ring was used to remove traces of residual oxygen in the gas atmosphere inside the instrument. 
The chamber was evacuated twice to 1.0 × 10-2 Pa before filling with Ar. Then a steady flow of Ar was maintained 
during annealing process. The samples were positioned vertically in the furnace using an alumina sample holder. 
The heating and the cooling rates were fixed at 10 K/min and the isothermal holding time was 10 min. The 
annealing temperature was selected at 550°C. Cr2AlC MAX phase was successfully obtained while no significant 
interdiffusion between the Cr and Cr2AlC layer has confirmed at such conditions.  

More details about the fabrication process of the Cr2AlC MAX phase coatings on Zircaloy-4 substrates is 
given in [1, 2]. 
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SIMULATION OF FeCrAl CLADDED FUEL ROD 
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Abstract  

The paper deals with the NINE contribution within the CRP ACTOF during which analytical activities have been 
performed. The investigated ATF solution is a clad material alternative to zircaloy, i.e. the FeCrAl, which is of great interest 
to some fuel vendors and already subject of several mechanical and irradiation test campaigns aimed at deriving 
thermomechanical characteristics, typically as a function of temperature. The gathered material data have been collected and 
implemented into the TRANSURANUS code with the final goal to achieve a best estimate tool for predicting the behavior of 
a fuel rod cladded by FeCrAl under nominal and accident conditions. Several routines have been added into the 
TRANSURANUS code to increase its clad material database and consequently a Verification and Validation activity has been 
carried out which highlighted the need f of few corrections prior to the code application to the analytical benchmark organized 
within ACTOF. A systematic comparison against zircaloy behavior has been performed regarding the most representative 
parameters for both the base irradiation and LOCA conditions. Moreover reactor physic simulations have been carried out to 
investigate the different fuel composition at different burnup steps between zircaloy and FeCrAl cladded rod. 

1. INTRODUCTION 

The Fukushima Daiichi event accelerated the development of fuel with increased capabilities to deal with 
accident conditions, the so-called Accident Tolerant Fuel (ATF). Many alternatives to the UO2/zircaloy 
consolidated solution have been investigated ranging from new cladding materials (e.g. iron based), coating 
solutions (e.g. Cr coated clad), different additives to the UO2 (mostly to improve fuel thermal characteristics), and 
different fuel types (e.g. UN). All these alternatives have different technology readiness level, namely some of 
them can be deployed quite soon while others still need a lot of research activities.  

In the framework of the International Atomic Energy Agency (IAEA) Coordinated Research Project (CRP) 
on Analysis of Options and Experimental Examination of Fuels for Water-Cooled Reactors with Increased 
Accident Tolerance (ACTOF), different materials have been studied to replace the conventional zirconium-based 
alloys as cladding material. The work-plan proposed by NINE is focused on fuel performance analysis of solutions 
more ready than others to be tested in power reactor, namely FeCrAl. The fuel performance analyses have been 
assisted by neutronic evaluation of a fuel cell configuration. 

2. ANALYTICAL ACTIVITIES WITHIN CRP ACTOF 

The proposed research aims at developing a computational tool to apply Best Estimate approach for the 
simulation of Accident Tolerant Fuel. The new computational tool is based upon TRANSURANUS code whose 
actual computational capabilities had to be extended to simulate Accident Tolerant Fuel responses. 

Two main groups of experts can be recognized within the CRP participants: experimentalists and analysists. 
The experimentalists performed a round robin test focusing on corrosion and oxidation, while code users organized 
a numerical benchmark.  

NINE belongs to the analytical group, in the next sections the analytical activities are summarized discussing 
separately the fuel performance and the neutronic activities. 

 Extension of TRANSURANUS capabilities 

NINE selected fuel performance code is TRANSURANUS [1], a code developed and maintained by JRC-
ITU (located in Karlsruhe). The code has been modified to extend its clad material database to include FeCrAl 
thermomechanical properties. The source of information is the open literature, namely reports and papers published 
in International journals. 

The code modifications have been performed in two different time moments, practically requiring a restart 
of the activity due to the availability of more specific information in a later stage. The introduction into 
TRANSURANUS code of FeCrAl clad material specific correlations has initially started adopting public 
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information mostly coming from commercial producers, e.g. [5]. However not all necessary information was 
available especially that related to irradiated behavior of the concerned material. Later in time a series of scientific 
publications (research reports and journal papers) have been published dealing with “advanced” (i.e. more nuclear 
oriented) FeCrAl alloy. Such new (also referred to as second generation) alloy underwent much more extensive 
tests including irradiation. Thus it was necessary to change and rewrite almost all the correlations so far 
implemented into TRANSURANUS.  

2.1.1. Programmed correlations 

The FeCrAl thermomechanical properties included in TRANSURANUS are listed in Table 1. The listed 
thermomechanical properties have been identified in the benchmark specifications [1] together with corresponding 
correlations. Few adaptations have been necessary for the provided correlations notably to account for the unit 
adopted in TU code for the various quantities.  

TABLE 1. LIST OF FeCrAl THERMOMECHANICAL PROPERTIES IMPLEMENTED IN 
TRANUSRANUS. 

No. Property TU Subroutine Reference 

1 Young Modulus Eloc 
[3] 

2 Poisson ratio Nueloc 

3 Yield stress Sigss [4] 

4 Thermal conductivity Lambda 

[5] 5 Specific Heat Cp 

6 Thermal expansion ThStrn 

7 Thermal Creep Etacr [6], [7] 

8 Irradiation creep Etacr 
[6] 

9 Volumetric swelling Sweloc 

10 Oxidation kinetics Outcor [8] 

11 Burst failure SigmaB [9] 

12 Emissivity Emiss 

[5] 
13 Heat of melting Fh 

14 Density Ro 

15 Solidus-liquidus temperature Solimit 

2.1.2. Verification and Validation 

The Verification activities is focused on checking that added correlations are well programmed and no formal 
error have been introduced. The verification activities have been performed mostly based on past experience when 
AISI 348 related code modifications have been introduced [9]. The programmed modifications have been checked 
by an independent (from whom made the modifications) analyst.  

The validation activity has been carried out in three steps having different targets: 

1) To check the capabilities in reproducing the data from which the implemented correlations have been 
derived; 

2) To check FeCrAl response in a simple simulation against the behavior of known material, e.g. Zry; 
3) To compare benchmark obtained results with those of other participants (see following section). 

The three mentioned steps are in order of complexity: while the first is a straightforward check to be made 
the other two imply careful definition of the problems and related simulations. The second step makes possible 
just a qualitative check of the code while the last item is definitely the most effective among the three and subject 
of full discussion in the next section. 
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The first two steps made possible the detection and resolution of some issues, though a complete clearance 
of the new programmed parts has been reached only thanks to the results comparison within the benchmark 
activity. 

 FeCrAl Benchmark activity 

The analytical benchmark on the simulation of FeCrAl clad behavior includes two main cases: a base 
irradiation case and a LOCA case [2]. 

The rodlet has been modeled with a typical representation of axial (3 nodes plus the upper plenum) and radial 
(7 coarse meshes each of them further subdivided into 10 intervals) subdivisions. The power profile is flat as per 
the benchmark specifications, as for the other boundary conditions necessary to define the simulation (e.g. 
pressure, power, mass flow rate).  

2.2.1. The Base Irradiation case 

The benchmark specifications related to the Base Irradiation case include a constant linear power (assumed 
25 kW/m) for a period of 4 years preceded and followed by a power ramp characterized by a rate of 0.14 kW/m-
min to simulate the start-up and the shutdown phases. 

The following parameters have been requested as output for comparison: 

— Hoop strain at cladding inner and outer surfaces; 
— Hoop stress at cladding inner and outer surfaces; 
— Fuel-cladding radial gap width; 
— Oxide layer thickness; 
— Fuel centerline temperature; 
— Rod inner pressure; 
— Fission gas release; 

The following plots report selected parameters from the list above comparing Zry and FeCrAl simulations. 
Figure 1 compares Zry and FeCrAl hoop strain at clad inner surface, highlighting the much less clad 

creepdown for the iron based material due to its better mechanical properties. The time at which a marked change 
in the trend occurs is due to the gap closure (see Fig. 2). 

The gap width modification versus time is reported in Fig. 2. The gap remains open for almost the double of 
time in FeCrAl respect to the Zry due to the larger thermal expansion of FeCrAl.  

 

FIG. 1. Hoop strain at cladding inner surface. 
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FIG. 2. Gap width time trend. 

The gap behavior influences the fuel centerline temperature reported in Fig. 3 in which different sequences 
can be distinguished. Up to the about the half normal irradiation time the fuel centerline temperature is lower for 
the rod cladded with Zry, then (after the FeCrAl clad gap closure) the opposite situation is predicted. At the end 
of the simulation the difference between the two curves is about 160 K with the rod cladded with Zry above that 
of FeCrAl.  

The different fuel temperature affects the Fission Gas Release (FGR) ending with a difference of about 10% 
between the two clad materials, whose lower value is associated to the FeCrAl due to its lower fuel temperature 
as previously discussed. 

 

FIG. 3. Fuel centerline temperature vs. time. 
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FIG. 4: Fission Gas Release time trend. 

2.2.2. The LOCA case 

Regarding the Loss of Coolant Accident test case the specifications make reference to the PUZRI 
experiments [11]. The requested output comprises the following quantities: 

— Time to cladding burst failure; 
— Cladding inner pressure at burst; 
— Hoop strain (at cladding outer surface and peak axial location) at the time of burst; 
— Hoop strain (at cladding outer surface and peak axial location) as a function of time; 

The simulated case is that attaining to the Rod No. 8 performed at 1274.15 K.  
The experiment has been simulated adopting the TRANSURANUS capabilities of modeling just the clad. 

Boundary Conditions have been imposed according to the experiment, namely keeping the temperature constant 
and increasing the pressure with a prescribed rate.  

TRANSURANUS predictions are reported in Table 2. The two sets (zircaloy, experimental data, and FeCrAl, 
calculated data) are qualitatively comparable, considering the different materials and geometrical characteristics 
(notably the different clad thickness). 

The evolution of the hoop strain during the test as computed by TRANSURANUS for the FeCrAl clad 
material is shown in Fig. 5. Relatively small deformation is predicted in comparison with Zry achieving the 
maximum at burst of about 11%, which terminates its exponential increase.  

TABLE 2. COMPARISON BETWEEN PUZRI EXPERIMENT ROD NO. 8 (ZRY) AND TRANSURANUS 
PREDICTION (FECRAL) 

Clad Material Time to Burst (s) Burst Pressure (MPa) Max hoop strain at burst (%) 

Zircalloy-4 (exp) 116.7 0.890 80.37 

FeCrAl (TU) 189.4 1.55 11.07 
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FIG. 5. Hoop Strain evolution, PUZRI rod No. 8 test, FeCrAl. 

 Reactor physics simulation 

It is well known that iron based clad material results in hardening the neutron spectrum in respect to the Zry. 
Because of different neutron spectrum it is expected that different fuel composition at the end of irradiation is 
achieved.  

To get some information about FeCrAl behavior a Reactor Physics modeling of a single cell has been set up 
in parallel to the Fuel Performance simulations. To perform neutronics and burn-up calculation Serpent 2 has been 
adopted. The dimensions of the analyzed cells are reported in Table 3 and they are consistent with previous studies 
[12] and with the fuel rod simulated in the benchmark. 

TABLE 3. FECRAL AND ZIRCALOY PIN SPECIFICATIONS 

Parameter Unit Zircaloy Pin FeCrAl Pin 

Fuel Enrichment % 5 5 

Pellet outer diameter mm 8.19 8.57 

Radial gap width  mm 0.08 0.08 

Clad thickness mm 0.575 0.385 

Pin outer diameter mm 9.5 9.5 

Both the zircaloy and FeCrAl pins are radially subdivided in ten concentric rings as shown in Fig. 6 (keeping 
the same subdivision between the two pins). The power is assumed constant in both calculation and a maximum 
burn-up of 100 GWd/t has been achieved dividing the history in 13 steps. Five million neutron histories per burn-
up step have been adopted.  
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FIG. 6. Radial discretization of zircaloy (left) and FeCrAl (right) pin. 

Figure 7 illustrates the neutron flux per unit lethargy of both zircaloy and FeCrAl pins at different burnup 
steps. The hardening in case of FeCrAl clad (red line) is predicted as expected. The different neutron flux spectrum 
induced a different isotopic composition along the burnup evolution between the two considered pins. 

 
FIG. 7. Neutron flux per unit lethargy at four burnup steps. 

At the end of irradiation period, i.e. when the burnup reached 100 GWd/t, a major difference in the radial 
distribution of the fissile isotopes (235U and Pu) is predicted by the code, rather typical fission product adopted for 
estimating the burnup (Nd) is practically not affected by the different clad materials. By comparing the radial Pu 
distribution the so called rim effect can be recognized (higher Pu concentration at the periphery of the pellet), Fig. 
8. A harder neutron spectrum favorites higher Pu concentration in case of FeCrAl clad (Fig. 8 bottom left), while 
on the opposite Zry clad burns more 235U (Fig. 8 top left). 
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235U  100 GWd/ton 

 
238U  100 GWd/ton 

 
Pu  100 GWd/ton 

 
Nd  100 GWd/ton 

 
FIG. 8. Radial distribution of various element in 10 zones at 100 GWd/ton. 

3. SUMMARY AND CONCLUSION 

In the IAEA CRP ACTOF, the NINE research objective were the performance of Best Estimate analysis of 
ATF fuel rod.  

The objective has been achieved starting from the TRANSURANUS code and implementing 
thermomechanical characteristics of one ATF clad material candidate: FeCrAl. The consequences of adopting 
FeCrAl as clad material have been investigated both from Fuel Performance and Reactor Physics perspectives.  

The modified TRANSURANUS code underwent verification and validation steps with the latter taking 
benefit from the participation to an analytical benchmark organized within the CRP.  

The reactor physics simulations accounted for a prototypical fuel cell highlighting the different neutron 
spectrum and isotopic composition from a reference case where the rod is zircaloy cladded. 
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Abstract 

The thermo-physical models and irradiation behavior of FeCrAl as defined by the benchmark organizer have been 
implemented to FEMAXI-7, such as temperature dependence of Young's modulus, yield stress (elastic limit), thermal 
conductivity, specific heat, thermal expansion. Thermal and irradiation creep model have also been implemented. Analyses 
were carried out firstly for the specified normal operation condition. Then, some sensitivity analyses were carried out with 
different assumptions and model parameters, which had not been explicitly defined by the benchmark specifications (pellet 
radial power distributions, fuel rod gas plenum temperature, thermos-mechanical properties and irradiation behaviour of UO2 
pellet). Based on the set of model parameters used in the normal operation condition, the simulated PUZRY LOCA test cases 
were analysed with the specified conditions. Under the normal operating condition, the predicted FeCrAl cladded fuel 
performance was similar to that of Zry cladded fuel with notable, but not major difference regarding late gap closure. Under 
the simulated LOCA conditions, the burst pressure could be evaluated. The predicted cladding creep strain at burst was mainly 
attributed to creep strain with negligible plastic strain. Overall, FEMAXI-7 analyses have demonstrated excellent robustness 
and flexibility in modeling FeCrAl-UO2 system under normal and LOCA conditions.  

1. INTRODUCTION 

Under the IAEA Coordinated Research Project (CRP) of Analysis of Options and Experimental Examination 
of Fuels for Water-Cooled Reactors with Increased Accident Tolerance (ACTOF), modeling benchmark for 
FeCrAl has been proposed by Japan Atomic Energy Agency (JAEA). The proposal has been approved by IAEA 
with Waseda University as the implementing institution. FEMAXI-7 has been developed at JAEA for fuel 
performance modeling of light water reactors. The following sections describe further development of FEMAXI-
7 at Waseda University for modeling FeCrAl cladded fuel performance. 

 Implementation of FECRAL-C35M models for FEMAXI-7 

FEMAXI-7 is one of the representative fuel performance evaluation codes for LWRs with deterministic 
method [1]. The code considers a single fuel rod in an axis-symmetric cylindrical geometry as shown in Fig. 1. 
Fuel pellet stack and cladding are modeled with 36 iso-volume ring elements and 8 iso-thickness ring elements, 
respectively. The axial distribution of linear heat generation rate (LHGR), radial power density distribution and 
coolant inlet conditions are given as input data by the user as burnup history. In this study, neutronic code, 
RODBURN [1] is used to evaluate radial power distribution history of fuel pellets.  
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FIG. 1. Calculation geometry and modeling of FEMAXI-7. 

For implementation of FeCrAl-C35M property models, the following models have been implemented as 
defined by the specifications: Young’s modulus of elasticity, Poisson’s ratio, thermal and irradiation creep, 
coefficient of thermal expansion. For implementation of the volumetric swelling, the volumetric expansion has 
been converted to linear expansion with isotropy assumption. That is, the linear swelling strain is determined by 
multiplying the volumetric swelling strain by 1/3.  

Some tabulated and graphically provided data have been converted to simplified correlations as follows. The 
yield stress is given by the following correlations for the two temperature ranges: 

𝜎 = −2.21744 × 10 𝑇 + 4.05013𝑇 − 2.70178𝑇 + 944.7084         (291K ≤ 𝑇 < 1007K)   (1) 

𝜎 = −0.0874674𝑇 + 155.0796          (1007K < 𝑇 ≤ 1773) (2) 

where 𝜎  is in MPa and 𝑇 is in K. 

The ultimate tensile strength (UTS) is given by the following correlations for the three different temperature 
ranges: 

𝑈𝑇𝑆 = −0.11630𝑇 + 604.12                 (295𝐾 ≤ 𝑇 ≤ 644) (3) 

𝑈𝑇𝑆 = −1.2555𝑇 + 1334.1                   (644𝐾 < 𝑇 ≤ 1012) (4) 

𝑈𝑇𝑆 = −0.085400𝑇 + 151.44              (1012𝐾 < 𝑇 ≤ 1773) (5) 

The thermal conductivity is given by the following correlation: 

𝑘 = 1.3708 × 10 𝑇 − 6.7072 × 10 𝑇 + 0.024040𝑇 + 3.9064 (6) 

where k is in W‧m-1K-1, T is in K. 

The specific heat is given for the following three different temperature ranges: 

𝐶 = 0.3964𝑇 + 368.36                        (293K ≤ 𝑇 < 873K) (7) 
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𝐶 = −0.200𝑇 + 884.6                      (873K ≤ 𝑇 < 1073K) (8) 

𝐶 = 0.075𝑇 + 591.19                      (1073K ≤ 𝑇 ≤ 1473K) (9) 

The stress-strain curve (plasticity) of FeCrAl-C35M is determined as described by Fig. 2. Firstly, (𝜀 , 𝑌𝑆) 
is determined from the given 𝑌𝑆 and 𝐸. Then, (𝜀 , 𝑈𝑇𝑆) is determined from the evaluated (𝜀 , 𝑌𝑆) and the 
given 𝑈𝑇𝑆 and the hardening slope (2.5 × 10 Pa), which was recommended by the benchmark organizer. Finally, 
the stress-strain curve is assumed to follow the form:  

𝜎 = 𝐾𝜀  (10) 

where, the parameter 𝐾  and the strain hardening exponent 𝑛  is determined from the relationships as 
described in Fig. 3. 

 

FIG. 2. Derivation of Stress-Strain Curve (Plasticity) for FeCrAl-C35M. 

 

FIG. 3: Derivation of fitting parameter K and strain hardening exponent n. 
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As the result, the strain hardening exponent is given by the following correlations and as shown in Fig. 4. 
The minimum value for the strain hardening exponent has been tentatively determined as 0.02 to prevent any 
numerical instabilities with FEMAXI-7. 

𝑛 = 9.3805 × 10 𝑇 − 7.9511 × 10 𝑇 − 0.13834         (291 𝐾 ≤ 𝑇 ≤ 975)) (11) 

𝑛 = 0.02                 (975 𝐾 ≤ 𝑇) (12) 

 

FIG. 4. Strain hardening exponent n. 

For other models, such as models for the UO2 pellet, a set of commonly used models and parameters have 
been selected as summarized in Table 1.  

TABLE 1. MODELS FOR UO2 PELLETS 

 Model Reference 

Thermal conductivity Halden [2] 

Coefficient of thermal expansion Halden [2] 

Density MATPRO-Version 09 [3] 

Young’s modulus MATPRO-11 [4] 

Poisson’s ratio MATPRO-Version 09 [3] 

Emmisivity MATORO-11 [4] 

Creep MATPRO-11 [4] 

Cut off temperature of creep 1273.15（K） Tentative 

Swelling FEMAXI [1] 

Densification FEMAXI-III [1] 

Max. densification 1%vol. Tentative 

Completion of densification 5GWD/tUO2 Tentative 

Pellet relocation at startup 

55% of the gap is assumed to be 

occupied by the relocated pellet 

fragments 

[1] 

Plasticity Tachibana [5] 

Specific heat MATPRO-11 [4] 

Grain growth Itoh [6] 
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 Fuel rod specifications for FEMAXI-7 analyses 

In this study, the fuel rod is axially divided into 5 equal length segments as shown in Fig. 5. Within each 
segment, the cladding wall is divided into 8 metal ring elements of the equal thickness.  

In the benchmark specifications, the upper plenum length of 26 mm and the lower plenum length of 1 mm 
are defined with total free volume of 1.874 cc. In the FEMAXI-7 calculations, the upper plenum is modeled, but 
the lower plenum is neglected for the purpose of simplifying calculation convenience (lower plenum can also be 
modeled with FEMAXI-7 if needed). Based on the defined total free volume, the upper plenum volume is estimated 
to be 1.618cc, which is given as the input for FEMAXI-7. 

For the power history, the provided history by the benchmark specifications is adopted with assumption of 
axially uniform power distribution. The radial power distributions within the fuel pellet were not provided by the 
specifications. Hence, ROBUDN was used to estimate the power profiles and provided as input for FEMAXI-7. 
The evaluated radial power distributions are shown in Fig. 6. 

 

FIG. 5. Axial fuel segments and cladding ring elements. 

 

FIG. 6. Pellet radial power distributions evaluated by RODBURN for FEMAXI-7 input. 
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 Results for normal operation condition 

The calculated pellet centerline temperatures for both FeCrAl-C35M cladded fuel rod and Zry cladded fuel 
rod are shown in Fig. 7. The results indicate that FeCrAl cladded fuel has slightly lower fuel temperature after the 
gap closure, which is probably due to higher thermal conductivity of the cladding. 

 

FIG. 7. Pellet centerline temperature. 

As a sensitivity study, Fig. 8 shows the pellet centreline temperatures together with the reference case. The 
two cases are: MATPRO-09 thermal conductivity model of UO2 pellet, which does not consider degradation of 
the thermal conductivity with burnup; the flat power distribution in the pallet radial direction. Relatively large 
sensitivities with respect to these models can be identified. 

 

FIG. 8. Pellet centerline temperature with different models and assumptions. 

The evaluated fission gas release rates (FGRs) for the reference cases are shown in Fig. 9. In the calculations, 
minimum FGR of 0.5 % is assumed as direct release from the pellet surface. Then, significant increase in FGR is 
regarded as the onset of FGR. The the standard White-Tucker-Speight model [7] is used. The predicted onset of 
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FGR is consistent with the predicted pellet centerline temperature, which reaches around the Vitanza threshold, 
when FGR starts to increase. 

 

FIG. 9. Fission gas release rate (FGR). 

The predicted rod internal pressure is shown in Fig. 10. In the FEMAXI-7 simulations, the upper plenum gas 
temperature is given by user input. In this study, it is defined as +25 K relative to the coolant inlet temperature in 
the reference cases. Therefore, sensitivity analyses have been carried out with different temperature elevations 
from the coolant inlet temperature as shown in Fig. 11. It may be worth noting that different fuel performance 
analysis codes have different ways to estimate the rod internal gas temperature.  

 

FIG. 10. Rod internal pressure (plenum T = coolant inlet T + 25 K).  
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FIG. 11. Rod internal pressure (plenum T = coolant inlet T + DTPL). 

The predicted pellet-cladding diameter gap size is shown in Fig. 12. At the beginning, FeCrAl cladded fuel 
rod has larger gap compared with that of the Zry cladded fuel rod. This is primarily due to larger thermal expansion 
of FeCrAl. Then, the late gap closure of FeCrAl cladded fuel rod is also due to smaller creep strain rate of FeCrAl 
compared with that of Zry. Such features can also be understood from the cladding hoop strain as shown in Fig. 
13. 

 

FIG. 12. Pellet-cladding diameter gap size. 
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FIG. 13. Cladding hoop strain. 

 Analyses of LOCA cases of the PUZRY experiment 

The 6 analysis cases recommended by the benchmark organizers have been analysed with the modified 
FEMAXI-7. The 6 cases are summarized in Table 2. Rod 8, 10 and 12 are with relatively slow pressure ramps. 
Rod 18 and 26 are for middle rate pressure ramps. Rod 30 is a rapid pressure ramp case. For all the given 
temperatures, the burst hoop stress of the cladding are provided by the benchmark specifications. 

The PUZRY LOCA experiment was conducted with hollow tubes. To model such case, FEMAXI-7 analysis 
input has been prepared with dummy pellets, which generate zero power. Hence, in the calculations, the coolant 
temperature, the cladding outer surface temperature, the cladding inner surface temperature and the pellet 
temperature are all the same as defined by the temperature in Table 2. 

TABLE 2. ANALYSIS CASES FOR THE PUZRY LOCA EXPERIMENT 

Rod # Temperature (K) Pressure ramp rate (MPa/s) 

8 1274.15 0.00763 

10 1375.75 0.00710 

12 1470.85 0.00723 

18 1173.35 0.01151 

26 971.55 0.01193 

30 1073.55 0.02630 

As a representative of the low pressure ramp cases, the FEMAXI-7 analysis results for Rod 8 is shown in 
Fig. 14. At the time of the predicted burst, the cladding plastic strain was evaluated to be zero and almost the entire 
strain was thermal and creep strain. The predicted burst strain was about 35 %. The corresponding burst strains at 
1375.15 K and 1470.85 K was about 14% and 4%, respectively. 
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FIG. 14. Hoop stress and strain for the low pressure ramp case (at 1274.15K). 

The analysis results were similar for the mid pressure ramp rate case and the high pressure ramp rate case. 
However, for these cases, small plastic strains were predicted at the time of burst (0.1% and 0.3%, respectively). 
As shown in Fig. 15, most of the strain at the time of burst is still the thermal and creep strains. However, small 
plastic strain is predicted just before the burst. 

 

FIG. 15. Hoop stress and strain for the high pressure ramp case. 



209 

The predicted burst time and strain for the analyzed cases are summarized in Table 3. 
 

TABLE 3. SUMMARY OF ANALYZED LOCA CASES RESULTS BY FEMAXI-7 

Rod # Burst time (s) Burst total hoop strain (%) Burst plastic hoop strain (%) 

8 245 35.3 0 

10 150 14.3 0 

12 87 4.0 0 

18 343 32.6 0 

26 850 12.3 0.1 

30 218 14.5 0.3 

2. SUMMARY 

FeCrAl-C35M property models, as proposed by the benchmark specifications, have been implemented to 
FEMAXI-7. While most models have been implemented as defined by the specifications, some models have been 
reformatted to fit FEMAXI-7 (e.g. volumetric swelling has been converted to linear with isotropy assumption). 
The stress-strain curves have been derived from the benchmark specifications to fit FEMAXI-7 with the common 
form of 𝜎 = 𝐾𝜀 , but with minimum strain hardening exponent of 0.02 to avoid numerical instability. 

Overall, the analysis results have demonstrated excellent robustness and flexibility for modeling FeCrAl-
UO2 under normal and LOCA conditions. Some parameters and models, which have not been explicitly defined 
by the specifications are considered sensitive to calculated results. For example, the pellet thermal conductivity 
model, radial power distributions and the rod gas plenum temperature. The general trend of LOCA analysis results 
by FEMAXI-7 seem reasonable for comparison with other benchmark participants. 
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Abstract 

KAERI has been developed the chrome-alloy coated cladding and metallic microcell UO2 pellet as the near term 
technology of the Accident Tolerant Fuel. The mechanical behaviour of metallic microcell UO2 pellet was estimated with finite 
element analysis tool. For the multi-layered cladding, the FRACAS-CT module was implemented into the fuel performance 
code, FRAPCON. And the fuel performance under the normal operation condition with the enhanced material properties of the 
metallic microcell pellet and the chrome-alloy coated cladding was estimated. 

1. INTRODUCTION 

In Korea, the development of the accident tolerant fuel (ATF) is classified into near term application 
technology and long-term development technology. As a near term technology, the microcell UO2 pellet with 
metal or ceramic materials and the surface modified claddings with coating technology are being developed. The 
microcell UO2 pellet is to enhance the fission product retention and to increase thermal conductivity. The surface 
modified cladding is based on the coating technology on the conventional Zr cladding. It is to enhance the oxidation 
and deformation resistance of the fuel cladding. For the long-term technology, it is necessary to bring the 
revolutionary change to drastically improve the safety of nuclear fuel. As the representative candidates, the high 
uranium pellets or the TRISO based composite pellets, and the metal-ceramic hybrid cladding or the ceramic 
cladding are being studied [1].  

In the IAEA-CRP ACTOF, the research objectives and anticipated outcomes of KAERI were the 
development and implementation into the FRAPCON/FRAPTRAN code of accident tolerant fuel (ATF) models 
for the Cr-coated cladding and the Cr-metallic microcell pellet, model validation using data from the out-of-pile 
experiment. In order to improve the thermal conductivity of the UO2 pellet in KAERI, Chromium and molybdenum 
are being studied as metal material to be added in the pellet. The evaluation of the ATF pellet was carried out on 
Mo-microcell UO2 pellet instead of the Cr-microcell UO2 which was initially proposed in CRP. 

2. R&D OF ATF IN KAERI 

In the KAERI (Korea Atomic Energy Research Institute), the microcell UO2 pellet and the surface modified 
cladding with coating are being developed as the near term technology for ATF. In this chapter, the technique and 
the feature of ATF developed by KAERI were briefly introduced. 

 Microcell UO2 Pellet 

As the near term technology in KAERI, the microcell UO2 pellets are to enhance retention capability of 
volatile fission products such as Cesium and Iodine for reduced radioactivity release to the environment with 
ceramic materials and to increase thermal conductivity with metal materials. This technology is focus on to use 
existing infrastructure, experience and expertise to the maximum extent possible, so that this evolutionary concept 
could be implemented in the relatively near future [2]. 

For the metallic microcell, Chrome or Molybdenum as a microcell material were selected because these 
metal materials have relatively the high melting temperature and the high thermal conductivity. The feature of the 
metallic microcell is to enhance the thermal conductivity of the fuel pellet. The metallic microcell UO2 pellets are 
fabricated by co-sintering of UO2 granules coated with metal powder. Fig.1 shows the micro structures of the 
fabricated pellets in which microcell concept was successfully implemented. The Fig. 2 shows the measured 
thermal conductivity of metallic microcell UO2 pellets containing 5 vol-% of Mo or Cr, compared to that of the 
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conventional UO2. The increased thermal conductivity of metallic microcell pellet was more than 1.6 times 
compared to the conventional UO2 [1]. 

 

FIG. 1. Fabrication process and micro structure of the metallic microcell UO2 Pellets (Reproduced courtesy of Elsevier [1]). 

 

FIG. 2. Enhancement of thermal conductivity in metallic microcell UO2 pellets, compared to standard UO2 (Reproduced 
courtesy of Elsevier [1]). 

For the ceramic microcell pellets, Si composition was selected because the Silicon oxide has chemically 
affinity to Cesium. The feature of the ceramic microcell pellet is to supplement the retention capability of volatile 
fission product and to reduce the radioactivity release to the environment. The ceramic microcell pellets were 
fabricated by conventional liquid phase sintering technique. The microstructure of fabricated ceramic microcell 
UO2 pellet was shown in Fig. 2. To estimate Cs capture ability of a ceramic microcell, the out-of-pile annealing 
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test was performed at 500 °C for 3 hours in a capsule containing both a piece of Cs ingot and a ceramic microcell 
pellet. After the annealing test, the high Cs concentration was observed along the microcell wall from EDS (Energy 
Dispersive Spectroscopy) element mapping. 

 

FIG. 3. Fabrication process and micro structure of the ceramic microcell UO2 pellet (Reproduced courtesy of Elsevier [1]). 

 Surface Modified Zircaloy Cladding 

As the near term technology of the accident tolerant fuel cladding, the 3D laser technique for coating and 
Arc-ion plating method for thin layer and alloy coating were being developed in KAERI as show in Fig. 4 [3]. The 
Cr-Al binary alloy was developed for the coating material on the Zr cladding surface by KAERI. This Cr-Al alloy 
has excellent corrosion resistance under normal conditions as well as accident condition [4]. To improve the 
deformation resistance, the partial ODS (Oxide Dispersion Strengthened) technique was developed with 3D laser 
coating technique. 

 

FIG. 4. Manufacturing techniques for surface modified Zr cladding. 

The corrosion behavior of the Cr-Al alloy coated Zr cladding was shown in Fig. 5. This test was performed 
in a 360°Cwater state under a saturated pressure of 18.9 MPa. The corrosion behavior was evaluated by weight 
measurement taken a periodic intervals. As the specimen in this test was only coated on outer surface except inner 
surface, the weight gain can be seem to be increased in the uncoated area of inner surface and edge [4]. 
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FIG. 5. Corrosion behavior and cross-sectional observation of surface-modified Zry-4 cladding in PWR simulation loop 
condition at 360 oC [4]. 

3. ESTIMATION OF FUEL PERFORMANCE FOR ATF 

As the activity in IAEA-CRP ACTOF, KAERI proposed three progresses of the scientific scope. The first 
work is to develop the ATF models for Cr-coated cladding and metallic microcell pellet based on out-of-pile data. 
The second work is to implement ATF models in FRAPCON/FRAPTRAN fuel performance code system. And 
the third work is to validate the implemented ATF models using out-of-pile experimental data. The experimental 
data on ATF for the validation are currently very limited. Therefore, KAERI in this project focused on the model 
development and verification. The mechanical behaviour of metallic microcell UO2 pellet was estimated with FE 
analysis tool. The mechanical behaviour model for the multi-layered cladding under the normal operation 
condition was developed. And the fuel performance under the normal operation condition was estimated according 
to change of material properties of ATF. 

 Mechanical Behaviour of Metallic Microcell UO2 Pellet 

The thermo-mechanical behaviour of the Mo-microcell UO2 pellet was estimated with FEM (Finite Element 
Method) analysis for the enhanced the thermal conductivity and the changed thermal expansion. For numerical 
analysis, the boundary conditions were required for thermal analysis and mechanical analysis. For the thermal 
analysis, an axial symmetry condition was applied for fuel pellet with internal heat source. Outside temperature 
was fixed at a certain temperature. For the mechanical analysis, the body force of the pellet was neglected and the 
pressure between pellet and cladding was fixed at a certain pressure. Figure 6 shows the temperature and the hoop 
stress distribution inside the pellet. 
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FIG. 6. Temperature and hoop stress distribution of UO2 pellet with FE analysis. 

The pellet temperature profile and the hoop stress distribution along the mid-plane was shown in Fig. 7. The 
radial temperature and the axial temperature distribution appear symmetrically with respect to the centre line. For 
the hoop stress distribution, the pellet experiences a compressive stress in the inside and a tensile stress in the 
outside at a relative radius of 0.6. It is in good agreement with the results of analytical solution considering internal 
heat generation for a cylindrical shape. The validity of the numerical analysis of cylindrical fuel was confirmed by 
these results. 

  

FIG. 7. Temperature distribution and hoop stress distribution by numerical analysis for cylindrical fuel pellet. 

When the metallic microcell pellet is fabricated, an elliptical cell having an aspect ratio is formed while 
performing a pressing operation in the manufacturing process. The aspect ratio of the microcell was mostly in 
range of 1 to 4 as shown in Fig. 8.  
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FIG. 8. Aspect ratio distribution of metallic microcell pellet (Left figure reproduced courtesy of Elsevier [1]). 

For the aspect ratio, the thermal conductivity increased with the increase of the aspect ratio as shown in  
Fig. 9. For the high aspect ratio, however, the increases in the thermal conductivity gradually enhances because 
the thermal resistance in the radial direction increases with the decrease in the axial thermal resistance. 

 

FIG. 9. Effect of cell geometry on the effective thermal conductivity of metallic microcell UO2 Pellets. The lines are obtained 
by numerical analysis and the dots are measured values (Reproduced courtesy of Elsevier [1]). 

The thermal conductivity behaviour with temperature and the temperature distribution inside the pellet 
according to aspect ratio are shown in Fig. 10. The thermal conductivity was predicted to be increased by 106% 
for aspect ratio of 2.0 and 128% for aspect ratio of 4.0 compared with that of conventional UO2 pellet. The pellet 
centreline temperature is reduced by 264°C that is 26% compared with UO2 pellet.  
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FIG. 10. Pellet thermal conductivity with temperature and fuel inside temperature along the relative radius. 

The metallic microcell pellets result in a high increase in the thermal conductivity due to the added metal 
forming a metal mesh grid. Since the increased thermal conductivity reduces the thermal gradient inside the pellet, 
it is expected to reduce the thermal expansion in the pellet and to reduce the circumferential stress. Figure 11 
shows the hoop stress along the radial direction due to the increased thermal conductivity. The thermal stress is 
reduced by decreasing the temperature gradient in the pellet due to increased thermal conductivity by the metallic-
microcell structure. The increase in the thermal conductivity according to the aspect ratio is not large, so the effect 
on the hoop stress is negligible. 

 

FIG. 11. Hoop stress along the relative radius on the thermal conductivity and aspect ratio of the metallic microcell UO2 pellet. 

The hoop stress behaviour according to changing of the thermal expansion is estimated as shown in Fig. 12. 
The effective thermal expansion coefficient is defined as a function of volumetric ratio such as  
𝛼 = 0.95𝛼 + 0.5𝛼 . Due to the linear relationship between the thermal stress and the thermal expansion, 
the maximum tensile stress is also changed by 10% at a change in thermal expansion coefficient of 10%. The 
change of the thermal expansion is directly reflected into that of the stress and this trend will be the same in ATF.  
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. 

FIG. 12. Hoop stress along the relative radius on the thermal expansion coefficient of the metallic microcell UO2 pellet. 

3.2. Mechanical Model for Multi-layered Cladding for FRAPCON 

The fuel performance code FRAPCON have FRACAS-I model for the small displacement deformation of 
the cladding based on the thin-wall theory. The analysis is performed to determine cladding stresses and strains 
[5]. However, this model based on the thin-wall cannot use for the multi-layered cladding such as a coated 
cladding. In order to evaluate the mechanical behaviour of the ATF cladding under the normal operation 
conditions, a new analytical module, FRACAS-CT, was developed based on the thick-wall theory to consider the 
multi-layered structure of the coated cladding. Since the theoretical background and derivation of the formula of 
FRACAS-CT are summarized in references [6] and [7], the details are omitted in this report, and the verification 
process is briefly described. 

In analysing the deformation of fuel rod in FRAPCON, the open gap and the closed gap regime are 
envisioned. In the case of ATF cladding with two layer, the five boundary conditions were suggested to determine 
the five unknown constants for the both regimes. The FRACAS-CT model was verified by comparison with an 
equivalent finite element model of ABAQUS [8]. Results of FRACAS-CT model are highly agreement with that 
of the equivalent FE-model for the two regimes, respectively as described in references [7]. 

The FRACAS-CT module was implemented into FRAPCON code for consideration of creep and stress 
relaxation behaviours of the multi-layered cladding. To maintain the input structure of the original FRAPCON, 
the FRACAS-CT module was added as one of mechanical model option, ‘mechan’. The flow chart implemented 
FRACAS-CT is shown in Fig. 13. The property module for a coating material should be implemented to improve 
user convenience for various coating materials in the near future.  
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FIG. 13. Flow chart of implementation of FRACAS-CT into FRAPCON for the multi-layered cladding. 

To verify the implemented module, the power condition was set to have a simple power history, and the 
coating material was set to be identical to the substrate, Zr cladding. For code verification, the cladding 
deformation behaviours were compared in Fig. 14. The calculated results of the cladding deformation at top, center 
and bottom axial node were highly consistent, which is reasonable because material properties and inelastic model 
used for the FRACAS-CT are equal with ones of the original FRAPCON. The results of FRACAS based on thin 
wall model were located in the middle of the inner and outer deformation of the FRACAS-CT based on thick-wall 
model.  
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FIG. 14. Comparison of the cladding deformation behaviours for the verification of FRACAS-CT in FRAPCON. 

The implemented FRACAS-CT can simulate the mechanical response and fuel performance of the multi-
layered ATF cladding. To apply the ATF performance evaluation, the power history of an ATF (5 vol%-Mo-
Microcell-UO2 and Cr-coated-Zr4) was generated by neutronics analysis [9]. Fig. 15 shows the gap thickness 
behaviour along burnup and the hoop stress along cladding radial position. According to the two models, FRACAS 
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and FRACAS-CT, there is a slight difference at the point of contact between the cladding and the pellet. And, 
since the FRACAS-CT model was developed based on thick-wall theory, the hoop stress gradient appears along 
the radial direction. In the FRACAS model, however, the cladding hoop stress is given only one value. If stress 
and strain are simultaneously applied to design criteria, it will be necessary to develop the application methodology 
for these results. 

 

FIG. 15. The comparison of the gap thickness behaviour along burnup and the hoop stress along cladding radial position with 
FRACAS and FRACAS-CT (Reproduced courtesy of Taylor and Francis [7]). 

3.3. Fuel Performance under Normal Operation Condition with ATF 

The last work in this project was the preliminary analysis of the fuel performance for the KAERI’s ATF 
concept under the normal operation condition. The major material properties of ATF such as the thermal 
conductivity and thermal expansion of the pellet and the corrosion behavior of the CrAl-coated cladding were 
modified based on out-of-pile test results [10]. The thermal conductivity model for metallic microcell pellet and 
the corrosion model for CrAl-alloy as coating material is shown in Fig. 16. Since the metallic thermal conductivity 
was measured up to 1500 K in out-of-pile test, the inflection point exists at 1500 K and the irradiation effect is 
assumed to be the same as UO2. The corrosion test was performed only in a 360°C water condition. Thermal 
expansion behaviour of the microcell pellet was similar to the original FRAPCON model. 

 

FIG. 16. The thermal conductivity model of metallic microcell UO2 pellet and the corrosion model for CrAl-alloy as coating 
material. 
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For the simple comparison, the simple power history and the cosine axial power profile were applied as 
shown in Fig. 17. The major geometry of the fuel rod is summarized in Table 1.  

TABLE 1. THE SUMMARY OF FUEL GEOMETRY FOR FUEL PERFORMANCE ESTIMATION. 

Geometry Reference ATF 

Pellet UO2 UO2+Mo-5 vol% 

Cladding Zr-4 Cr-coated Zr-4 

Pellet Outer Diameter (mm) 8.195 Same 

Cladding Outer Diameter (mm) 9.5 9.6 

Cladding thickness (mm) 0.57 0.62 (50 µm-coated) 

Gap thickness (mm) 0.0825 Same 

Fuel length (mm) 3658 Same 

 

FIG. 17. The power history and the axial power profile to analysis ATF performance. 

The thermal conductivity of the metallic microcell UO2 pellet was improved about twice as compared with 
that of the conventional UO2 pellet. Therefore, it is expected to show a great benefit in the temperature of the 
pellet. The fuel centreline temperature and average fuel temperature was shown in Fig. 18. At the peak power 
node, the centreline temperature was reduced from 220 to 340 K and the average fuel temperature was lowered by 
about 100 K. 

 

FIG. 18. The fuel centreline temperature at the peak power node and average fuel temperature. 
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Figure 19 shows that the rod internal pressure was reduced by decreasing the temperature of the pellet. In 
the low burnup region, the internal void volume of rod was maintained relatively large due to the reduced 
deformation amount of the pellet. In the high burnup region, the fusion gas will be release into the rod gap region. 
When the FRAPFGR model was applied, the amount of fission gas release was reduced for ATF, which can be 
expected due to the decrease in the temperature of the fuel pellet. In this analysis condition, the rod internal pressure 
was predicted to decrease by 20% at the end of life. 

 

FIG. 19. The behaviour of the fuel rod internal pressure, the total void volume and the fission gas release. 

Through the corrosion out-of-pile test of the developed coating material, the CrAl-alloy showed 10 times 
improvement in corrosion resistance compared to Zry-4. The ATF shows reduced oxide thickness with increased 
corrosion resistance reflected in the corrosion model as plotted in Fig. 20. In this analysis, the multi-layered model, 
FRACAS-CT was not applied. The behaviour of the mechanical gap shown in Fig. 20 reflects the effects of 
increased cladding thickness and pellet behaviour. It is necessary to investigate the various factor to clarify the 
effects on the fuel performance. Furthermore, the in-pile data are essential to estimate the fuel performance of the 
accident tolerant fuel. 

 

FIG. 20. The behaviour of the cladding oxide thickness and the mechanical gap at peak power node. 
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4. SUMMARY AND CONCLUSIONS 

In the IAEA-CRP ACTOF, the research objectives and anticipated outcomes of KAERI were the 
development and implementation in the FRAPCON/FRAPTRAN code of ATF models for Cr-coated cladding and 
Cr-metallic channel pellet, model validation using data from the out-of-pile experiment. In order to improve the 
thermal conductivity of the UO2 pellet in KAERI, Chromium and molybdenum are being studied as metal material 
to be added in the pellet. The evaluation of the ATF pellet was carried out on Mo-Microcell UO2 pellet instead of 
the Cr-Microcell UO2 which was initially proposed in CRP. In the ACTOF, the work done of KAERI is as follows. 

The thermal stress of the Mo-microcell UO2 pellet was estimated with FE analysis for the enhanced the 
thermal conductivity and the changed thermal expansion. For the aspect ratio, the thermal conductivity increased 
with the increase of the aspect ratio. For the high aspect ratio, however, the increases in the thermal conductivity 
gradually enhances because the thermal resistance in the radial direction increases with the decrease in the axial 
thermal resistance. The thermal stress is reduced by decreasing the temperature gradient in the pellet due to 
increased thermal conductivity by the metallic-microcell structure. Due to the linear relationship between the 
thermal stress and the thermal expansion, the maximum tensile stress is also changed by 10% at a change in thermal 
expansion coefficient of 10%. 

In order to evaluate the mechanical behaviours of the ATF cladding under the normal operation conditions, 
a new analytical module, FRACAS-CT, was developed based on the thick-wall theory to consider the multi-
layered structure of the coated cladding. The FRACAS-CT model was verified by comparison with an equivalent 
finite element model. And the module was implemented into FRAPCON code with consideration of creep and 
stress relaxation behaviours of the multi-layered cladding. The implemented FRACAS-CT can simulate the 
mechanical response and fuel performance of the multi-layered ATF cladding. 

The preliminary analysis of the fuel performance for the KAERI’s ATF concept was summarized. The major 
material properties of ATF such as the thermal conductivity and thermal expansion of the pellet and the corrosion 
behaviour of the CrAl-alloy coated cladding were modified based on out-of-pile test results. The differences 
compared to a conventional UO2-Zircaloy fuel was assessed. From the FRAPCON results under the normal 
operation condition, ATF shows a significant advantage in the reduction of the fuel centreline temperature, 
cladding oxidation thickness, fission gas release, and so on, because of the increased thermal conductivity of the 
metallic microcell pellet and the oxidation resistance of the CrAl-alloy coated cladding. 
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Abstract 

Zirconium, due to their good water corrosion and radiation resistance at normal working conditions of nuclear reactors 
is commonly used as cladding material for fuel elements. But in the case of LOCA conditions, the possible fast oxidation of 
zirconium at steam atmosphere or and air/steam mixture results in intense hydrogen generation and possible hydrogen-oxide 
mixture explosion. The zirconium silicide or zirconium silicate coatings are considered as corrosion protective coatings for 
nuclear fuel pellets. Results of coatings with Si compounds formation and material characterization including oxidation test 
showed oxidation protective character of formed layers in the limited level. Results of carried our Round Robin Test showed 
that Cr coatings on Zry-2 were the most promising one. 

1. INTRODUCTION 

Institute of Nuclear Chemistry and Technology (INCT) in Warsaw is the unit in the country leading scientific 
research and development work in the field of radiochemistry, nuclear chemistry, radiation chemistry and nuclear 
chemical engineering, nuclear technologies, radiopharmaceutics, radiation techniques, medical equipment 
sterilization, tightness control of installations and pipelines, gas and sewage treatment, chemical and environmental 
aspects of nuclear power engineering. INCT plays the role of IAEA Collaborating Centres – Europe in Radiation 
processing and industrial dosimetry.  

Zirconium, due to their good water corrosion and radiation resistance at normal working conditions of 
nuclear reactors is commonly used as cladding material for fuel elements. However, in the case of LOCA 
conditions, the possible extremely fast oxidation of zirconium at steam atmosphere or and air/steam mixture at 
temperatures above 800°C results in intense hydrogen generation and possible hydrogen-oxide mixture explosion. 
These events, however very rare, negatively influence the public acceptance for nuclear energy and result in the 
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high restoration costs of accompanying damages. The development of the solution to minimize the risk in the case 
of design based and beyond design based accidents is urgently needed. The materials with enhanced tolerance to 
the high temperature oxidation has been proposed including (i) new materials for claddings as for example SiC, 
FeCrAl, structural alloys and (ii) based on application of high temperature oxidation resistant coatings as for 
example chromium, MAX phase, FeCrAl and recently, the concept of multilayer zirconium silicide coatings  
[1–9]. 

The zirconium silicide or zirconium silicate coatings are known for good resistance in high temperature 
conditions and for that reason are considered for application as environmental barrier coatings for high-temperature 
gas-turbine components because silicon based coatings may offer excellent prospects in this field. Particularly, 
they may provide a more protective barrier than the native ZrO2 films formed on alloy cladding during routine 
nuclear plant operations, and to provide an exceptional protective barrier during high-temperature accident 
scenarios. Phase diagram for zirconium-silicon systems clearly show existence of intermetallic compounds with 
different Zr/Si ratios and stability regions. For example, ZrSi2 is stable up to 1620°C and ZrSi is stable up to 
2210°C etc. Temperature range of stability for zircon (ZrSiO4) extends to 1673°C, were it thermally decomposes 
by solid state reaction giving ZrO2 and SiO2. Both, Zr and Si readily form their respective oxides at high 
temperatures and surface layers of ZrO2 or SiO2 or even ZrSiO4 may form depending on the stoichiometry of the 
Zr-silicide. Assuming that ZrO2 were formed above Zr-silicide, the zirconium activity in the silicide will be 
reduced, favoring the oxidation of silicon to SiO2 under the ZrO2 layer. This inner layer of SiO2 can serve as the 
barrier layer to oxygen and moisture transport. Glassy properties of SiO2 at elevated temperatures can 
accommodate stresses from crystallographic transformations of the outer ZrO2 layer and incipiently seal any cracks 
that may form. Thus, in a high temperature oxidizing environment multiple intermetallic compound layers can 
form with ZrO2 or SiO2 sandwiched layers, in effect evolving naturally into a compositionally and functionally 
graded multilayered system that is expected to provide the necessary protection under accident conditions. 

The corrosion studies of zirconium silicate in static state water vapor gave low value for corrosion rate equal 
to 1.30×10-6 g‧cm-2 h-1. In the water vapor environment, zircon phase may decompose according to the equation 

ZrSiO4(s) + 2H2O(g) = ZrO2(s) + Si(OH)4(g) 

where 

s for solid state; 
g gaseous state [10–14]. 

2. EXPERIMENTS 

Materials used for investigations: 

— Commercial Zirconium Firmetal (China) with elemental composition (wt. %): Sn – 0. 26, Fe - 0.21, Hf - 1.01 
in the form of sheets and rods. Materials different structure - as the consequence of production processes. 
Unfortunately, materials had also different elemental (EDS and INAA. The main differences were observed 
in the content of elements: Ca, Fe, Hf, Nd, Ni (Co-58) and Sn. The most important from reactor technology 
point of view are presence of Hf and Sn. Sn was present only in sheets and there was 3 times more Hf in rods 
then in sheet; 

— Zirconium alloy Zircalloy-2 (Zry-2) from Westinghouse in the form of sheets and tubes with  elemental 
composition (wt. %): Sn -1.3-1.6, Fe - 0.07-0.20, Cr - 0.05-0.16, Ni - 0.03-0.08 and impurities presence 
[ppm]: Al, B, Cd, C, Co, Hf, Pb, Mg, Mn, Mo, Si, Ti, W, V ; 

— Sources of Si and other elements: commercial silicon paste, targets for PVD method: Zr, Si, ZrSi2, Cr, 
reagents for sol-gel process: TEOS, Si(OC2H5)4, ZrO(NO3)2·x H2O. 

Material/samples characterization: 

— Surface morphology observations: 
 optical microscope OM with Bresser Science ADL-601 P (Bresser); 
 scanning electron microscopes SEM DSM 942 and high resolution HR SEM ULTRA (both Zeiss); 

— Elemental composition surface and elemental depth profile: 
 EDS system with Quantax 400 (Bruker), area, point and line scan analysis; 
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 INAA - Instrumental Neutron Activation Analysis (INAA). 
— Phase analysis with X-ray diffraction Advanced 8 (Bruker) XRD in Bragg-Brentano geometry and GXRG 

in small angle diffraction; 
— Cross-section investigations with HR SEM, EDS with Tegramin 25 (Struers) equipment with procedure 

defined in INCT for Zirconium samples preparation; 
— Mass changes with Mettler Toledo EXCELLENCE XS 105; two parametrs were taken into consideration: 

(i) relative mass gain in [%] defined as dm/m0 × 100%, (ii) surface mass gain defined as dm/s, where: dm - 
sample mas change, m0 – mass of the sample before oxidation process, s - sample surface area; 

— Water chemistry determination: (i) ICP-MS method with spectrometers: Elan DRC II (Perkin Elmer) and 
Thermo Electron Corporation Solar M6-Mk II, (ii) - pH, TDO and conductivity measurements with digital 
meter for IDD sensors ProLab 2500 (SI Analytics). 

— Oxidation test: 
 long-term corrosion - oxidation test in standard conditions for PWR reactors with an autoclave Parr 

4653 with volume 1 dm3, 360°C/ 195 bar ; 
 in different temperatures and atmospheres using chamber furnace. 

 Works carried out in INCT in the frame of ACTOF (Experimental methods)  

2.1.1. TIG modification - remelting thin layer of the initial material covered with Si compounds 

Tungsten inert gas (TIG) welding, is an arc welding process that uses a non-consumable tungsten electrode. 
The weld area is protected from atmospheric contamination by an inert shielding gas. Used re-melting process 
parameters were as follow: electrode from tungsten doped with thorium, angle - 40º; argon as the protective gas 
with 10 l/min flow; currents in the range of 20 - 90 A.  Zirconium alloy (Firmetal) samples in the form of sheets 
(20 x 20 mm) and a thickness of 1 mm were coated with a ZrSiO4 suspension (Zirconium S, PPH Kratos, Poland) 
or a suspension of Si powder in a 10% PVA (polyvinyl alcohol) aqueous solution. The thickness of the coating 
layer was up to about 60 µm. The coated samples were remelted by the TIG method. Three areas can be 
distinguished in the modified layer (Fig. 1): (i) enriched in silicon up to 65 wt. % with the thickness of about 70 
µm, (ii) enriched in silicon up to 10 wt. % with the thickness of about 100 µm, (iii) unmodified zirconium alloy. 
The XRD spectra for the samples coated with ZrSiO4 suspension (Zirconium S) and TIG treated showed the 
presence of reflections for monoclinic zirconium oxide. In the case of samples coated with silicon powder 
suspended in PVA water solution and TIG treated, the presence of a zirconium silicide phase, ZrSi2, was revealed. 
Phase analysis results confirmed presence of Zr, ZrSi2 and Si in the modified layer. TIG treatment seems to be a 
simple, fast and cheap method for the modification of the material surface layer. The optimal current value was 
determined to be as 30 A. Elements distribution studies show that silicon was introduced to a depth of up to 200 
µm. Due to such long range silicon redistribution, its concentration near the surface layer may be insufficient to 
provide the required corrosion protection of the zirconium alloy.  

   
a) b) c) 

FIG. 1. Coating cross-section of the TIF treated Zr: a) SEM image, c) Si distribution, d) Zr distribution. 
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2.1.2. Sol-gel dipping method 

Sols were prepared with different elemental composition and viscosity. Synthesis were carried out according 
to the chart in Fig. 2. Coatings were formed on flat zirconium samples using the dip coater facility (ND-DC 11/1, 
Nadetech Innovation S.L).  Formed coatings with the thickness in the range of 0.3 µm and elemental composition 
(wt.%):  Zr – 9.33, Si – 37.05, O – 53.62 had the grains structure (Fig. 3). Oxidation processes in autoclave 
(360oC/195 bar/7 days) led to formation of the oxide layers with thickness of about 0.7 µm. Si was present in the 
surface layer, but in the significantly smaller amount then in initial material due to the reaction mentioned in 
Introduction part [15–19].  

 

FIG. 2. Charts procedures for synthesis of SiO2–ZrO2 material. 

   
a) b) c) 

FIG. 3. SEM images of surface of the silicon based compound layer after 500oC calcination: a) cross-section, b), c) grains 
structure. 

2.1.3. PVD - Physical Vapour  

Processes of coatings formation with PVD method were carried out in the Institute for Sustainable 
Technologies ITS (Radom, Poland) using the Balzers system facility with three magnetrons plasma sources, three 
power and control panels (Fig. 4). It allows to deposit materials from separate targets and to obtain multielemental 
coatings. Experiments were carried out to form coatings: (i) similar to stoichiometric ZrSi2 using the magnetron 
with composite target ZrSi2, (ii) similar to stoichiometric ZrSi2 using two magnetrons with single element targets 
Zr and Si, (iii) two magnetrons targets with composition: ZrSi2 and Cr [20]. 
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a) b) c) 

FIG. 4. Balzers system facility: a) general view, b) position of flat, circular magnetrons, c) chamber. 

ZrSi2 target 

Results of surface morphology investigations and phase analysis are present in Fig. 5. Obtained results 
confirmed coating formation (2.5-3.0 µm thick) with Si presence in the formed surface layer. 

a) b) c) 

FIG. 5. Results of Zr alloy modification with ZrSi2 target: a) SEM image, b) cross-section, c) XRD (geometries: ω=10o, ω=5o, 
Θ-2Θ, blue marker – Zr, red marker – ZrSi2). 

Zr+Si targets 

Results of surface morphology investigations and phase analysis are present in Fig. 6. Obtained results 
confirmed coating formation (1.5-2.0 µm thick) with Si presence in the formed surface layer 

a) b) c) 

FIG. 6. Results of Zr alloy modification with Zr+Si target: a) SEM image, b) cross-section, c) XRD (geometries: ω=10o, ω=5o, 
Θ-2Θ, blue marker – Zr, red marker – ZrSi2). 

ZrSi2+Cr targets 

Clearly seen oriented surface morphology was the result of initial material surface morphology and obtained 
layer was so thin that the surface morphology of initial material was mapped. Agglomerates, grains, cracks of 
deposited material were visible at the surfaces. Presence of elements in the modified surface layer was determined 
as (wt. %): Si – 24.2, Cr - 36,0, Zr - 39.8. Zry-2 samples with homogeneous Zr40Si24Cr36 coatings with thickness 
of 2.5 µm were obtained (Fig. 7).  
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a)  b)  c) 

FIG. 7. PVD ZrSi2+Cr modified Zry-2 surface: a) general view and SEM images b) X 1000, c) X 10 000. 

PVD coatings oxidation tests 

- PVD (Zr+Si) and PVD (ZrSi2) oxidation 1100oC/1000 s/ air (Table 1) 

In all cases samples weight increased, but weight gain of coated samples were smaller as compared with 
initial material. The best behaviour during oxidation (corresponding to the smallest weight gain) was observed for 
zirconium coated with PVD method using the ZrSi2 target and it was about 30.0 % better as compared with initial 
material. 

TABLE 1. WEIGHT GAIN AFTER OXIDATION DIFFERENT FORM OF 
ZIRCONIUM ALLOYS (G). 

 ∆m 

Zr alloy, raf 0.3039 

Coated from ZrSi2 target 0.2159 

Coated from Zr and Si targets 0.2216 

- PVD (Zr+Si) and PVD (ZrSi2) oxidation 700oC/1–5 h/air (Table 2) 

In all cases samples weight increased.  The weight gain of coated samples were smaller then of the raw Zr 
alloy. The best behaviour (corresponding to the smallest weight gain) was observed for Zr alloy coated with PVD 
method using two separate targets (Zr+Si). 

TABLE 2. WEIGHT GAIN AFTER OXIDATION OF ZIRCONIUM ALLOYS USING 
DIFFERENT TIMES 

Time [h] Zr alloy, raw [g] Coated from 
ZrSi2 target [g] 

Coated from Zr 
and Si targets [g] 

ZrSi2 powder [g] 

1 0.0264 0.0096 0.0072 0.3354 

2 0.0325 0.0134 0.0088 0.3693 

3 0.0383 0.0156 0.0126 0.3891 
4 0.0472 0.0195 0.0143 0.4046 

5 0.0585 0.0241 0.0184 0.4215 
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- Zry-2 coated with Zr40Si24Cr36 – long term oxidation: 360oC/195 bar/21(A1), 42 (A2), 63 (A3) days  

The surface of initial modified material was plain with longitudinal grooves connected with mapping of 
initial material. In the course of oxidation processes it became roughly with irregular structures and visible 
morphological objects like grains and agglomerates. Fibers, needles and plates grains were visible, also. The oxide 
layer was formed at the samples surfaces of initial and coated with Zr40Si24Cr36 materials. Thickness of these layers 
were (in µm) the following: (i) for Zry-2: 1.488 µm (A1) and 2.074 µm (A2), (ii) for Zry-2 coated with Zr40Si24Cr36: 

0.5166 µm (A1) and 1.090 µm (A2). In the case of coated samples the formed oxide layer was thinner of 35% 
after A1 test and of 53% after A2 test. The most important observation was presence of Zr and Cr in the oxide 
layer. The oxidation process of Zr40Si24Cr36 coatings took place and the base material remained not oxidized. It 
means that presence of Zr40Si24Cr36 coatings slowed down Zry-2 oxidation and the protective character of 
Zr40Si24Cr36 was observed. Relative mass gain [%] were: 0.0, 0.171 and 2.389 after A1, A2 and A3 tests 
respectively. Surface mass gain [g/m2] were:  0.0, 4.733 and 72.625 after A1, A2 and A3 tests respectively. The 
deposited coatings played their protective role during the initial oxidation time. Anslysis of the XRD spectra of 
initial and after autoclave tests of Zry-2 coated with Zr40Si24Cr36  showed peaks characteristic for ZrO2 monoclinic 
phase (blue markers) after A1 test at the point of 2θ = 51o and after A2 test at the points 2θ = 34, 42, 51 (stronger 
then after A1), 56 and 66o. Observed peaks widening was connected with dispersive phases (grains) presence. Zr 
with hexagonal structure was identified – red markers. These peaks belong to the base material (Zry-2) spectrum. 
They can be recorded and identified due to the thin coating – about 2.5 µm only. The bulge at the position about 
2θ = 40 deg at A0 spectrum belongs to amorphous phase present in the coated Zry-2 (Figs 8, 9 and 10).  

 

  

FIG. 8. Measurements results of mass gain. 
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GENERAL VIEW 
INITIAL A1 A2 A3 

    

Material surface after A1, A2, A3 tests SEM X 1000 

    

    

Material surface after A1, A2, A3 tests SEM X 10 000 

    

    

Material cross section after A1, A2, A3 tests SEM 

    

    

FIG. 9. Results of long-term oxidation tests of the Zry-2 coated with Zr40Si24Cr36. 
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FIG. 10. The set of XRD spectra of initial and after autoclave tests of Zry-2 coated with Zr40Si24Cr36. 

3. ROUND ROBIN TEST - LONG-TERM OXIDATION 

3.1.1. Equipment, experiment conditions, experimental methods 

The equipment used for long-term oxidation tests was an autoclave Parr 4653 with volume 1 dm3. Standard 
conditions for PWR reactors work were used. Parameters were: 360oC/195 bar/21 (A1), 42 (A2), 63 (A3) days/0.5 
dm3 water simulating PWR reactor water. The schematic diagram of the experiment is presented at Fig. 11.  

3.1.2. Water chemistry  

The initial water supposed to simulate water from PWR. Those standard conditions are: [Li] = 2 - 2.2 ppm 
and [B] = 600 -1000 ppm [21]. Water used for the experiments was highly deionized water from the Millipore 
system (Primary water). The procedure of water preparation involved two steps: addition of boric acid (H3BO3) 
(99%, extra pure) to get concentration [B] = 800 ppm and addition of lithium hydroxide (LiOH) (powder of 
LiOH*H2O) to get concentration [Li] = 2.1 ppm → Water 0 days. Water has been analyzed after 21 and 42 days 
of autoclave tests. It is shown that the pH and TDO were at the same level before and after oxidation test. The 
higher conductivity after the test can be the result of higher ions concentration in water (Table 3). 

TABLE 3. CHEMISTRY OF WATER USED IN AUTOCLAVE TESTS 

 Primary water [mg/l] Water 0 days [mg/l] Water 21 days [mg/l] Water 42 days [mg/l] 
Cl- 0.053 0.45 7.03 2.16 
NO3

- 0.093 0.037 1.46 0.183 
SO4

2- 0.305 0.438 9.79 5.37 
Na+ 0.062 4.3 3.09 2.18 
K+ 0.012 0.95 — 0.96 
Ca2+ 0.094 2.3 6.98 5.08 
Li+ — 0.4 2.09 1.65 
Mg2+ — 0.35 0.25 0.35 
pH 6.38 6.75 5.68 6.51 
TDO [mg/l] 8.48 8.64 7.41 7.32 
σ [μS/cm] 1.45 10.81 62.3 66.1 
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FIG. 11. Schematic diagram of Round Robin Test carried out in INCT. 

  

CUTTING MATERIAL 
- plates 2x2 cm + hole 
- tube 2 cm + hole 

STEEL AISI 348 Zircalloy 2 

SURFACE CLEANING: 
- DEGREASING 

SURFACE CLEANING 

CREATION OF  
MODIFIED LAYERS: 

- plates 2x2 one-side 
-tube 

AUTOCLAVE – TEST: 
 

- REACTOR WATER 
- 360 C 

- 195 bar 

AUTOCLAVE 
PREPARATION: 

- interior cleaning 
- hanging preparation 

- hanging cleaning 
 

 3 samples INCT 
 3 samples CVUT 
 3(6) samples KIT 
 3 samples MW 

3 samples STEEL AISI 

TAKE OUT: 
 1 steel 
 1 MW 
 3(4) Zircalloy 2 

+ WATER 

TAKE OUT: 
 1 steel 
 1 MW 
 3(4) Zircalloy 2 

+ WATER 

TAKE OUT: 
 1 steel 
 1 MW 
 3(4) Zircalloy 2 

+ WATER 
 

SEND: 
- VTT: 3 samples 2x2 

- CVUT: 3 samples 2x2 + 3 tubes 
- KIT: 3 samples 2x2 + 2 tubes 
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3.1.3. Materials for investigations 

There were 6 materials for long term oxidation tests: 

— Zry-2 with Cr coatings from CTU Czech Republic, coating thickness 28 µm; 
— Zry-4 with Cr/Cr2AlC/Cr (MAX phase) coatings from KIT Germany, coating thickness 6 µm; 
— Zry-2 with Zr40Si24Cr36 coatings from INCT Poland, coating thickness 2.5 µm; 
— Steel AISI 348 from USP Brazil; 
— Zry-2 as reference material for Cr and Zr40Si24Cr36 coatings; 
— Zry-4 as reference material for MAX phase coatings. 

3.1.4. Round Robin Test results 

Results 1. Zry-2 with Cr coatings from CTU Czech Republic  

The granular surface morphology was preserved after oxidations in autoclave. Grains density were at the 
same level at all oxidized samples. Higher resolution photos show the structure of the grains – they were a few um 
in diameter pyramids, tightly coupled to each other. Surface of pyramidal grains were clear and smooth at the 
initial material. Small particles covered pyramidal grains were observed after oxidation process. The thickness of 
coatings were measured at the level of 26 µm. Thin layers enriched with oxygen were observed after A1, A2 and 
A3 oxidation processes. Relative mass gain [%] were: 0.012, 0.017 and 0.031 after A1, A2 and A3 tests 
respectively. Surface mass gain [g/m2] were: 0.375, 0.51 and 0.94 after A1, A2 and A3 tests respectively. These 
results are connected with oxidation processes during carried out autoclave tests. Presence of Cr was confirmed 
by peaks positioned at Cr lines place – red markers. Weak reflections visible at 2θ = 33.75 and 2θ = 55.096 deg 
can belong to chromium oxide (after A2 and A3 tests). Due to the thickness of surface layer only reflections from 
Cr were observed (Figs 12, 13 and 14). 

FIG. 12. Relative and surface mass gain of Zry-2 coated with Cr . 
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GENERAL VIEW 

INITIAL A1 A2 A3 

    

Material surface after A1, A2, A3 tests SEM X 1000 

    

Material surface after A1, A2, A3 tests SEM X10 000 

    

Material cross section after A1, A2, A3 SEM 

    

FIG. 13. Zry-2 with Cr coatings. 

 FIG. 14. The set of XRD spectra of initial and after autoclave tests of Zry-2 coated with Cr. 
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Results 2. Zry-4 with Cr/Cr2AlC/Cr (MAX phase) coatings from KIT Germany 

Two sides of received modified samples were different. Cracked in the one direction and delaminated layer 
were visible at the one side of samples. Parts of these layers were dropped off during transportation and sample 
preparation for experiments and testing. Visible at the other side coatings have been made in an inhomogeneous 
way (brighter central region). Surface of the deposited layer was plain and smooth, although some cracks were 
visible. After oxidation process new morphological objects were visible as for example: grains, agglomerates. 
After A1 test sample surface was not completely covered with mentioned objects, after A2 and A3 test surface is 
fully covered. Fibrous and plates grains were visible. SEM/EDS analysis of cross section after A3 shows an 
additional layer between material and coating, consisting mostly of Cr (not present before). On both edges of this 
layer there is a higher concentration of oxygen. Relative mass gain [%] were: - 0.232, - 0.051 and + 0.07 after A1, 
A2 and A3 tests respectively. Surface mass gain [g/m2] were: - 3.555, - 0.783 and + 1.05 after A1, A2 and A3 tests 
respectively. These results were connected with two processes: oxidation during carried out autoclave tests (sample 
mass increase) and dropped off the delaminated coating (sample mass decrease). Finally, the samples mass 
decrease after A1 and A2 tests. Presence of Cr as well as chromium oxide Cr2O3 phase was confirmed – blue and 
green markers, respectively. Red markers are positioned at lines place from phase Cr2AlC (data base). Peaks belong 
to this phase are visible. Due to the presence of small grains which lead to the peaks widening, the spectra analysis 
was difficult in this case (Fig. 15, 16 and 17).  

  

FIG. 15. Relative and surface mass gain of Zry-2 coated with MAX.  
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GENERAL VIEW 

INITIAL A1 A2 A3 

    

    

Material surface after A1, A2, A3 tests SEM X 1000 
    

    

Material surface after A1, A2, A3 tests SEM X 10 000 
    

— 

   

Material cross section after A1, A2, A3 tests SEM 
    

— — 

  

FIG. 16. Zry-4 with MAX coatings. 
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FIG. 17. The set of XRD spectra of initial and after autoclave test of Zry-2 coated with MAX. 

Results 3. Zry-2 with Zr40Si24Cr36 coatings from INCT Poland 

Results are presented in section 2.  

Results 4. Steel AISI 348 from USP Brazil 

The surface of initial material was plain with longitudinal grooves connected to the samples production 
process. Higher resolution images show, that the surface was initially cracked. Surfaces after A1, A2, A3 tests 
were covered with grains in different shapes and sizes. Grains like needles, plates and spheres can be distinguished. 
The level – depth profile - of elemental composition remained the same as in initial material. Oxide layer formed 
at the surfaces contains all elements present in substrate. Thickness of the formed oxide layer was about 1.0 µm. 
Relative mass gain [%] were: 0.02, 0.009 and 0.005 after A1, A2 and A3 tests respectively. Surface mass gain 
[g/m2] were: 0.204, 1.127 and 0.736 after A1, A2 and A3 tests respectively. Important fact that were observed that 
the biggest mass increase was after A2 test. This fact can be connected with dropping off formed oxide layer with 
grains in different shapes before A3 test. Presence of regular phase in Fm-3M symmetry with the lattice parameter 
of a = 3.5843Å was confirmed – red markers. Presence of iron oxide Fe2O3 was confirmed, starting from A2 
spectrum – blue markers. Visible peak in the position of 2θ = 44.514 deg can belong to the bcc phase (Im-3m) 
with the lattice parameter a = 2.87787 Å (Figs 18, 19 and 20). 

  

FIG. 18. Relative and surface mass gain of steel AISI 348. 
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GENERAL VIEW 

INITIAL A1 A2 A3 

    

Material surface after A1, A2, A3 tests SEM X 1000 

    

Material surface after A1, A2, A3 tests SEM X 10 000 

    

Material cross section after A1, A2, and A3 tests SEM 
    

 
  

 
 

 
 

FIG.19. Steel AISI 348. 
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 FIG. 20. The set of XRD spectra of initial and after autoclave test of steel AISI 348. 

Results 5. Zry-2 as reference material for Cr and Zr40Si24Cr36 coatings 

The surface of initial material was plain connected with initial Zry-2 material production. After oxidation 
tests sample surface was completely covered with visible morphological objects like grains and agglomerates. 
Fibers, needles and plates grains were visible also. Higher magnification images show needle-structure and plates 
shaped grains agglomerates in the islands after A3 test. An oxide layers (1 um width) were is formed after A1, A2 
and A3 oxidation test. Elemental analysis shown that formed oxide layers contained only zirconium and oxygen. 
Relative mass gain [%] were:  0.099, 0.151 and 0.193 after A1, A2 and A3 tests respectively. Surface mass gain 
[g/m2] were: 2.79, 4.209 and 5.313 after A1, A2 and A3 tests respectively. Formation of oxidized layer was 
systematic and mass increased in order to longer oxidation time. Presence of Zr in hexagonal structure (red 
markers) and of zirconium oxide ZrO2 phase in monoclinic structure (blue markers) was confirmed after all 
oxidation processes (Figs 21, 22 and 23).  

  

FIG. 21. Relative and surface mass gain of Zry-2 as reference material. 
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GENERAL VIEW 

INITIAL A1 A2 A3 

    

Material surface after A1, A2, A3 tests SEM X 1000 
    

    

Material surface after A1, A2, A3 tests SEM X 10 000 
    

— 

   
Material cross section after A1, A2, A3 tests SEM 

    

— 

 
 

 
 

 
X 25 000 

Fig. 22. Zry-2 as reference material. 
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FIG. 23. The set of XRD spectra of initial and after autoclave test of Zry-2 as reference material. 

Results 6. Zry-4 as reference material for MAX phase   

The surface of initial material were plain and glittering connected with initial Zry-4 material preparation. 
After oxidation tests sample surface was covered with objects like grains, fibers, needles. Higher magnification 
images show needle-structure and plates shaped grains agglomerates in the islands after A3 test. An oxide layers 
(1 um width) were formed after A2 and A3 oxidation test. Elemental analysis shown that formed oxide layers 
contained only zirconium and oxygen. Relative mass gain [%] were:  0.209, 0.239 and 0.231 after A1, A2 and A3 
tests respectively. Surface mass gain [g/m2] were: 3.1, 3.525 and 3.45 after A1, A2 and A3 tests respectively. 
Formation of oxidized layer was systematic and mass increased in order to longer oxidation time (Figs 24 and 25). 

  

FIG. 24. Relative and surface mass gain of Zry-4 as reference material. 
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GENERAL VIEW 

INITIAL A1 A2 A3 

    

Material surface after A1, A2, A3 tests SEM X 1000 
    

    

Material surface after A1, A2, A3 tests SEM X 10 000 
    

    

Material cross section after A1, A2, A3 tests SEM 
    

— — 

 
 

 

FIG. 25. Zry-4 as reference material. 

4. CONCLUSIONS 

Several potential approaches for development of ATMs exist and could lead to improved accident tolerance 
in LWR fuel systems and enhance the safety margins for nuclear power systems. 

INCT works 

Different methods of Zr alloys surface modification with silicon compounds were used: TIG method applied 
for zirconium covered with Si suspension, sol-gel dipping coating, Physical Vapour Deposition (PVD) with targets 
ZrSi2, Zr+Si, ZrSi2 + Cr. Re-melting techniques looks like good method to obtain surface layer with silicon and 
zirconium. Zirconium coatings with compounds of Zr40Si24Cr36 were obtained using PVD method with targets 
ZrSi2 and Cr. During the autoclave test (360oC/195 bar/water/21, 42 and 63 days) deposited Zr40Si24Cr36 layers 
were oxidized. Thus protected the base material (here: Zry-2) from oxygen migration what confirmed protective 
role of proposed coatings, although only in the initial stage of oxidation process. Next investigations will be carried 
out with the coatings with other elemental composition formation. Problems with elemental compositions of two 
forms of Zirconium from Firmetal, China confirmed needs of the same material using during ACTOF project 
realisation. 



243 

Round Robin Test  

Six materials were investigated in order to determine their resistivity for long-term oxidation tests (autoclave, 
360oC/195 bar/21//42//63 days, water simulating PWR water): (i) Zry-2 with Cr, (ii) Zry-4 with Cr/Cr2AlC/Cr 
(MAX phase), (iii) Zry-2 with Zr40Si24Cr36, (iv) steel AISI 348, (v) Zry-2 as reference material for Cr and 
Zr40Si24Cr36 coatings, (vi) Zry-4 as reference material for MAX phase coatings. Zry-2 with Cr coatings shown very 
good properties in order to long-term oxidation resistivity. Deposited Zr40Si24Cr36 layers protected the base 
material from oxygen migration in the initial stage of oxidation process. Zry-4 with Cr/Cr2AlC/Cr (MAX phase) 
coatings shown the protective character of coatings in the limited area. The AISI 348 steel was resistant although 
there was no protective layer at the surface. On the base of obtained results the Cr coatings are the most promising. 
Two other coatings: Cr/Cr2AlC/Cr (MAX phase) and Zr40Si24Cr36 ought to be take into consideration.  
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Abstract 

SOCRAT/V3 code has been adapted to account for FeCrAl ATF claddings, and numerical modeling of a representative 
LB LOCA severe accident scenario was performed for a WWER reactor loaded with fuel rods having FeCrAl claddings. A 
rather large hydrogen generation at in-vessel stage was obtained, despite the slow oxidation kinetics of FeCrAl at temperatures 
below the melting point. This is explained by intensive oxidation of molten FeCrAl which was assumed in calculations. The 
modeling revealed the lack of important experimental results of FeCrAl behaviour in different accident conditions. This 
indicates the need for further experiments with FeCrAl, with at least the same extent as experimental basis of Zr-based alloys. 

1. INTRODUCTION 

The advantages of using FeCrAl for fuel rod claddings instead of zirconium-based alloys in case of SA with 
core-wide melting is numerically estimated by comparative modeling of a representative SA scenario at a common 
WWER-1000/V-320 unit using a specially adapted version of SOCRAT/V3 code [1]. The accident scenario is 
chosen to be a large break loss-of-coolant accident due to a double ended guillotine break of the cold leg nozzle at 
reactor inlet, with additional SBO resulting in inoperability of all active ECCS systems. This kind of scenario leads 
to the fastest core degradation and RPV failure at WWER-1000 among those SA scenarios that are considered in 
WWER safety analysis reports and provides the shortest coping time for accident management. Besides, the LB 
LOCA severe accidents progress in a very similar way at WWER and PWR, thus the specific design differences 
of these reactors are not so important. 

The expected phenomenology of SA progression at WWERs loaded with FeCrAl fuel is essentially similar 
to that at WWERs that are using the common zirconium alloys for fuel rod claddings and other in-core elements. 
This phenomenology is further discussed with emphasis on the features of the key processes that are sensitive to 
cladding material and require special attention. 

The FeCrAl claddings should have smaller thickness than Zr claddings, but due to uncertain specific fuel 
design at this time this difference was not taken into account, and the calculations were performed for FeCrAl 
claddings as thick as Zr claddings. This may result in some overestimation of H2 generated from claddings 
oxidation in general case, but in the LB LOCA scenario it does not change the major conclusions of the analysis 
because of steam starvation conditions in the core. 

2. INITIAL STAGE OF THE ACCIDENT 

The accident starts with a blowdown stage when mostly thermal hydraulic and thermomechanical processes 
take place. The sequence of phenomena at this stage basically does not differ in case of using FeCrAl or Zr-based 
alloys. However, the cladding material may have effect on some specific processes.  

The critical outflow of coolant by both sides of the break in the cold leg leads to a very fast depressurization 
of RCS. The coolant becomes overheated above saturation and is flashing. The core is voiding very fast (Fig. 1). 
The SCRAM occurs with a ~1 s delay from initial event, and the MCPs start coasting down. 

The initial heating up of the core (Fig. 2) is governed by three sources of heat: the heat generated from 
neutron fissions in fuel continuing few minutes after the initial event, heat of FP decays in fuel, and heat 
accumulated in the core during the normal operation. The neutron power after SCRAM may depend on the 
properties of the cladding materials having different cross-sections for neutron capture. Nuclei fissions in fuel 
cease within only few minutes due to SCRAM effect and core voiding effect. The decay heat is related to FP 
inventory in fuel and thus is not sensitive to cladding material. Finally, the accumulated heat in the core is mostly 
related to the UO2 fuel that has large heat capacity, therefore the heat capacity of claddings has only minor effect. 
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FIG. 1. Time history of collapsed level change in the core. 

The heating-up of the fuel is limited by the core reflood with water by hydroaccumulators (passive ECCS) 
that start draining into RPV once the RCS pressure decreases below ~5 MPa. The core water level restores to 
almost its nominal value (Fig. 1), the fuel rods are quenched with water, and the peak cladding temperature (PCT) 
of fuel rods does not exceed 1200 °C at this stage. However, the zirconium based claddings in the hot spots may 
fail due to heating-up to 700–800 °C with a large pressure drop (~6-9 MPa in the gas gap and ~0,2 MPa in RCS). 
The extent of fuel rods ballooning (typical and maximal strain) and burst (burst pressure and temperature for 
different oxidation levels and heat-up rates, opening area) depends on the cladding mechanical properties. The 
time of claddings burst specifies the time of early radioactive release in environment in case of containment 
isolation failure or bypass, because the gas gap inventory including fission gases and some volatile fission products 
is released in RCS. Due to a lack of experimental data with FeCrAl for validation of thermomechanical model in 
SOCRAT the calculated time of the FeCrAl claddings burst corresponds to the moment when cladding started to 
melt, which overestimates the expected time of mechanical failure (Fig. 3). 

 
FIG. 2. Time history of fuel rods temperature change at different elevations (bottom - up). 
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FIG. 3. Time history of pressure change in the gas gaps of fuel rods. 

3. CORE DEGRADATION 

After drainage of HA the water feeding of RPV is lost again, and the coolant in the core starts to boil away 
(Fig. 1). At this Figure and other figures that follow the time axis includes 300 s of a steady state in normal 
operation. Thus the time of initial event of the accident is 300 s. When the collapsed level of water decreases down 
to ~1/3 of the core height, the fuel rods in the upper part of the core start to reheat (Fig. 2). The heat-up rate (~1 
K/s) is much smaller than that at a blowdown stage (~10 K/s).  

In case of Zr claddings it is governed first by decay heat, and later by chemical heat of oxidation reaction. In 
the low-temperature region the chemical heat is several times smaller than the decay heat. But in the high 
temperature region (above 1500 K) the reaction of Zr with steam runs very intensively, and the chemical heat in 
LB LOCA scenario is on average comparable to decay heat, and has local peaks that are an order of magnitude 
larger than the decay heat value.  

FeCrAl alloys are known to have a much slower kinetic of reaction with steam (by 4 orders of magnitude) 
until melting, and the lower bound for high temperature oxidation is close to the melting temperature (~1800 K). 
This is their advantage over Zr at the beginning of SA, when only control rods starts melting. Opposite to Zr-based 
alloys once FeCrAl approaches the temperature of oxidation escalation, it is very close to a molten state. 

An important feature of Zr alloys is the quasi-linear kinetic of oxidation in liquid state (opposite to a parabolic 
kinetic of solid Zr oxidation), because the oxygen transport in liquid Zr is controlled by a convection process, 
which in turn is supported by intensive chemical heat generation. Whether this is the case for FeCrAl is an open 
issue and requires further experimental studies. The first results that have been obtained in ORNL separate effect 
tests [2] and KIT integral test (QUENCH-19) demonstrate an increase of oxidation rate close to melting 
temperature. The thermal effect of FeCrAl oxidation is smaller than that of Zr and is comparable to that of stainless 
steel. 

An important question regarding intensive oxidation of FeCrAl is whether a sufficiently solid protective 
oxide scale (in analogy to ZrO2 scale) may form in reactor conditions on the outer surface of the cladding, that 
would retain liquid FeCrAl from releasing onto rod surface and postpone the direct contact with steam.  

After the release of molten drops onto fuel rods surfaces intensive liquid oxidation of both Zr-based alloys 
and FeCrAl continues until contact with colder surfaces in core bottom, or water, when liquid masses get frozen. 
Thus, the time of intensive oxidation is limited by the time of liquid mass candling. The models for candling of 
Zr-containing mixtures in prototypical conditions were studied in many experiments (PBF, CORA, Phebus, 
Parameter-SF). The similar experiments are required for FeCrAl to fill the current gaps of knowledge. 

It should be noticed that the total amount of H2 generation includes, beside that of Zr or FeCrAl, the H2 
produced by oxidation of stainless steel which is the material for in-vessel structures surrounding the core, and 
B4C which is the absorber material in WWER and several PWR designs. In the specific scenario considered here 
the amount of SS oxidized in case of Zr-alloy claddings is slightly larger than that in case of FeCrAl cladding 



248 

material (68 and 52 kg respectively). This is explained by a higher heat generation in the core in case of Zr 
oxidation, hence higher temperature of corium and higher heat flux coming from the corium to steel structures 
surrounding the core. As to B4C oxidation, it is to note that in LB LOCAs the steam starvation conditions are 
typical because of high heat generation and fast voiding of the core (2500 s). In such conditions oxidation extent 
is limited by the available mass of steam in the core, and most steam that is available reacts with zirconium. 
Therefore the calculations demonstrate only small amount of H2 generated from B4C oxidation (5 kg). In the core 
with FeCrAl claddings the heat generation in the core is smaller, the core is voiding slower (3600 s), and steam is 
consumed more evenly among oxidizing materials. Therefore, the H2 mass generated from B4C oxidation is higher 
(66 kg). 

At this stage of the accident interaction of materials results in formation of different eutectics, that decreases 
the melting temperature of core structures. The low-temperature eutectics may be first to candle down and contact 
with the remaining water, either in bottom of active fuel and lower core grid region, or in lower plenum (inside 
fuel supports in case of WWER), – depending on specific scenario of the accident. This early transport of hot 
materials in water is especially important for SA scenarios with steam starvation conditions (LB LOCA). The 
resulting water evaporation produces sharp peaks of steam generation, and additional injection of steam in the 
heated core escalates oxidation and chemical heat generation. The material that candles down to lower grid in case 
of Zr-loaded core consists usually of Zr, SS, B4C, with small fractions of fuel. In case of FeCrAl the potential and 
compositions for formation of eutectic mixtures are yet to be studied. But even without consideration of eutectics 
the melting temperature of FeCrAl is low enough, so that the claddings are expected to start candling down at 
about 1700 K, soon after failure of control rods. The fuel columns are not likely to remain standing in rod-like 
geometry and would collapse following the candling of claddings and control rods, but currently there is no 
experimental confirmation to this effect and is timing. In case if fuel pellets collapse, they form an oxidic debris 
bed having much smaller contact with steam. 

The SA codes have different criteria of debris bed formation. In SOCRAT this criterion is specified by the 
user in the input deck. It is usually connected to the melting of steel tails of fuel assemblies (FA) due to contact 
with hot materials coming from upper cells. After collapse the FA material is modeled to form a mixture of metallic 
and oxide materials. The degradation of heat removal from the degraded core results in formation and spreading 
of liquid pools inside the debris bed. 

After some time the melt gets in contact with lower core grid, or attacks the baffle and barrel walls. In either 
case the melt penetrates to lower plenum. When first portions of hot material pour into the lower plenum filled 
with water they produce a lot of steam. In LB LOCA that steam oxidizes the metals remaining in the core, thus 
intensifying the heat generation and melting processes and promoting further corium relocation to lower plenum. 
This effect is demonstrated in calculations for both Zr-based and FeCrAl alloys by an increase of H2 generation 
after the phase of temporary termination of its production due to core voiding (Fig. 4, 3000 s in case of Zr claddings, 
and 5000 s in case of FeCrAl claddings). 

 
FIG. 4. Hydrogen generation from oxidation of different core materials. 
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4. BEHAVIOUR OF CORIUM IN LP 

According to design of WWER relocation of melt in lower plenum may proceed in two ways. The first way 
is penetration through the core lower grid. When the temperature of the lower grid approaches the melting point 
of steel, the grid is considered failed. At this time all core material accumulated above the plate is modeled to 
slump into lower plenum. Also, before the grid fails some part of melt may penetrate through the orifices in grid 
to FA supports. Usually the first portions of relocated corium represent the material with low melting temperature 
(steel, low-temperature eutectics). The second way of relocation in lower plenum is a result of radial progression 
of the molten corium pool from core center to the periphery, ablation of the baffle and core barrel, through-wall 
penetration of the barrel wall and further discharge in downcomer. In some scenarios both ways may take place. 

In the LB LOCA scenario under consideration the standing fuel rods are radiating to the surrounding steel 
baffle and barrel walls. In a calculation with FeCrAl option the baffle and barrel reach the melting temperature 
before the core collapses, therefore a through-wall breach develops to the downcomer region in the middle part of 
the barrel. Some part of the molten pool further relocates to lower plenum through this breach. In a calculation 
with Zr-based claddings the same effect is also present, but the core collapses before the substantial melting of the 
peripheral structures (barrel wall remains intact), Fig. 5.  

The corresponding calculated location of corium in lower plenum is shown in Fig. 2. As can be seen from 
Figs. 6(a) and (b)), in a calculation with FeCrAl claddings the molten material further continues relocating in 
downcomer region, and additionally drains through lower grid and fills the FA supports. 

  
(a) (b) 

FIG. 5. Barrel integrity relative to the time of core collapse: a) – non-failed barrel in calculation with Zr-based claddings; b) 
– failed barrel in case of FeCrAl claddings.  
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(a) (b) 

FIG. 6. Relocation of the first portions of corium in lower plenum: a) sideward (FeCrAl option); b) central (Zr option). 

In either way an interaction of the corium with water in lower plenum results in jet fragmentation into small 
drops (Fig. 7) that produces a lot of steam and pressurizes the RPV. Fuel-coolant interaction is followed by 
oxidation of metallic zirconium, or FeCrAl components. According to experimental studies, the in-vessel steam 
explosions have very small likelihood when molten corium pours in water filled lower plenum. Even if such an 
explosion occurs, the pressure loads on RPV walls do not result in RPV failure. However the experiments 
demonstrated heavy steam explosions with propagation speeds above 1000 m/s when liquid Al2O3 was pouring in 
water (tests 38, 40, 42 at KROTOS facility, [3]). Alumina is one of the products of FeCrAl oxidation, therefore 
the FCI issue is important to be reconsidered in case of FeCrAl use in the core. 

Fragmentation of corium jets is followed by sedimentation of drops and formation of a debris bed. Depending 
on initial enthalpy of jets the drops may be liquid or solid. 

 
FIG. 7. General scheme of fuel-coolant interaction in WWER during molten corium relocation from the core. 

The first portions of corium are followed by relocation of the remaining corium mass after the failure of 
lower grid. This moment is shown at Fig. 8 by a sudden drop of grid temperature to 0 which corresponds to 
disappearance of mass in a given location (3450 s in case of Zr claddings, and 5200 s in case of FeCrAl claddings). 
The corium mass fills all space in lower plenum within the barrel (Fig. 9(b) and 9(c)). For simplicity the further 
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discussion will correspond to a calculation with FeCrAl claddings, the calculation results for Zr-based claddings 
being very similar.  

 
FIG. 8. Time history of core lower grid temperature. 

   
(a) (b) (c) 

FIG. 9. Further calculated relocation of corium in lower plenum: a) and b) FeCrAl claddings; c) Zr-based claddings). 

The heat generating molten pool starts to dissolve the steel structures of lower plenum, including the 
remaining barrel wall. As a result it fills the lower head of RPV (Fig. 10 b). Due to melting of FA supports and 
barrel lower head that are located in WWER lower plenum, additional steel mass comes into the corium pool. In 
calculation with Zr-based claddings additional mass of steel comes into the pool due to melting of the upper 
structures which are heated by radiation from pool surface.   
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(a) (b) (c) 

  

 

(d) (e)  

FIG. 10. Late phase of corium behavior in lower plenum and release from RPV in a calculation with FeCrAl claddings. 

Figs 11 and 12 show the calculated evolution of mass distribution in lower plenum and RPV lower part 
during the considered LB LOCA scenario. The mass of relocated UO2 is identical in case of Zr claddings and 
FeCrAl claddings, but the time of relocation is different. Due to faster core degradation the arrival of molten fuel 
in lower plenum is ~2000 s earlier in case of Zr claddings. Also, the mass of SS coming in lower plenum is larger 
in case of FeCrAl claddings. This is explained by a modeling assumption that the Al, Cr, and Fe components and 
their oxides were all treated as a “stainless steel” material when modeling the corium pool in lower plenum. In this 
regard it has to be noted that the results for corium behavior in lower plenum were obtained using the basic 
SOCRAT models, which are developed and validated for UO2-Zr-ZrO2-SS corium. To FeCrAl components in 
numerical models of corium and validate these models for corium containing oxides of Al, Cr and Fe instead of 
Zr, further analytical work and large experimental effort are required. The composition of corium pool in lower 
plenum will resemble to that in WWER core catcher which contains initially non-molten bricks of Fe2O3 and 
Al2O3, but contains also Zr and ZrO2 that come with corium.  

Molten pool 

Solid corium and 
non-molten 
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FIG. 11. Time history of fuel and Zr mass change in lower plenum. 

 
FIG. 12. Time history of degraded SS mass change in lower plenum. 

5.  CONCLUSION 

The preliminary results of modeling a LB LOCA severe accident demonstrate that the substitution of Zr alloy 
in fuel rod claddings and other in-core elements with FeCrAl alloy does not reduce substantially the mass of H2 
generated and time of core meltdown.  

The total mass of H2 generated at in-vessel stage is reduced by 30% when FeCrAl is used. The large part of 
H2 generated comes from oxidation of stainless steel and B4C components (~20%). 

In case of using FeCrAl full voiding of the core occurs ~17 minutes later. The fuel melting starts ~17 minutes 
later with FeCrAl claddings. The time of corium massive relocation into lower plenum is ~87 minutes, it is ~30 
minutes more than the respective time in case of using Zr-based alloys. 

The advantages of FeCrAl are more apparent in the beginning of a SA at temperatures below 1800 K, when 
the core degradation is limited with claddings failure and control rods melting. At this stage the amount of H2 
generation in case of using FeCrAl claddings is one order of magnitude smaller than that in case of Zr-based 
claddings (few kg versus 30 kg), but the absolute mass of H2 is very small in both cases.  

The LB LOCA scenario is characterized by steam starvation conditions. Therefore, the amount of H2 
generated is smaller than that expected in SA scenarios with long-lasting core voiding like SBO of SB LOCA. 

The experimental basis for models adaptation to FeCrAl alloys and their validation with prototypical data is 
currently very narrow and limits the possibilities of safety assessment. This implies the need for extensive 
experimental researches with FeCrAl in the field of thermal mechanics, high-temperature oxidation, eutectics 
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formation in the core, candling parameters, fuel-coolant interaction, molten pool formation and evolution, etc. 
Without such phenomenological investigations the advantages of implementation of FeCrAl (or any other cladding 
alloy for ATF) for NPP safety under SA is hard to be assessed and proved. 
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Abstract 

A.A. Bochvar Institute is developing various ATF concepts, in particular protective coatings, high density composite 
fuel of dispersion type, stainless steel claddings, etc. Coated Zr-1Nb cladding (E-110) is made using PVD as well as cold spray 
methods. Chromium coatings up to 15 microns with additions of nickel, iron, aluminum, etc are used to increase adhesion and 
mechanical properties. Analysis of the peculiarities of steels as ATF in WWERs was made. For each class of steel some 
modifications were suggested to improve their properties. Methods of composite fuel optimization were proposed to satisfy 
ATF requirements.  

1. INTRODUCTION 

A.A. Bochvar Institute is the Chief Designer of fuel for various types of reactors: LWR, fast (with lead and 
sodium coolant), small water cooled reactors, in particular ice breakers, and research reactors. Therefore, 
innovation R&D Program in A.A. Bochvar Institute is concentrated mostly on developing novel advanced fuel, in 
particular for LWRs that fully or partly satisfies accident tolerant fuel (ATF) requirements. Principally novel 
methods were implemented for ATF taken from the development of fuel for other types of reactors. As a result 
42HNM steel, composite fuel as well as alloyed U-Mo fuel, etc were incorporated into the Program. 

Initially activity of ATF development was executed using mostly own resources and funding in the frame of 
particular program, Fig. 1. At the end of 2017 national program started with JRC TVEL Corporation funding and 
determination of priority directions. They are protective coatings on Zr cladding, 42HNM stainless steel and 
alloyed U-Mo alloy as well as their combinations including uranium dioxide.  

It is the first turn with fuel elements fabrication at the end of 2018 and beginning of irradiation tests in 
research reactor in 2019. After that other ATF concepts developments (second and third turn) will be executed. 
Main directions of ATF developments in A.A. Bochvar Institute are shown in Fig. 1.  

 

FIG. 1. Main directions of ATF developments in A.A. Bochvar Institute. Green colored blocks – first turn, yellow colored – 
second turn, rose colored – third turn. 
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In accordance with IAEA – A.A. Bochvar Institute agreement No 18891 and corrections made on the second 
Research Coordinated Meeting in IAEA under coordinated research project T12030, the following scientific 
directions should be executed in the frame of the Agreement: 

a) Optimization of METMET (composite) fuel to satisfy ATF requirement; 
b) Methods of protective coatings on Zr-based cladding; 
c) Assessment of various directions to improve steel properties. 

2. OPTIMIZATION OF METMET (COMPOSITE) FUEL TO SATISFY ATF REQUIREMENT 

One of the ways of accident tolerant fuel (ATF) developing is the development of “cold” fuel that allows to 
reduce fuel temperature especially at the first stage of accidence due to lower quantity of stored heat [1-3]. Fuel 
thermal conductivity higher than 10 Wm/K provides the low operating temperature in the range of 400-600°C. 
The operating fuel temperature can be additionally reduced in case of metallurgical bonding the fuel with cladding 
[4]. 

Currently the main variant of cold fuel to replacing UO2 pellet is disilicide uranium (U3Si2), having 17% 
higher uranium density and higher thermal conductivity [1-3]. Compatible characteristics of the fuel are presented 
in Table. 1 (pelletized and dispersion type) including cladding and fuel maximum temperatures at the first moments 
of LOCA.  

At the same time one of the promising variants of dispersion type fuel – composite fuel, intended for 
application in small water-cooled reactors – can be also considered as ATF after some modernizations [4-6].  

TABLE. 1. COMPATIBLE CHARACTERISTICS OF VARIOUS TYPES OF FUEL 

Fuel UO2 pellet U3Si2 pellet 
Composite 
METMET 

Composite    
U-PuO2 

Composite 
ATF 

Increase of U content, % 0 17 25-40 25-30 20-25 
Thermal conductivity at 500°С, 
W-1m-1К-1 

2-4 12-16 18-24 16-18 16-22 

Maximum fuel form stability 
(clad+fuel) temperature,°С 

`1800-1900 1350-1650 1100-1250 1250-1400 1350-1600 

Corrosion resistance in water excellent Satisfactory - 
poor 

good good good 

Maximum fuel temperature in 
operation conditions,°С 

1400 600 500 500 500 

Maximum fuel temperature in 
LOCA,°С 

1800 810 700 720 710 

Maximum cladding temperature 
in LOCA,°С 

1000 500 450 450 450 

Structurally the dispersion fuel meat consists of uniformly distributed higher density fuel granules of U-Mo, 
U-Nb-Zr or U3Si alloys that are metallurgically bonded between themselves and to fuel cladding with specially 
developed Zr-based matrix alloys (composite METMET) [7]. A fuel meat retains controllable porosity to 
accommodate fuel swelling as well as for retention gaseous fission products, Fig. 2. The volume fractions of the 
composite fuel are the following: fuel 62-72%, matrix 14-20%, pores 14-20% [5, 8]. 

Zirconium matrix alloy on the surface of fuel granules as well as at the inner surface of the clad serves as a 
getter for fission products. 
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FIG. 2. Structures of composite fuel. 

Composite fuel can be considered as ATF due to following criteria: 

— high thermal conductivity; 
— metallurgical bonding fuel with cladding that leads to reducing fuel operating temperature as well as 

increasing workapability of fuel elements in severe transients;  
— high uranium content within fuel element cladding, that is 20% more than the uranium content of the standard 

PWR, BWR and WWER-1000 fuel rods, which can allow not only compensate the worst neutronics 
characteristics of LWR at using steel claddings, but even uranium enrichment of fuel to be reduced; 

— coated (microencapsulated) fuels - fuel particles uniformly distributed in the metallic matrix, which also 
serves as a getter. 

As we can see composite fuel has considerably higher characteristics in comparison with U3Si2. 
At the same time the melting temperature of some composite fuel components is relatively low in comparison 

with Zr-U3Si2 fuel system, Table 1. Although the composite fuel components while fabricating increase there 
melting temperature by interaction (Fig. 3), their maximum evaluated fuel form (clad+fuel) stability temperature 
is lower than for Zr-U3Si2 fuel system.  

  

FIG. 3. Structures of composite fuel (U9Mo + Zr8Fe8Cu ) after annealing at 1000°C for 30 minutes. 

Moreover, some modifications should me made to increase fuel form stability of composite fuel in accidents 
as the structure of composite fuel allows adding any components to composite to improve it properties.  

 Towards increasing of melting temperature of fuel granules. 

Generally, fuel granules form the basis of the composite (more than 55% by volume) and consist of U-Mo, 
U-Nb-Zr, U3Si alloys and compounds, which have relatively low liquidus temperature (1250-1400°C) that 
determines fuel form stability. At the same time interaction with Zr-based matrix and cladding at accidents should 
lead to some increase of the melting temperature of the fuel form at whole in accordance with Zr-U state diagram.  

The work towards increasing the melting temperature of fuel granules itself are under executing now and led 
to developing novel class of so-called metal-ceramic alloys based on complex alloyed U-Mo system [9].  
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It consists of formation of multiphase structure, viz., basic gamma U-Mo and ceramic or intermetallic phases 
(10-40% by volume). These phases have the maximal density of uranium, low molybdenum content, highly 
irradiation resistant, Fig. 4. Currently several systems are under consideration: U-Mo-Si, U-Mo-O, U-Mo-C, U-
Mo-C-N-O-Si Due to formation in the structure ceramic phases with high melting temperature (2200-2600) the 
liquidus temperature of the alloy increased to 1500-1700°C.  

  
(a) (b) 

FIG. 4. Microstructure of high density uranium alloys (fuel): U-5Mo-0.5C (a), U-4Mo-0,3C-0.5O-0.1Si) (b) [9]. 

We can also assume that in the basis design the melting temperature of the composite and its stability in a 
whole should be also increased due to interaction of the components in accidents. 

 High temperature additive components to composite fuel  

Another option to increase the temperature stability of the composite is to insert into it components with high 
melting temperature. They can form some kind of a skeleton in the fuel as well as change fuel composition while 
interacting with other components and cladding resulting in increase of melting temperature. They can be added 
to composition replacing granules of zirconium matrix alloy in the range of 5-15% by total volume, taking into 
account 15-20% remaining porosity. In this case the high uranium density (more than 20% in comparison with 
dioxide uranium) is remained.  

Conditionally additive components can be divided into two groups – indifferent and containing actinides – 
mainly UO2 and PuO2.   

2.2.1. Indifferent components 

The first group represents high temperature melting elements, ceramic and compounds. They are B, C, ZrO2, 
ZrC, ZrB2, SiC, Zr2Si, B4C, BeO, GdO2, Si. Briefly their properties summarised in Table 2.   

TABLE 2. PROPERTIES OF SOME INDIFFERENT COMPONENTS. 

 B C ZrO2 ZrC ZrB2 SiC Zr2Si CB4 BeO Gd2O3 Si 

Component 
weight, % 

100 100 25 11.3 19.1 30.0 13.5 78.3 62.3 13.3 100 

Density, g/cm3 2.3 2.2 5.7 6.7 6.1 3.2 5.6 2.5 3.0 6.8 2.5 

Tmelt
, °C 2075 3700 2700 3500 3240 2800 2100 2350 2530 2100 1440 

Conditionally it can be called as composite ATF fuel. It should be also mentioned that besides forming 
skeleton in fuel form they can interact with fuel granules, Zr clad and Zr matrix alloy in accordance with state 
diagrams resulting in forming high temperature alloys and compounds that is clearly seen from Fig. 5. 
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(a) (b) 

FIG. 5. Zr-C (a) and Zr-B(b) state diagrams. 

2.2.2. Actinides containing components 

The second group represents such components as UO2, PuO2, ThO2, UB2, UC and other actinides compounds 
(table 3). This class of composite - U(Th)-PuO2 fuel - (an analogue of MOX) can be fabricated on the basis of 
composite METMET fuel where depleted uranium alloy and dioxide plutonium powder have initially separate 
arrangement (it can be also implemented in fast reactors) Fig. 6. [5-6, 10]. 

TABLE. 3. PROPERTIES OF ACTINIDE CONTAINING COMPONENTS. 

 UO2 PuO2 ThO2 UC UB2 

Component 
weight, % 

11.8 11.7 12.1 4.8 8.3 

Density, g/cm3 10.9 11.4 10.1 13.6 12.7 
Tmelt

, °C 2800 2400 3270 2500 2400 
Heavy metal 
density, g/cm3 

9.6 10.1 8.9 13.0 10.6 

 

  

FIG. 6. Microstructure of the composite fuel with actinides containing components. 

In new design practically ready composite METMET fuel element with higher open porosity of 25-30% is 
vibroloaded by PuO2 powder produced by pyrochemical or other method [11]. Metallurgically bonded with 
cladding uranium fuel makes a skeleton, this provides high thermal conductivity of such mixed fuel. In this option 
the dust forming technological operations with PuO2 minimized and all benefits of novel dispersion type fuel – 
(high uranium density, low fuel temperature, workability in transients, high burn-up) – will remain. It is one of the 
options of closing fuel cycle and in this case it can be implicated instead of MOX fuel [10]. 
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Inserted fine actinides components additionally increase heavy metal density and can be separated from 
coarse depleted uranium granules after irradiation by grinding and sieving without chemical reprocessing. This 
method could considerably simplify nuclear fuel cycle and diminish quantities of r/a waste. 

3. METHODS OF PROTECTIVE COATINGS ON ZR-BASED CLADDINGS  

The majority of nuclear reactors currently accommodate traditional Zr clad/UO2 fuel design, which have an 
excellent performance record for normal operation. But a significant hydrogen production, resulting from high 
temperature Zr/steam interaction needs to improve this design developing more accident tolerant fuels (ATFs)-
clad systems [12-14]. One of them is application of protective coatings on Zr claddings. It is the simplest way to 
improve ATF properties.  

Coated Zr alloys will inhibit the high temperature steam oxidation reaction and preserve cladding mechanical 
properties. A.A. Bochvar Institute has unique technologies and facilities for fabrication of coated products of 
various types on an industrial scale level [4]. The appearance of Pressure cold spray equipment and high-speed 
ion-plasma magnetron sputtering is shown in Fig. 7. 

 

 

 

FIG. 7. Pressure cold spray and high-speed ion-plasma magnetron sputtering equipment. 

Two main methods of producing protective coatings are under consideration now - cold spray and high-
speed ion-plasma magnetron sputtering (PVD). The first one is more practically feasible and can produce coatings 
with high speed starting from 20 microns and up to several millimetres, Fig. 8. The physical basis of cold spray 
technology - anchoring effect of solid particles moving at supersonic speed on the surface in a collision with it. At 
the same time the quality of coatings, especially, adhesion, is not satisfactory, hence, show low corrosion resistance 
in normal operation conditions and accidence.  

Methods of improving coating properties produced by cold spray method are under consideration now. They 
includes application of mixture composed of basis material particles (Cr for example) with additions of hard 
particles for better surface preparation and particles of brazing alloys to form metallurgical coating-cladding bond 
of high quality. 
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FIG. 8. Physical basis of cold spray technology and SiC coated Zr claddings (E-110). Anchoring effect of solid particles moving 
at supersonic speed on the surface in a collision with it.  

The second method (PVD) is traditional method of producing coated Zr claddings [14, 15]. We started with 
Cr coatings as they were well investigated and show high adhesion properties. First experiments were carried out 
on 7- and 15-micron coatings on Zr-1Nb alloy (E-110). Coated claddings were tested at 1000°C for 4000 seconds, 
Fig. 9. The corrosion rate was decrease more than five times. 

 

FIG. 9. Microstructure of coated E-110 cladding  after testing at 1000°C for 4000 seconds. 

Besides pure Cr we also use Cr with various additions (Ni, Fe, Al, etc.) to increase mechanical properties as 
well as adhesion [16]. Coatings from 5 to 15 micron were produced for future investigations, including control 
operations as well as for welding, Fig. 10. 
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FIG. 10. Coatings from 5 to 15 micron for control operations and welded coated claddings. 

Now complex investigations are executed in order to optimize technological parameters including special 
tube surface preparation. Composite coatings were produced in two ways – by using separate targets and mosaic 
targets. The latter allows providing more uniform distribution of doped elements in the coatings. This modification 
should lead to cost diminishing of ATF fabrication. 

The other modification of PVD process is to use planetary train rotating in order to increase speed of the 
process as well as uniform distribution of coatings along tube length. 

Most of investigations are carried out on half a meter length tubes made from Zr-1Nb alloy (E-110). Pilot lot 
of tubes with 8-10-micron coatings was produced in A.A. Bochvar Institute and then was delivered to NZHK 
Mashinary Plant (Novosibirsk) for fuel element fabrication (0.5 m length). Irradiation testing will be started at the 
beginning of the 2019 in a special water loop in MIR reactor (Dimitrovgrad). 

The work towards producing coatings on full length PWR tubes (4 m) is started. The first results are planed 
to receive at the end of 2019 [16]. 

Further investigations will be carried out on the resistance of Cr-based coatings to higher temperature. Now 
eutectic temperature between Zr and Cr at 1340°C limits the corrosion resistance for this type of coatings. But if 
we implement a fine intermediate barrier (1-2 micron) with good adhesion as well as compatibility to Zr and Cr, 
the protective properties of Cr coatings in vapor can be enlarged to 1500°C. The work towards this direction is 
executing now.  

4. ASSESSMENT OF VARIOUS DIRECTIONS TO IMPROVE STEELS PROPERTIES 

One of the ways to improve fuel element stability in accidents (LOCA) is application of stainless steels 
claddings of various types, in particular, FeCrAl alloy steel. There are a lot of experiences of steels application in 
water-cooled and other types of reactors.  

Steel claddings have high corrosion resistance in accidents, hence low hydrogen producing [1, 17]. 
Moreover, steel claddings allow fabricating any complicated shape of cladding, which can lead to increase heat 
flow from fuel element, hence, the reactor power, Fig. 11 [4, 18].  

 

 

SM - 2  

FIG. 11. Complicated shape of steel cladding to increase the reactor power. 

Without coating 
   5 micron coating 

      10 micron 
       15 micron 
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At the same time some disadvantages exist that can create difficulties in its implementation in LWRs. Mainly, 
they are noticeable neutron capture, stress corrosion cracking (for austenitic steels) and radiation induced 
hardening (for ferritic steels)  

Therefore, consideration is given for peculiarity of stainless steels application as ATF in LWRs as well as 
propose ways of steels modifications to improve their properties. 

 Consideration of various types of steel concepts  

Briefly various types of steels as candidates for ATF can be conditionally divided into 3 groups: 

— Ferritic-martensitic steels; 
— Austenitic steels; 
— Ni-Cr steels. 

It should be noted that the majority of steels have qualitatively low oxidation rates at accidence in comparison 
with Zr cladding. Taking this into account as well as that the beginning of leakage and fuel element damage occurs 
by inner gas pressure already at 800°C, hence further modification of the steels corrosion resistance should not be 
at the expanse of the other steels properties. The composition of steels of Russian Federation design are presented 
in Table 4. 

TABLE 4. CHEMICAL COMPOSITIONS OF RUSSIAN FEDERATION DESIGN STEELS, DEVELOPED IN 
A.A. BOCHVAR INSTITUTE 

Group Steel 
Element content % wt. 

Cr Si W Nb Mo V Mn  Ni N C Ce Zr Ti 

Ferritic EP 900 11.5 1.14 0.75 0.3 0.7 0.3 0.7  0.7 0.15 0.15 0.03 — — 

EK 181 11.17 0.33 1.13 0.01 0.01 0.25 0,74  0.03 0.04 0.15 0.15 0.05 — 

EI 852 13.5 1.8 0.3 0.3 0.8 0.3 0.7  0.3 — 0.12 — — — 

Austenitic EK164 16.0 0.45 — 0.3 2.3 0.15 1.7  18.8 — 0.07 0.15 — 0.35 

EI844 16.0 29.6 — 0.4 2.7 — <0.8  15.0 — 0.02 — — — 

EP755 20 <0.3 — — — — <0.5  25 — <0.1 — — — 

EP337 17 <0.6 — 0.6 2.3 — 1.7  41 — <0.1 — — — 

Cr-Ni 42HNM 42.0 — — — 1.0 —   67 — — — — — 

First group (ferritic-martensitic steels) is mostly represented by FeCrAl alloys. Its composition varies by Cr 
and Al content, usually Cr 12-20% and Al 3-8%. Cr+Al improve corrosion resistance, but drastically reduce 
ductility under irradiation when their total amount exceeds 12%.  

Second group includes austenitic steels. Conditionally austenitic steels can be divided into 3 subgroups – 
steels having relatively low Ni content (15-19%) average content (24-26%) and high content (39-46%). But their 
application experience at normal conditions in Russian Federation water-cooled reactors has shown that all 
austenitic steels, regardless of the nickel content, are sensitive to stress corrosion cracking. 

The third group refers to so called Ni-Cr steels. First of all, it is 42HNM steel developed in Russian 
Federation as well as foreign 625 and 690. Their high-temperature strength as well as corrosion resistance are of 
maximum value among the other steel types. In comparison with Fe-Cr-Al and other steels they retain most of 
their high properties after irradiation. 

But large neutron capture creates some restrictions to their usage. Nevertheless, 42HNM alloy is the main 
candidate for implementation as ATF as we have a great successful experience of its usage in water-cooled small 
reactors. 
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 Application of steel claddings in Russian Federation  

A.A. Bochvar Institute has great experience in fabrication and use of steel cladding of all three types either 
for sodium-cooled fast reactors (SFR), or for small water cooled reactors, in particular icebreakers and high-flux 
SM-2 research reactor [4, 18]. Steel developments included three group of materials - ferritic-martensitic steels, 
austenitic steels with different nickel content as well as Ni-Cr steels. If we compare compositions of Russian and 
foreign steels we can clear see that ferritic steels, developed in Russian Federation have ~ 12% chromium content 
(not more) as chromium provokes radiation induced hardening, which leads to embrittlement and fuel element 
destroying, particularly at refuelling operation. This fact was experimentally confirmed by irradiation tests in 
thermal reactors. 

Steel claddings with outer diameter from 2 to 30 mm and thickness from 0.1 to 0.7 mm can be manufactured 
on the industrial scale, which allows the expanding the range of fuel elements designs and to use them, for example 
in IMF design, Fig. 12.  

 

FIG. 12. Steel tube appearance produced in Russian Federation at the industrial scale. 

For steel cladding developed at A.A. Bochvar Institute with dispersion type fuel the following characteristics 
were achieved in water cooled small reactors: 

Max burn-up: 1,0 g/cm3 under the cladding or 120 MW‧d/kgU as recalculated for the standard WWER-1000 
fuel rod. Clad thickness: 0.20 - 0.30 mm. 

For steels developments as ATF Russian Federation accepted a concept to use at the first stage as ATF 
already developed steels, particularly 42HNM alloy, which revealed an excellent behaviour in water-cooled and 
fast reactors. These steels after some modifications can be also implemented in LWRs as ATF. 

 Problems of steel application as ATF and possible ways of its improvements 

The analysis of steels for possible application as ATF was performed in order to modify and improve their 
properties. 

Steels were considered using the following ATF criteria: melting temperature, neutron penalty, change in 
shape, stress corrosion cracking, radiation induced hardening, high temperature hardening. 

4.3.1. Melting temperature 

All of the above mentioned classes of steels have lower melting temperature in comparison with Zr and the 
main alloying elements – Ni, Cr, Al do not increase it. Moreover, the oxide films formation on iron at accidence 
does not significantly increase its melting temperature   

But at the same time alloying elements oxides in steels have higher melting temperatures and at their primary 
formation on the steel clad surface can promote the cladding shape retaining at high temperatures. In accordance 
with this fact we suppose the melting temperature of such steel composites (clad with oxide film) would not be 
less than 2000°C 

Therefore, to our mind steels melting temperature is not noticeable limitation factor at accidents. 
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4.3.2.  Neutron penalty 

Any proposed fuel system should coincide economically with the current UO2-zirconium alloy fuel system. 
The thermal neutron absorption cross section of steels is about ten times that of zircaloy. The neutronic penalty 
necessitates thinner cladding. Fuel claddings in the range of 0.3 to 0.5 mm width are under consideration now. For 
cladding thickness of 0.4 mm 6% enrichments is necessary for ferritic steels, 6.5% for austenitic steels and 7% for 
Ni-Cr steels. 

The other way to compensate neutron penalty is implementation of high density fuel instead of uranium 
dioxide, in particular, uranium disilicide (U3Si2), (benefit of 17% heavy metal density) [1, 2, 19]. However, its 
noticeable swelling as well as relatively poor corrosion resistance in water minimizes its advantages. To increase 
uranium capacity it is promising to use heavily doped uranium-molybdenum fuel as well as modified uranium-
silicide fuel, Fig. 13 [1, 2, 4-6, 9]. It is also possible to consider dispersion type fuel, in particular, composite fuel 
with high uranium density [4-6].  

  

 

(a) (b) (c) 

FIG. 13. Microstructure of high density uranium alloys (fuel): U-3.8Mo-1.0 O (a), U-5Mo-0.5C-0.4O-0.15Si (b) and 
macrostructure of composite fuel (c). 

4.3.3.  Change in shape 

Clad thickness reducing to compensate steels clad neutron penalty can lead to a loss of cladding shape 
stability by coolant pressure from cylindrical to ellipse type due to fuel-cladding gap. 

Preliminary calculations showed that clad thickness of more than 0.4 mm for all types of steels will be stable 
under outer pressure and 0.35 mm for most of ferritic-martensitic steels in normal operation conditions. 

Implementation of more mechanical strength steels using in fast reactors as well as ODS steels would 
increase shape stability, Fig. 14. 

 

 

FIG. 14. EP-450 ODS steel, A.A. Bochvar Institute. 

At the same time experimentally proved radiation and corrosion resistance of some kinds of steels in LWRs 
(42HNM) permits to implement 0.15-0.20 mm cladding wall thickness. 
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4.3.4.  Radiation induced hardening 

One of the problems of steels implementation in LWRs is radiation induced hardening at normal operation 
conditions, particularly for ferritic-martensitic steels (FeCrAl alloy included) having BCC lattice. This process 
leads to fully loss of ductility, which finally results in cracking of fuel elements and deals with formation of the 
Cr-rich α’ phase under irradiation. Hence, if we intend to retain minimal ductility at the end of campaign, necessary 
to removing fuel assembly from the core, the total Cr+Al content in steel composition should be less than 12%, 
that is twice less than for existing FeCrAl steels. This fact was also confirmed by irradiation tests of EI852 steel 
having 13.5% Cr. 

This situation refers only to the normal operation conditions. At the same time at accidence the Cr-rich 
precipitates dissolve and embrittlement disappears.  

The work towards diminishing the Cr+Al content below 12% is executing now. Naturally this can lead to a 
partial loss of corrosion resistance and high-temperature strength. At the same time additional alloying with 
elements that increase the corrosion resistance of steels, in particular, silicon, etc., may solve this problem. 

It is also possible to use ODS steels with reduced Cr content, but having high-temperature strength and high 
corrosion resistance. 

Bimetal claddings (FeCrAl alloy outside and austenitic steel inside) can also be one of the ways resolving 
the problem of radiation embrittlement.  

Figure 15 illustrates the methods to avoid or diminish the irradiation induced hardening process on 
serviceability of claddings having BCC lattice 

 

FIG. 15. Methods to diminish the influence of irradiation induced hardening process on cladding properties. 

4.3.5.  Stress corrosion cracking 

To our mind austenitic steels are the most promising variant for application in ATF as they not so sensible 
to irradiation induced hardening as ferritic-martensitic steels and the great experimental experience of its 
application in LWRs of various types is existed. But at the same time they are sensitive to stress corrosion cracking 
(SCC) in contrast to ferritic and Cr-Ni based alloys, Fig. 16. 

 

FIG. 16. Mechanism of stress corrosion cracking in austenitic steels (FCC lattice). 
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At A.A. Bochvar Institute a unique methodic of out-pile ampoule test of susceptibility to SCC of various 
types of materials has been developed. It was confirmed by numerous irradiation tests in a special loop of MIR 
reactor (NIIAR, Dimitrovgrad). The sensibility to SCC of various types of steels is shown in the Fig. 17 [20]. 

 

FIG. 17. Stress corrosion cracking in austenitic steels. 

The mechanism of this process is not clear yet. Due to the existence of fuel-clad gap in fuel element design 
SCC mechanism starts to operate only at the end of campaign as this process needs some time and is induced only 
by stresses. Hence, with some probability austenitic steels in first approximation can be implemented as ATF. 

To avoid SCC we can use Cr, FeCrAl or other types of coatings as well as implement bimetallic claddings. 

4.3.6.  High temperature hardening 

Some types of Ni-Cr alloys are sensible to high temperature hardening at 700-800°C temperature range. But 
this process requires some time that most likely would not be realized in accidents. For Ni-Cr alloys even short-
term exceeding of this temperature will lead to structure changes and neglecting this effect. At the same time Ni-
Cr alloys are one of the most promising candidates for ATF thanks to its high corrosion and irradiation resistance 
proved by numerous claddings and fuel elements reactor tests. 

 Discussion on ways of steels improvements 

Analysis of the peculiarities of steels application as ATF in WWERs has shown that some ATF criteria can 
be modified for steels. For example, the melting temperature and corrosion resistance. Hence, further modification 
of the steels in order to increase melting temperature and improve corrosion resistance should not be at the expanse 
of the other steels properties. The main comparative properties of the various types of steels is summarized in the 
table 5 as well as pros and cons of each variant. 
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TABLE. 5. PROS AND CONS OF EACH STEEL VARIANT 

Properties, pros and cons Steels variants 

Traditional ferritic-
martensitic (≤12%Cr) 

FeCrAl alloy Austenitic Cr-Ni (42HNM) 

Melting temperature + + + +/– 
Resistance to neutron 
capture 

–/+  –/+ –/+ – 

Corrosion resistance in 
water 

+/– + + + 

Corrosion resistance at 
LOCA 

–/+ + +/– + 

Resistance to radiation 
induced hardening 

–/+ – +/– + 

Resistance to SCC + + – + 
Needs improvements by 
alloying 

+ + + No need 

Needs improvements by 
duplex clad 
implementation 

+ + + No need 

Current implementation in 
water-cooled reactors 

–/+ – +/– + 

Current implementation in 
SFR 

–/+ – + – 

Manufacturing on an 
industrial scale 

+ –/+ + + 

Ready for use in WWERs 
in normal operation 
conditions 

– – – + 

Need LOCA experiments + + + + 

Ways of improving steels properties represented in the scheme, Fig. 18. In brief they are:  
To degrease Cr plus Al content in ferritic-martensitic steels by substituting them with the other small 

additions and proper thermal treatment as well as to use ODS steels and bimetallic claddings (FeCrAl outside and 
austenitic steel inside). 

To use Cr or FeCrAl coatings on austenitic steels to prevent SCC. 
To implement novel high dense metal-ceramic alloys, modified uranium-silicide fuel as well as composite 

fuel to compensate neutron penalty (benefit of 25-45% heavy metal).  

 

 

 

 

 

 

FIG. 18. Ways of improving steels properties. 
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5. SUMMARY AND CONCLUSIONS 

A.A. Bochvar Institute is developing various ATF concepts, in particular protective coatings, high density 
composite fuel of dispersion type, stainless steel claddings, etc.  

Cold composite fuel has considerably higher characteristics (uranium density, corrosion resistance, coated 
fuel particles, porosity to compensate swelling, etc) than U3Si2. At the same time the melting temperature of some 
composite fuel components is relatively low in comparison with Zr-U3Si2 fuel system. Therefore some 
modifications were proposed to increase fuel form stability of composite fuel in accidents as the structure of 
composite fuel allows adding any components to composite to improve any of it properties. They are – 
implementation of novel metal-ceramic fuel as well as high temperature additive components to composite fuel, 
including actinides containing components. 

Two main methods of producing protective coatings are under consideration now - cold spray and high-
speed ion-plasma magnetron sputtering (PVD). The first one is not satisfactory at that stage and needs further 
modifications and developments. Methods of improving coating properties produced by cold spray method are 
under consideration now. The second method is more promising and was tested on Zr-1Nb alloy (E-110). 
Chromium coatings up to 15 microns with additions of nickel, iron, aluminum, etc are used to increase adhesion 
and mechanical properties. Coated claddings were tested at 1000°C for 4000 seconds. The corrosion rate was 
decrease more than five times. Irradiation testing of fuel elements (0.5 m length), fabricated in NZHK Mashinary 
Plant (Novosibirsk) will started at the beginning of the 2019 in a special water loop in MIR reactor (Dimitrovgrad). 
The work towards producing coatings on full length PWR tubes (4 m) is executing now.  

Analysis of the peculiarities of steels application as ATF in WWERs was made. Three classes of steels are 
under consideration now. Ferritic-martensitic steels (FeCrAl alloy included), austenitic steels as well as Ni-Cr 
steels. Each type of steel has its advantages and drawbacks and was analyzed using the following ATF criteria: 
melting temperature, neutron penalty, change in shape, radiation induced hardening, stress corrosion cracking and 
high temperature hardening. For each class of steel some modifications were suggested to improve their properties. 
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Abstract 

This report summarizes the contribution of Idaho National laboratory (INL) to the IAEA Coordinated Research Project 
on Analysis of Options and Experimental Examination of Fuels with Increased Accident Tolerance (ACTOF). In line with the 
original research agreement between INL/US DOE/Battelle and IAEA, work at INL has included (i) development of INL’s 
fuel performance code BISON for the analysis of selected Accident Tolerant Fuel (ATF) concepts and (ii) application of the 
extended code to fuel rod behavior calculations with such ATF materials. In particular, work has been focusing on two leading 
ATF concepts, i.e. iron-chromium-aluminum (FeCrAl) cladding and uranium silicide (U3Si2) fuel. For FeCrAl, the C35M alloy 
from Oak Ridge National Laboratory was considered. Material properties and models were implemented in BISON and 
performance analyses with FeCrAl cladding were performed, for both light water reactor (LWR) normal operating and LOCA 
conditions. Moreover, the FeCrAl simulation results were compared to an analogous case with Zircaloy-4 cladding. This work 
has also formed the basis for a FeCrAl modeling benchmark in ACTOF, which was led by INL and involved several fuel 
performance codes from participating organizations. The modeling benchmark is presented separately in the first part of the 
IAEA ACTOF final report. For U3Si2, material models were implemented in BISON, including an initial fission gas behavior 
model developed using a multiscale modeling approach. Preliminary fuel behavior calculations were performed, including 
comparisons to UO2 under normal operating LWR conditions. 

1. INTRODUCTION 

To coordinate and support research on nuclear Accident Tolerant Fuels (ATF) in member countries following 
the Fukushima accident, the International Atomic Energy Agency (IAEA) organized the Coordinated Research 
Project (CRP) on Analysis of Options and Experimental Examination of Fuels with Increased Accident Tolerance 
(ACTOF). The US Department of Energy (DOE) has been developing state-of-the-art capabilities to simulate of 
nuclear fuel behavior within the Nuclear Energy Advanced Modeling and Simulation (NEAMS) and Consortium 
for Advanced Simulation of Light Water Reactors (CASL) programs. The result is the BISON code [1], a 
multidimensional, finite-element based fuel performance code developed at Idaho National Laboratory (INL). In 
recent years, an effort has been underway at INL to incorporate in BISON capabilities to analyze selected ATF 
concepts of interest within the US DOE Advanced Fuels Campaign (AFC) [2]. In particular, among the accident 
tolerant fuel concepts currently being investigated, work at INL has been focusing mainly on iron-chromium-
aluminum (FeCrAl) cladding and uranium silicide (U3Si2) fuel. Part of this modeling effort was carried out in the 
framework of the CRP ACTOF. 

This report gives an account of INL’s accomplishments in ACTOF. The proposal of INL for participation in 
ACTOF [3] included: 

— Developing the BISON fuel performance code to include models for selected ATF concepts, in particular, 
FeCrAl cladding and U3Si2 fuel; 

— Performing fuel behavior calculations with such ATF materials and providing results for comparisons to 
experiments and calculations from other researchers; 

The work has been performed along these lines, with the BISON code having been extended with models 
for the simulation of FeCrAl and U3Si2 and applied to fuel behavior calculations with these materials. In addition 
to this, for the ACTOF project, INL has organized and led a modeling benchmark as a collaborative activity for 
the participants in the CRP. Within such benchmark, participating teams performed fuel performance calculations 
with the respective fuel performance codes for a set of fuel rod problems with iron-chromium-aluminum (FeCrAl) 
steel as cladding material. INL has provided the other ACTOF participating organizations with material properties 
and models for FeCrAl and detailed standard specifications for the benchmark cases [4]. INL has led and 
participated in the benchmark with the BISON code. In this report, the scope is limited to the INL work on BISON 
modeling of ATF in the framework of ACTOF. The modeling benchmark is presented in detail separately in the 
first part of the IAEA ACTOF final report.  
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The main focus of the INL participation in ACTOF has been on FeCrAl modeling (including the modeling 
benchmark for FeCrAl), with a more marginal effort being devoted to U3Si2. 

The structure of this report is as follows. In Section 2 we summarize BISON developments for the analysis 
of FeCrAl and present fuel rod performance calculations with FeCrAl cladding, including comparisons to zircaloy. 
In Section 3, we give an account of BISON developments and applications for the analysis of U3Si2 fuel. 
Conclusions are drawn in Section 4. 

2. MODELING IRON-CHROMIUM-ALUMINUM (FECRAL) CLADDING 

Significant hydrogen production from zircaloy oxidation was one of the most important issues during the 
Fukushima Daiichi nuclear power plant accident. Oxidation-resistant FeCrAl alloys have been proposed as 
cladding materials for light water reactors (LWR) with improved accident tolerance. Rates of oxidation for FeCrAl 
are lower than zircaloy’s by 1-3 orders of magnitude [5-8]. Moreover, the stiffness of FeCrAl is approximately 
twice that of zircaloy [5], and the yield stress is higher by a factor of four [7]. However, the thermal neutron 
absorption cross section of FeCrAl is approximately ten times higher than that of zircaloy. The neutronic penalty 
can be partially compensated reducing the cladding thickness. This results in a slightly larger pellet radius at 
fabrication with the same width of the pellet-to-cladding gap. However, in addition to the increase in pellet radius, 
enriching the fuel beyond the current 5% limit appears to be necessary to offset the neutronic penalty [9]. Current 
estimates indicate that this will imply an increase in fuel cost of 15-35% [5, 7]. Furthermore, a larger tritium release 
to the coolant is anticipated because the permeability of hydrogen in FeCrAl is about 100 times higher than in 
zircaloy [10]. Finally, radiation-induced hardening and embrittlement of FeCrAl still need to be fully characterized 
experimentally [11].  

Work has been recently performed at Oak Ridge National Laboratory (ORNL) to develop FeCrAl alloys 
specifically for nuclear applications [8, 12–14]. This work has ultimately led to development and characterization 
of the laboratory optimized FeCrAl alloy C35M. This (or a similar) alloy is a candidate for inclusion in a lead test 
rod or lead test assembly in a commercial reactor in 2022. 

Work at INL has involved the extension of the BISON fuel performance code to the analysis of FeCrAl-
C35M claddings, and code application to simulation of FeCrAl cladded fuel rod behavior under LWR conditions. 
Simulations have covered both normal operating and LOCA conditions and have included comparative studies 
with Zircaloy-4. A description of the work is provided in the following subsections.  

 BISON code extension for FeCrAl  

Based on the experimental data from tests performed at ORNL and at the Halden Reactor, researchers at 
ORNL and INL developed empirical models for C35M thermo-mechanical properties and behavior [8, 12-15]. In 
particular, models were developed for C35M thermophysical properties, thermal and irradiation creep, swelling 
and oxidation behavior. Furthermore, a FeCrAl cladding failure criterion for loss-of-coolant accident (LOCA) 
conditions was developed [15]. These models were incorporated in BISON to enable fuel rod behavior simulations 
with FeCrAl-C35M cladding. For aspects where experimental data was not available for C35M, data relative to 
the commercial FeCrAl alloy Kanthal APMT were adopted [15]. As a result of this work, a sufficiently complete 
set of material models and properties for fuel performance calculations with FeCrAl-C35M is now available. 
Details of these properties and models are given in separate documents and were made available to the ACTOF 
participants by INL [4]. 

 Calculations for normal operating conditions 

The BISON code, extended with the FeCrAl material properties and models as discussed in Section 2.1, was 
applied to simulations of LWR fuel rod behavior considering FeCrAl cladding. The simulations for normal 
operating conditions targeted a simplified case of a short, 10-pellet fuel rod with typical pressurized water reactor 
(PWR) specifications irradiated under steady-state conditions. UO2 fuel was considered, with FeCrAl cladding. 
Additionally, the corresponding case with Zircaloy-4 cladding was simulated for comparison. A 2D axisymmetric 
geometrical representation of the fuel rod, with the fuel column represented as a monolithic stack, was used for 
simplicity. For the two simulated systems (UO2/FeCrAl and UO2/Zircaloy-4), the same initial cladding outer 
diameter and fuel-to-cladding gap were considered. However, a thinner cladding was considered in the FeCrAl 
case, in consideration of the neutronic penalty associated with the higher neutron absorption cross section 
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compared to zircaloy. This resulted in a slightly larger pellet radius to keep the same gap width. The cladding 
thicknesses for both Zircaloy-4 and FeCrAl were obtained from [13]. The FeCrAl cladding thickness is based on 
the neutronic analysis from [9]. The specifications of both simulated rods are listed in Table 1. Thermal boundary 
conditions at the cladding outer surface were applied using the coolant channel model available in BISON, using 
the coolant conditions given in Table 1.  

The power history consisted of a linear increase from 0 to 25 kW/m linear heat rate (LHR) of 3 hours, a 
constant power hold of about 4 years (precisely, 35037 hours, which makes it 4 years from startup), and a final 
power shutdown over 3 hours. Hence, the power variations (startup and shutdown) were considered to occur at a 
power ramp rate of about 0.14 kW/m-min. A flat axial power profile along the rod was assumed. The same power 
history was used for either the FeCrAl and Zircaloy-4 case. In reality, rod power will be different for FeCrAl 
cladded rods relative to rods with Zr-based claddings, considering the higher enrichment and fuel loading needed 
to offset the neutronic penalty. Also note that a 25 kW/m LHR level is somewhat high for PWR rods during normal 
operating conditions, and a 4-year irradiation is relatively long. These choices were made to analyze cladding 
behavior including the effect of protracted PCMI.  

TABLE 1. SPECIFICATIONS OF THE FUEL ROD CALCULATIONS FOR NORMAL OPERATING 
CONDITIONS 

 UO2/Zry-4 Rodlet UO2/FeCrAl Rodlet 

Fuel stack length (mm) 118.6 118.6 

Pellet outer diameter (mm) 8.19 8.57 

Pellet inner diameter (mm) 0 0 

Chamfer, dishes no No 

Radial gap width (m) 80 80 

Cladding inner diameter (mm) 8.35 8.73 

Cladding thickness (mm) 0.575 0.385 

Cladding outer diameter (mm) 9.5 9.5 

Upper plenum height (mm) 26 26 

Lower plenum height (mm) 1 1 

Total free volume (cm3) 1.725 1.874 

Initial rod inner pressure (MPa) 2 2 

Rod filling gas He He 

Fuel initial density (%TD) 95 95 

Fuel initial enrichment (%) 5 5 

Fuel initial grain radius (m) 5 5 

Inlet coolant mass flux (kg/m2s) 3800 3800 

Inlet coolant temperature (K) 580 580 

Coolant pressure (MPa) 15.5 15.5 

In Figure 1, results of BISON calculations are shown in terms of time evolution histories of six fuel 
performance indicators, for both the UO2/FeCrAl and UO2/Zircaloy-4 cases. These indicators are cladding hoop 
strain and hoop stress, fuel centerline temperature, fission gas release (FGR), rod internal pressure, and cladding 
outer oxide thickness. Note that cladding hoop strain, cladding hoop stress and fuel centerline temperature are 
given as local values at the axial location that corresponds to the mid plane of the fuel stack.  

Figure 1(a) illustrates the evolution of hoop strain at the cladding inner and outer surfaces. The strains 
occurring during the first rise to power (start-up) are due to thermal expansion. The thermal expansion coefficient 
of FeCrAl is slightly higher than that of Zircaloy-4, which results in a larger hoop strain after start-up. During the 
open-gap period, cladding inward strain (creep-down) under the coolant pressure occurs. The creep-down strain 
rate is lower for the FeCrAl cladding compared to Zircaloy-4, which is consistent with the lower creep rate of 
FeCrAl [14]. After the establishment of pellet-cladding mechanical interaction (PCMI) at this axial location, fuel 
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swelling drives the cladding strain. PCMI occurs later in the FeCrAl rod because of the slower cladding creep 
down. During the final shut-down period, the gap reopens resulting in removal of the fuel-cladding contact pressure 
and in a consequent cladding inward strain under the outer coolant pressure. 

The hoop stress evolution at the same axial location as the hoop strain at the cladding inner and outer surfaces 
is shown in Fig. 1(b). Before the onset of PCMI, the stress is compressive. During PCMI, the fuel-cladding contact 
pressure leads to a progressive reduction of the compressive stress. As with the strain curves, the time at which 
pellet-cladding contact occurs corresponds to the abrupt slope change of the stress curves. The compressive stresses 
in the FeCrAl cladding are higher than in the Zircaloy-4 cladding, which is due to the lower thickness and creep 
rate. Stresses in the cladding transition from compressive to tensile due to the pressure exerted by the expanding 
fuel during PCMI. In particular, higher tensile stress eventually develops in the FeCrAl cladding relative to zircaloy 
due to its lower thickness and lower stress relaxation by creep.  Reopening of the fuel-cladding gap during the 
final shut-down period results in a reversal of the cladding stress back to compressive under the outer coolant 
pressure.  

Figure 1(c) illustrates the fuel centerline temperature evolution as a function of time. Early in the simulation, 
the fuel centerline temperature is higher in the FeCrAl rod because of the reduced cladding creep down and larger 
thermal expansion coefficient, which are associated with a larger gap size and correspondingly, a lower gap 
conductance relative to the Zircaloy-4 rod. The sharp slope change of the temperature curves indicates the 
establishment of pellet-cladding contact. During PCMI, the fuel temperature is mainly controlled by the fuel 
thermal conductivity, which results in similar slopes for the curves. Differences in the calculated FGR and in the 
cladding thermal conductivity are responsible for the slight differences in fuel centerline temperatures between the 
two rods during the PCMI period.  

FGR results are illustrated in Fig. 1(d). Due to the higher fuel temperature early in the simulation, FGR 
commences earlier in the FeCrAl rod than in the Zircaloy-4 rod. However, the total FGR at the end of the 
simulation is higher in the Zircaloy-4 case, a result that is associated with the fuel temperature evolution in the two 
cases (Fig. 1(c)). The rapid increase (burst) in the FGR during the final shut-down is due to the specific burst 
release capability that is included in the BISON fission gas behavior model [16, 17] and is consistent with the 
experimental observations, e.g. [18]. 

Figure 1(e) shows the evolution of rod internal pressure in the two cases. As expected, in both rods the 
pressure progressively increases during irradiation because of the release of fission gases into the rod free volume. 
The increase in rod pressure from 2 MPa during start-up corresponds to the temperature rise from ambient 
temperature. The pressure in the FeCrAl cladded rod after the start-up power ramp is slightly lower than in the 
Zircaloy-4 cladded rod, due to the higher thermal expansion coefficient of FeCrAl which results in a larger gap 
and free volume.  

Figure 1(f) illustrates the oxide thickness growth on the outer surface of the cladding throughout the 
simulations. The calculated oxide scale thickness in the FeCrAl cladding is markedly lower than in the Zircaloy-4 
cladding, which is consistent with experimental observations [5-7]. After an initial period of about 7000 h during 
which the oxide scale thicknesses are comparable, oxide growth in the Zircaloy-4 cladding begins to proceed more 
rapidly and almost linearly [19]. The largely reduced oxidation would result in a lower production of hydrogen. 
While modern zirconium-based alloys (e.g. M5, ZIRLO) are significantly more oxidation-resistant than Zircaloy-4, 
trends similar to those reported here may be expected, albeit with a delayed onset of linear oxide growth in the 
non-FeCrAl rod.  

Overall, our calculations indicate that the performance of FeCrAl under normal LWR operating conditions 
is comparable to that of Zircaloy-4, however, FeCrAl exhibits a significantly better performance in terms of 
oxidation behavior.  
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FIG. 1. Comparison between fuel rodlet calculations with FeCrAl and Zircaloy-4 claddings in terms of (a) cladding hoop 
strain, (b) cladding hoop stress, (c) fuel centerline temperature, (d), fission gas release, (e) rod internal pressure, and (f) oxide 
scale thickness (Reproduced courtesy of Elsevier [15]). 

 Calculations for LOCA conditions 

BISON calculations for FeCrAl cladding behavior under LOCA conditions were performed considering the 
specifications of the separate-effects experimental tests PUZRY from AEKI [20]. These are cladding-only 
ballooning and burst tests performed on Zircaloy-4 tubes under well-defined experimental conditions. During these 
tests, the specimen tubes were pressurized from the inside at a linearly increasing pressurization rate and under 
isothermal conditions, until tube burst failure occurred. The tests covered temperatures in the range 700-1200°C. 
The length of the specimens was 50 mm. The experimental setting included a quartz tube containing the tube 
specimen and filled with inert argon gas, placed in an electrical furnace. The argon pressure in the quartz tube was 

(b) (a) 

(c) (d) 

(f) (e) 
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maintained constant at 0.1 MPa. Internal pressurization of the specimen tube (also with argon gas) was started 
after a heat-up period of about 1000 s. The various tests covered pressurization rates between 7×10−4 and 2.6×10−2 
MPa/s. The schematic drawing of the specimen is reported in Fig.2.  

 

Fig. 2. Drawing of the tube specimen for the cladding-only burst tests PUZRY [20]. 

The actual PUZRY experiments were performed on Zircaloy-4 tubes with an inner diameter of 9.3 mm and 
an outer diameter of 10.75 mm, respectively (i.e. 725 m thickness). For the ACTOF calculations we considered 
FeCrAl material instead, however, we used the experimental conditions and geometry of the PUZRY tests. The 
exception is the considered cladding thickness that is lower in order to perform realistic simulations. In particular, 
the adopted cladding thickness for FeCrAl is 385 μm (same as with the normal operation case, see Section 2.2). 
Cladding tube specifications for the LOCA calculations are summarized in Table 2. Six tests from the PUZRY 
series were considered for the BISON simulations. The choice is based upon the selection from the CRP FUMAC 
[21]. Temperature and pressure conditions for the simulated cases are summarized in Table 3.  

Finite-element 2D axisymmetric BISON models of the cladding tubes were used. Considering the symmetry 
of the problem, only the lower half of the heated tube length was included in the computational mesh. End plugs 
were considered by preventing radial motion of the tube inner surfaces in correspondence of the plugs. Time-
dependent pressures were applied as Dirichlet pressure boundary conditions at the cladding inner and outer walls. 
The furnace heating was simulated by a Dirichlet temperature boundary condition applied to the tube outer wall.  

TABLE 2. ROD SPECIFICATIONS FOR THE BISON CALCULATIONS FOR LOCA CONDITIONS 

Tube specimen alloy FeCrAl 

Inner radius (mm) 4.65 

Thickness (m) 385 

Specimen length (mm) 50 

End plug length (mm) 5 

Atmosphere Ar 

Outer pressure (MPa) 0.1 

 

TABLE 3. CONDITIONS OF THE LOCA CASES SIMULATED WITH BISON. 

Test number Temperature (°C) Pressurization rate (MPa/s) 

8 1000 0.00763 

10 1100 0.00710 

12 1200 0.00723 

18 900 0.01151 

26 700 0.01193 

30 800 0.02630 

 
In the PUZRY database [20], tubes’ temperature profiles along the axial direction are not given. However, 

applying a perfectly uniform temperature axially would lead to a distributed ballooning along the tube, while 
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several experiments showed localized ballooning with maximum strain and burst occurring near the tube’s mid-
plane. This can be interpreted as associated with axial temperature variations that, albeit small, lead to significant 
strain axial variations by virtue of the strong (exponential) temperature dependence of the creep rate. To account 
for this, in the BISON simulations we applied a linear temperature profile with the maximum temperature in 
correspondence of the mid-plane. The overall variation was made equal to 6 K [22]. Prior to the pressure transient, 
the initial heat-up period was considered by applying atmospheric (0.1 MPa) pressure to both sides of the tube and 
ramping the temperature up from ambient (300 K) to the test temperature (Table 3) over 1000 s. The inner pressure 
transient from 0.1 MPa at the experimental rate (Table 3) was then applied, at constant temperature. Outer tube 
pressure was kept constant at 0.1 MPa.  

Simulation results in terms of time to burst and burst pressure are shown in Fig. 3. The experimental results 
for the Zircaloy-4 tubes in the PUZRY experiment [20] are also illustrated. Note that the comparison is not fully 
representative because the Zircaloy-4 tubes were 725 m thick, which is large compared to current designs, and a 
thickness of 385 m for the FeCrAl claddings was considered in the simulations, in view of neutronic 
considerations (see also Section 2.2). However, this comparison provides a preliminary assessment of the burst 
performance of FeCrAl claddings relative to Zircaloy-4 under representative LOCA conditions. At temperatures 
of 1000 °C and higher, a slightly improved performance of the FeCrAl cladding relative to Zircaloy-4 is observed. 
However, for the simulations at lower temperatures, moderately lower burst times and pressure for the FeCrAl 
cladding are calculated. This behavior is associated with the different tube thicknesses for FeCrAl and Zircaloy-4 
rather than with the actual mechanical resistance of the materials, which is indeed higher for FeCrAl given the 
same thickness, as shown in [15]. In addition to this, the current FeCrAl burst criterion in BISON [15] was derived 
from experimental data relative to first-generation FeCrAl alloys, while an improved resistance is expected for the 
second-generation alloy C35M [12]. Overall, results indicate that the burst performance of FeCrAl would be 
similar to Zircaloy-4 (or better, depending on the tube thickness and selected alloy [15]), with the advantage of an 
improved oxidation resistance and the associated lower hydrogen generation under accidental conditions.  

The BISON results for the FeCrAl calculations presented in Section 2 were made available to the ACTOF 
project as a contribution to the modeling benchmark exercise, which is presented separately in the first part of the 
ACTOF final report. 

 

FIG. 3. Simulated time to burst (left) and pressure at burst (right) of FeCrAl cladding under the experimental conditions of the 
PUZRY tests compared to the experimental data for Zircaloy-4 (Reproduced courtesy of Elsevier [15]). 

3. MODELING URANIUM SILICIDE (U3SI2) FUEL 

One of the ATF fuel materials being considered in the US by national laboratories, universities, and fuel 
vendors (Westinghouse) is U3Si2, for its higher uranium density and thermal conductivity. A higher thermal 
conductivity is expected to lower the radial temperature gradient within the fuel pellet resulting in reduced 
cracking. A higher uranium density provides the economic benefit of allowing utilities to use less fuel within the 
core for the same power produced. Some potential disadvantages of U3Si2 as a fuel material include its lower 
melting temperature (~1938 K) and possible large amount of gaseous swelling.  

Work at INL on U3Si2 in the framework of ACTOF has involved the incorporation in the BISON code of 
basic material properties and models for U3Si2 from the literature, and code application to the preliminary analysis 
of fuel rod behavior with U3Si2 fuel under normal operating conditions. In addition to this, a multiscale model for 



278 

fission gas behavior in U3Si2 has been developed and applied to preliminary simulations of an experiment 
documented in the literature. A brief account of the work is given in the following subsections.  

 Fuel rod analysis for normal operating conditions  

The properties and models for U3Si2 available in BISON include temperature dependent thermal 
conductivity, specific heat, Young’s modulus, Poisson’s ratio, thermal expansion, and burnup-dependent swelling. 
Models are described in detail in [23-25]. 

A BISON simulation of a simple LWR fuel rodlet with U3Si2 fuel irradiated under steady-state conditions 
was performed. The primary objective of the analysis was an investigation of the thermal behavior of U3Si2 under 
normal operating LWR conditions. The considered case is the same as used in the fuel rod calculations presented 
in Section 2.2 (with the exception of the final shut-down period, which is not included here). Comparative 
simulations were completed between UO2 and U3Si2 fueled rodlets, both with cladding in Zircaloy-4. Figure 4 
illustrates the fuel and cladding temperatures for both rodlets. The higher thermal conductivity of U3Si2 results in 
a centerline temperature that is approximately 400 K lower than calculated for UO2 for this simulation at 25 kW/m. 
The lower operating temperature result in less thermal expansion, and the fuel-to-clad gap remains open longer. 
The burnup at which gap closure occurs corresponds to the change in the slope of the temperature curves.  

 

FIG. 4. Comparison between fuel rodlet calculations with UO2 and U3Si2 fuels in terms of temperature evolution at the fuel 
centerline, fuel surface, and clad inner surface. 

 Multiscale fission gas behavior model 

In order to analyze the fuel rod thermo-mechanical behavior with U3Si2 fuel, specific models of fission gas 
swelling and release need to be implemented in fuel performance codes. Recently, an initial model of fission gas 
behavior in U3Si2 has been developed at INL and implemented in BISON. Given the lack of experimental 
information on fission gas behavior for this material under power reactor (LWR) conditions, a multiscale approach 
was used. In particular, material properties derived at the lower-length scale through atomistic calculations from 
Los Alamos National Laboratory were used to inform an engineering model [25]. Specifically, the fission gas atom 
and point defect diffusivities were calculated through density functional theory (DFT) calculations, and the re-
solution rate through binary collision approximation (BCA) calculations. The engineering model is informed with 
such properties and describes the evolution of fission gas bubbles within the grains and at grain boundaries, intra-
granular gas atom diffusion, and fission gas release. It is assumed that U3Si2 at power reactor temperatures retain 
a polycrystalline structure, which is supported by recent studies [26] and metallographic images from [27]. Details 
of the model are given in [25]. 

Using this model, we performed a preliminary simulation of an irradiation experiment for U3Si2 at power 
reactor temperature [27]. The test was performed by Atomics International to determine U3Si2 irradiation behavior 
in terms of dimensional stability and fission gas release. To the best of our knowledge, this experiment is the only 
one on U3Si2 fuel at power reactor temperatures whose details are available in the literature at this time. During 
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the experiment, a rod composed of 10% 235U enriched U3Si2 fuel, stainless steel cladding, and sodium filling for 
the fuel-cladding gap, was irradiated at a power of 46 kW/m to an average burnup of 7.3 MWd/tU. Post-irradiation 
examinations (PIE) were performed. Data have been complemented at INL by image analyses to estimate gaseous 
swelling and grain size [25].  

The simulation was performed for a point along the centerline of one of the slugs composing the fuel column 
(specimen #14 [25]). Temperature for this location was 1050 K [25]. Figure 5 shows the calculation results and 
the available experimental data. FGR and gaseous swelling are described as inherently coupled in the model, as 
evidenced by the change in the swelling rate at the onset of FGR. The agreement of the results with the 
experimental data appears reasonable for this initial calculation. However, more extensive model validation is 
necessary and will be carried out in the future as new experimental data become available. 

 

FIG. 5. FGR and gaseous swelling as a function of irradiation time for the simulation of the AI-7-1 experiment on U3Si2 fuel 
[25]. Available experimental data are also shown (Reproduced courtesy of Elsevier [28]). 

4. CONCLUSIONS 

In this report, we summarized the contribution of INL to the CRP ACTOF. In line with the original research 
agreement, work at INL has been focusing on both (i) developments the fuel performance code BISON for the 
analysis of selected ATF concepts and (ii) fuel behavior simulations with such ATF materials. In particular, two 
leading ATF concepts were selected, i.e. iron-chromium-aluminum (FeCrAl) cladding and uranium silicide (U3Si2) 
fuel.  

For FeCrAl, the C35M alloy was considered. Material properties and models derived from experiments at 
ORNL and Halden were implemented in BISON and analyses of LWR fuel rod behavior with FeCrAl cladding 
were performed. Analyses covered both normal operating and LOCA conditions. Moreover, the FeCrAl simulation 
results were compared to an analogous case with Zircaloy-4 cladding. Simulations for normal operating conditions 
led to an assessment of the fuel rod thermo-mechanics behavior, including cladding stress-strain behavior during 
PCMI. Results indicated that the FeCrAl performance is as good as the Zircaloy-4 performance under these 
conditions. Simulations for LOCA conditions indicated that FeCrAl exhibits a resistance to burst similar to 
Zircaloy-4, with the advantage of an improved oxidation resistance and the associated lower hydrogen generation 
under accidental conditions.  

This work has also formed the basis for a FeCrAl modeling benchmark in ACTOF, which was led by INL 
and involved several fuel performance codes from participating organizations. The modeling benchmark is 
presented separately in the first part of the IAEA final report for ACTOF.  

For U3Si2, material models were implemented in BISON, including an initial fission gas behavior model 
developed using a multiscale modeling approach in collaboration with LANL. An LWR fuel rod simulation for 
normal operating conditions was performed, which led to fuel temperature comparisons to UO2 and demonstrated 
the lower centerline temperature in U3Si2. Also, a preliminary calculation of fission gas swelling and release for 
an experiment on U3Si2 at power reactor temperatures using the newly developed fission gas model was performed. 
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Results demonstrated a credible representation of fission gas behavior with this initial model, pending further 
development and more extensive validation as new data become available. 

In perspective, further developments of BISON for the analysis of multiple ATF concepts are envisaged. On 
the one hand, work will continue on the improved modeling of FeCrAl cladding and U3Si2 fuel. On the other hand, 
other concepts will be investigated, including zirconium-based cladding with coatings and Cr2O3-doped UO2 fuel. 
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DEVELOPMENT OF ACCIDENT TOLERANT FUEL (ATF) FOR LWRS  

P. XU, 
Westinghouse Electric Co., 
Hopkins, United States of America 

Abstract 

This report summarizes the most recent development activities on accident tolerant fuels (ATF) at Westinghouse Electric 
Company. Both near term and longer term ATF technologies are described and the status of development are provided here. 
The near term technologies include coated zirconium cladding and ADOPT pellets, and the longer term technologies include 
SiC ceramic matrix composite cladding and high density pellets. The efforts led to the first introduction of ATF testing via lead 
test rods in the US commercial reactor, Byron-2 in 2019. 

1. INTRODUCTION  

Westinghouse Electric Company is developing game changing accident tolerant fuel (ATF) technologies 
which offer superior economics and safety benefits for utility customers [1-5]. EnCore is the brand name for a 
suite of Westinghouse ATF products that include both short term products with moderate improvements on safety 
and economics, and also products that provides greater benefits yet requires a longer time for deployment. The 
short term products consist of coated zirconium cladding and ADOPT pellet, aiming at moderate benefits in safety 
and economics but faster implementation, while the longer term products are comprised of SiC Ceramic Composite 
Matrix (CMC) cladding and high density fuel pellet, which provide greater safety benefits and paybacks in 
economics [6].  

Although the current zirconium cladding and UO2 fuel system is a very robust fuel system with extensive 
operation experience and safety records, the exothermic zirc water reaction and hydrogen generation in high 
temperature steam are its major issues in surviving severe accidents like Three Mile Island and Fukushima. 
Following the Fukushima Daiichi nuclear accident in Japan in 2011, the nuclear industry in the United States is 
facing not only a challenge to promote reactor and fuel safety for severe accidents but also greater economic 
pressure with low cost natural gas flooding in the energy market. Better fuel technologies are needed to address 
the safety and economic challenges to revitalize the nuclear industry and maintain its competitiveness as the key 
non-CO2 emission energy source. In 2012, the US Congress directed the Department of Energy (DOE) to give 
priority to developing enhanced fuels and cladding for light water reactors to improve safety in the event of 
Fukushima like accidents. Since then, DOE has invested significantly in the DOE labs, universities, and nuclear 
industry to carry out ATF research and development (R&D) activities. Through the competitive process, 
Westinghouse has received a significant portion of the DOE ATF awards to develop the ATF technologies. 
Leveraging the breadth and depth of internal resources, combined with U.S. DOE awards, Westinghouse are 
collaborating with world class partners from national labs, universities, and industrial companies to develop and 
deliver EnCore ATF products to the market on an aggressive, accelerated schedule, with lead test rods (LTR) of 
the coated cladding and ADOPT fuel inserted to a customer reactor as early as spring 2019 and lead test assemblies 
(LTA) in use by 2021. Detailed descriptions on the EnCore products and development status as well as the 
implementation timeline are provided in this report.  

2. DESCRIPTION OF ENCORE PRODUCTS  

Figure 1(a) shows the near-term products consisting of chromium coated zirconium cladding and ADOPT 
pellets. Both products can be licensed and commercialized in a relatively shorter time frame due to the evolutionary 
design changes from the current UO2 and zirc clad system. The coated zirconium cladding still use the same 
advanced Westinghouse cladding material such as OPTIMIZED ZIRLO as the base material. A thin metal coating 
made of chromium is applied on the outer surface of the base tube using the cold spray technology with superior 
bond strength between the coating and the base material. The coated zirconium cladding inherits all base tubing 
properties but with significant improvements on oxidation and corrosion resistance for both normal operation 
conditions and accident conditions beyond 1200°C, which is the current temperature limit for zirc cladding. The 
coating is expected to provide better mechanical strength against bust opening at higher temperatures due to better 
strength retention of the chromium even if it is a thin layer.   
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The Westinghouse ADOPT pellet is a mutual design and has been already adopted in the Boiling Water 
Reactor (BWR) in the European market. The ADOPT pellet is an improvement made to the regular UO2 fuel with 
a few hundred ppm additives of alumina and chromia. Such small amount of additives promotes grain growth and 
sinterability of UO2, which result in ~3 times larger grain size and ~2% greater density.  The larger grain size 
delays fission product transport and provides better ability to retain fission gases, and the higher density allows 
packing more uranium in the fuel, which enables a higher power rate or a higher burnup and thus better fuel 
economics. The ADOPT pellet is also expected to provide additional safety benefit to fuel fragmentation, 
relocation, and disposal in an event like Loss of Cooling Accident (LOCA). Westinghouse will leverage decade 
long operation experience for ADOPT in the BWR Europe market to expedite the implementation as the short 
term EnCore product together with coated zirconium cladding. 

  

(a) (b) 

FIG. 1. Description of Westinghouse ENCore Products: (a) coated zirconium cladding and ADOPT pellet as the near term 
products, and (b) SiC CMC cladding and High density U3Si2 fuel pellet as the longer term products.  

Figure 1(b) shows the revolutionary ATF products that consists of SiC CMC cladding and high density U3Si2 
fuel pellet. The SiC cladding and U3Si2 fuel are the most advanced and unique ATF products which Westinghouse 
offers to its customers. Both products are leap-change technologies that offer significantly higher safety benefits 
and economics. The SiC cladding is viewed as the most accident tolerant material due to its high temperature 
strength retention and the best steam oxidation resistance at and above 1600°C. The zirconium based clad loses 
majority of strength at a temperature higher than 800°C, while no degradation is observed for SiC cladding up to 
1600°C. Minimum oxidation occurs for SiC with little hydrogen generated in steam at 1600°C, which is 400°C 
higher than the current temperature limit for zirconium cladding. In addition, SiC has a lower neutron adsorption 
cross section than zirconium which results in better neutron economy and fuel utilization.   

The U3Si2 pellet offers 17% higher density than UO2 which leads to a significant boost in fuel economics. 
Its thermal conductivity is more than 5 times higher than UO2 at operation temperatures and increases as function 
of temperature instead of decrease seen for UO2. The superior thermal conductivity of U3Si2 offsets its lower 
melting points and in fact improves fuel operating margins. Both SiC cladding and U3Si2 fuel development are 
game changing to the current fuel system and thus requires longer time in licensing and commercialization. 
Moreover, great R&D efforts and investment are needed to overcome the technical challenges in design, 
manufacturing, and testing while maintaining the aggressive schedule.  
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3. PROGRESS ON NEAR TERM ENCORE PRODUCTS  

The Westinghouse ATF program maintains an aggressive deployment schedule for both near term and longer 
term Encore products and delivered to its promises. Westinghouse began exploratory studies on coated zirconium 
cladding since 2013 and has investigated a wide range of coating materials and processes. In partnership with the 
University of Wisconsin in Madison, the team conducted pioneer work in developing and optimizing the cold 
spray technology to coat zirconium cladding tubes using a selection of materials. Chromium was chosen as the 
final coating material due to its superior coating quality and performance [7]. In order to scale up the coating 
process for a 14’ long full length tube, Westinghouse partnered with the Army Research Laboratory (ARL) who 
has extensive experience and expertise on the cold spray technologies and its industrial applications to larger 
components. Westinghouse has produced over 100 Cr coated full length tubes which are fully qualified for LTR 
insertion to Exelon Byron-2 reactor in spring 2019. The Westinghouse Fuel Fabrication Facility in Vasteras 
Sweden has the ability and capability to produce region quantity ADOPT pellets, and already completed the 
fabrication of ADOPT pellets needed for the Bryon LTR.  

4. PROGRESS ON LONGER TERM ENCORE PRODUCTS  

Westinghouse is partnering with General Atomics (GA) in the U.S. to develop the advanced SiC CMC 
cladding as a longer term, high payoff EnCore product. GA has extensive experience on SiC development for 
nuclear applications and the state of art facilities in SiC components manufacturing and testing [7,8]. The team 
was able to scale up the length of SiC tubes from 0.5” to 3” in less than 2 years and is progressing aggressively on 
full length tube manufacturing. The team is also making good progress on addressing the critical manufacturing 
and technical issues for SiC. The SiC tubes were hermetically joined with SiC end plugs and maintained its high 
bond strength at irradiation [9]. The hydrothermal corrosion resistance of SiC at normal operating conditions is 
also significantly improved and meets the acceptance criteria [10, 11]. Various mechanical tests such as fuel rod 
loading, grid crush tests, and 4 point bend tests are being performed to assess the compatibility of SiC cladding 
with the current LWR fuel assembly design. The assessment will be used to guide further optimization of SiC 
design and manufacturing.  

Westinghouse began the advanced high density fuel research in 2009 recognizing its larger economic benefit 
potential, and partnered with the Idaho National Laboratory (INL) and Los Alamos National Laboratory to develop 
and manufacture U3Si2 and its composite fuels. The U3Si2 fuel pins manufactured at INL as shown in Figure 2 
were inserted to the Advanced Test Reactor (ATR) for irradiation in 2014, and a couple fuel pins reached ~20 
MWD/kgU burnup and were discharged for post irradiation examination (PIE). Various PIE activities were carried 
out including neutron and x-ray tomography, fission gas analysis, gamma scan, etc. A comprehensive PIE report 
is currently under preparation, and some of the data were already published and presented, showing that U3Si2 fuel 
is remarkably stable under irradiation at ~15 kw/ft linear power with near zero swelling and fission gas release. 
The power rate is more than twice of the current LWR fuel, suggesting U3Si2 is suitable for high power, high duty 
operations. Similar to SiC, the Westinghouse team is also facing several technical challenges in U3Si2 
development. One of the challenges is lack of commercial route fabrication for U3Si2 from UF6.  To address this 
challenge, Westinghouse’s partner in UK, the National Nuclear Laboratory has developed and installed state of art 
facility to carry out research on UF6 chemical reactions to form uranium silicide compounds. The facility is in 
operation and has generated a handful of data to assess the optimum synthesis route for U3Si2 from UF6. NNL is 
planning to further update the facility to allow higher temperature reaction to promote more desirable reactions at 
higher rates. The team is actively address the water corrosion issue for U3Si2 and has commissioned a unique out 
of pile leaker rod test loop facility at Westinghouse Churchill site to obtain corrosion data. The team is also 
developing remedies and has narrowed down to a few receipts which could be very effective to mitigate U3Si2 
corrosion based on existing experience.  
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FIG. 2. U3Si2 fuel pin inserted to ATR and post irradiation neutron tomography. 

5. SUMMARY  

Westinghouse is developing and offering a suite of ATF products to meet customers’ various needs with 
coated zirconium cladding/ ADOPT fuel being the near term products, and SiC/ U3Si2 fuel being the longer term 
products. The team is making good progress in both near term deliverables and long term development 
commitment. The delivery of full length coated zirconium rods and ADOPT pellets as LTRs are on target for 
Exelon Byron-2 reactor in spring 2019. SiC cladding and U3Si2 fuel as well as full assembly ATF will be inserted 
to commercial reactor in 2021. The team is actively addressing various technical challenges in SiC and U3Si2 
development and has made good progress in mitigating and solving critical issues such as end plug joining, 
hydrothermal corrosion, and UF6 conversion. Westinghouse will apply concurrent engineering approach on testing 
and modeling activities to expedite licensing of ATF products and shorten the commercial implementation 
schedule. If the aggressive schedule is met, the full region deployment for ATF is anticipated to be in 2027 or 
2028. A list of publication as an outcome of the Westinghouse ATF program is listed in the references [12-41].  
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