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Chromium coatings are being developed for advanced technology fuel (ATF) claddings, offering negligible
corrosion during normal operation, improved resistance to high-temperature steam oxidation, and superior high-
temperature strength, the latter two being of utmost relevance during design basis accidents (DBAs). Demon-

IIEEEI?TRAN strating the improved response of Cr-coated Zircaloy requires the development or extension of fuel performance
TRANSURANUS codes to coating simulations.

ATF In this work, material models and correlations for Cr-coated Zircaloy cladding have been derived or obtained
from the literature and implemented into TRANSURANUS and the FRAPTRAN-TUmech suite. These extended
tools have been used to simulate two complementary LOCA tests: QUENCH-L1 rod 4 (out-of-pile bundle test on
fresh Zircaloy cladding) and IFA-650.10 (in-pile single rod test on high-burnup Zircaloy-UO; fuel), enabling a
gradual cross-verification of results between codes and a comparative performance analysis between coated and
uncoated cladding.

The results indicate negligible impact of coating properties other than creep on the burst time. While the
superior high-temperature creep resistance of coated cladding slightly delays the burst time, additional burst
data would be necessary to draw sound conclusions on the balloon size. Regarding the modelling approach,
treating the coated cladding as a composite material through the definition of effective properties might result in
worse performance relative to uncoated cladding, contradicting experimental observations. Therefore, the
separate modelling of the coating and the cladding is recommended.

Coating

1. Introduction

Metallic chromium-based coatings are currently under development
for advanced technology fuel (ATF) cladding applications. While these
coatings constitute only a small fraction of the total cladding thickness,
their design aims to offer minimal corrosion during normal operation
and to enhance high-temperature strength and steam oxidation kinetics
under accident scenarios. The massive production of hydrogen during
the Fukushima-Daiichi accident fostered investigations into assessing
the behaviour of coated claddings under loss-of-coolant accidents
(LOCAs) (NEA, 2018). For that purpose, the predictive capabilities of
existing fuel performance codes must be updated.

Fuel performance modelling studies in the open literature have pri-
marily focused on steady-state conditions (Lee et al., 2017; Sevecek
et al., 2018), LOCA (Dunbar et al., 2024; Lee et al., 2023a; Ma et al.,

2021; Sweet et al., 2022), and short-term station blackout events (Guo
etal., 2021) conditions. Additionally, Wagih et al. (2018) conducted fuel
performance simulations under steady-state, power ramp, and LOCA
scenarios. Notably, all comparative analyses of coated and uncoated
cladding under LOCA conditions utilized the BISON or ABAQUS finite-
element codes, as well as the MARS-KS system code. Moreover, none
of these analyses included simulations of high burnup fuel, except for a
recent study by Dunbar et al. (2024).

To further demonstrate the potential benefits of coated cladding over
uncoated cladding under LOCA conditions, conducting fuel performance
simulations across a representative range of burnups becomes impera-
tive. As the nuclear industry currently explores the possibility of
increasing the burnup limit (e.g., beyond 62 MWd/kgU rod-average
burnup for all U.S. nuclear fuel vendors), addressing this need is
equally critical for high burnup fuel. On the other hand, regarding the
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approach to modelling coated cladding (i.e., separately modelling the
coating from the cladding versus treating the coated cladding as a
composite material by considering effective properties), there has been a
lack of comprehensive discussion on the advantages and drawbacks of
each approach based on simulation outcomes. Instead, previous studies
have tended to adopt a singular approach (i.e., the multilayer approach)
without delving into comparative assessments. Therefore, the impact of
the chosen modelling approach on the simulation outcomes remains to
be evaluated.

In this work, the fuel performance code TRANSURANUS and the
FRAPTRAN-TUmech suite have been extended to simulate Cr-coated
Zircaloy cladding. FRAPTRAN-TUmech is the result of coupling a
simplified version of the mechanical model in TRANSURANUS with
FRAPTRAN-2.0, as outlined in Aragon et al. (2024). These extended
tools have been applied to simulate two LOCA tests: QUENCH-L1 rod 4
(out-of-pile fresh Zircaloy cladding bundle test) and IFA-650.10 (in-pile
single-rod high-burnup Zircaloy-UO; test), enabling a gradual cross-
verification of results between codes and a comparative performance
analysis between coated and uncoated cladding. The implementation of
coatings into TRANSURANUS and FRAPTRAN-TUmech has been con-
ducted according to a review of the material models and correlations
available in the open literature, along with the outcomes of two sensi-
tivity analyses. These analyses aimed to determine the impact of failure
criteria on burst time and cladding post-burst strains, as well as the
differences resulting from the selection of the modelling approach.

2. Material models and correlations

This section provides a review of material models and correlations
pertaining to Cr-coated Zr-based claddings found in the open literature.
Their range of applicability and associated uncertainty are outlined
whenever available. The scope of the review includes models and cor-
relations that characterize the pure coating material (i.e., Cr) as well as
effective correlations that treat the coated cladding as a composite
material. The thermo-mechanical properties under consideration are
thermal conductivity, specific heat, emissivity, thermal expansion,
Young’s modulus, Poisson’s ratio, irradiation swelling and creep, ther-
mal creep, and corrosion. These properties were selected due to their
relevance in fuel performance analyses under normal operating condi-
tions and accident scenarios (Geelhood and Luscher, 2019), with no
influence from specific code requirements. Additionally, this section
presents a compilation of burst data from open literature sources. The
impact of the coating technique on the above properties has not been
assessed in detail due to the overall lack of specific data. For compara-
tive purposes, the correlations included in TRANSURANUS for a generic
Zircaloy cladding (European Commission, 2023) are plotted along with
the coating and/or coated cladding data.

Before delving into the details of the aforementioned properties, it is
important to highlight that despite the melting temperature of pure Cr
being approximately 1863 °C (Holzwarth and Stamm, 2002), an eutectic
reaction between Zr and Cr occurs at a temperature close to 1332 °C
(Brachet et al., 2020; Yang et al., 2022). The impact of having an
eutectic liquid at the outer surface of the cladding on its performance,
albeit at temperatures higher than those of DBA conditions, has been
studied by several authors. Notably, the effect of eutectic formation on
high-temperature steam oxidation was summarized in Brachet et al.
(2020).

Regarding the density of pure Cr, it was measured at around 7200
kg/rn3 at room temperature (Simmons and Wang, 1971), which is 10 %
higher than that of Zircaloy (6550 kg/m®). Most of the measurements on
pure Cr reported below were conducted by Holzwarth and Stamm
(2002). In particular, the examined material was the commercially
available Ducropur (99.7 wt% of Cr), produced by Metallwerke Plansee
AG.
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2.1. Thermal conductivity

The thermal conductivity of Ducropur as a function of temperature
was reported in Holzwarth and Stamm (2002). The correlation is
applicable between 20 and 1000 °C.

A[Wm™K '] =87.56671—0.04179T

+3.15147-107°T* - 2.06676-10°T? W
where T is the temperature in °C.

The thermal conductivity of Cr is not anticipated to be strongly
affected by neutron irradiation, as heat transfer in a metal primarily
relies on freely moving electrons, which are not significantly impacted
by lattice damage (Geelhood and Luscher, 2019). Fig. 1 shows that the
thermal conductivity of Cr lies well above that of Zircaloy at all tem-
peratures. Hence, this high thermal conductivity, coupled with the
relatively thin coating layer (between 10 and 20 pm), is not expected to
influence the overall heat transfer across the cladding.

The thermal conductivity of the CryO3 layer formed during high-
temperature steam oxidation (refer to Section 2.8) is also taken into
account as an additional thermal resistance in series (see Table 2), in a
similar way as the thermal conductivity of ZrO, when standard Zircaloy
oxidises. However, the formation of ZrCry at the interface between the
substrate and the coating at high temperatures (Brachet et al., 2020; Lee
et al., 2023b) is not considered here.

2.2. Specific heat

The specific heat of Ducropur as a function of temperature was re-
ported in Holzwarth and Stamm (2002). The correlation is applicable
between 20 and 1000 °C.

¢, [Jg 'K '] =0.48047 + 6.34753-10 °T +2.34120-10 " T? @
—1.27824-1071°T?
where T is the temperature in °C.

In Fig. 2, the main features of Cr relative to Zircaloy are the absence
of a phase transition and its considerably higher specific heat up to
800 °C. However, the significantly lower volume fraction of Cr
compared to Zircaloy (less than 4 %) is not expected to impact the
overall thermal inertia of the cladding.

2.3. Emissivity

In the present study, tabulated data on the emissivity of oxidized Cr
from Shackelford and Alexander (2001) have been fitted to a
temperature-dependant second-order polynomial, as shown in Fig. 3.
The resultant correlation can be expressed as:
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Fig. 1. Thermal conductivity as a function of temperature.
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Fig. 3. Emissivity as a function of temperature.

€ =0.167 —5.40-10 T +1.04-1075T2 3)

with the temperature in °C and the coefficient of determination R? =
0.972.

Within TRANSURANUS, the consideration of cladding emissivity is
confined to the gap heat transfer calculation. Since the addition of a
coating on the outer surface of the cladding does not entail any change in
that regard, Fig. 3 does not include a comparison. Nevertheless, certain
severe accident codes account for radiative heat transfer from the
cladding outer surface to other core components. Therefore, character-
izing the emissivity of the coating becomes relevant in scenarios where
such codes are applied.

2.4. Thermal expansion coefficient

The thermal expansion of a material is typically described through its
thermal expansion coefficient. In the case of Ducropur, this coefficient
was reported in Holzwarth and Stamm (2002) as a function of temper-
ature in °C, as shown in Eq. (4). The correlation applies to pure Cr be-
tween 20 and 1000 °C and is depicted in Fig. 4.

a[K™'] =(8.3159 4 1.80901-10 T + 6.45421-10 7 T*

@
+1.27483-1071°T%).10°°

A potential source of permanent deformation in the coating arises from

the differential thermal expansion between the cladding and the

coating, the latter being relatively weaker due to its lower thickness. The

term ‘differential’ not only refers to the magnitude of the deviation in
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Fig. 4. Thermal expansion coefficient as a function of temperature.

their thermal expansion coefficients but also to the direction along
which dimensional changes occur. The hexagonal close-packed (HCP)
crystal structure of Zircaloy results in anisotropic thermal expansion,
while the body-centered cubic (BCC) structure of Cr expands isotropi-
cally. It should be noted, however, that the anisotropy of Zircaloy is not
accounted for in the correlation shown in Fig. 4. The effect of the
thermal expansion mismatch will depend on the tolerance of fabrication
methods (i.e., coating deposition techniques) to withstand large strains
at the interface between the coating and the cladding.

2.5. Elastic constants

Young’s modulus of pure Cr as a function of temperature in Kelvin
was derived from Armstrong Harry (1964) by Wagih et al. (2018) and
Ma et al. (2021). Both correlations are plotted in Fig. 5 and are appli-
cable between 100 and 1250 °C. For simplicity, and given their degree of
coherence, only the correlation derived by Wagih et al. is explicitly
stated below.

E[GPa] = 264.11 — 0.01T — 2.5:10 5T )

Coated cladding testing conducted by Westinghouse revealed a 25 %
increase in (effective) Young’s modulus compared to uncoated material
(Frederick, 2023). However, the temperature range for this increase was
not provided.

As for the Poisson’s ratio, a value of 0.22 was measured by Simmons
and Wang (1971) at room temperature. No additional data have been
found in the open literature. In TRANSURANUS, the Poisson’s ratio for a
generic Zircaloy cladding is set constant at 0.325 below its melting
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Fig. 5. Young’s modulus as a function of temperature.
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temperature.

2.6. Irradiation swelling and creep

While the contribution from irradiation swelling and creep to clad-
ding deformation is negligible during short transients, their character-
ization under reactor conditions is essential to accurately predict the
dimensions of the fuel rod at the onset of the transient.

Irradiation creep stands out as the primary mechanism driving the
creepdown of the cladding during normal operation conditions as a
result of the pressure differential between the coolant and the internal
gas. Recent irradiation creep measurements on CrN-coated Zircaloy
samples have shown minimal differences from uncoated Zircaloy
(Mulligan et al., 2024). Despite the coating material differing from pure
Cr, and in the absence of additional data, the irradiation creep models
derived for uncoated Zircaloy are recommended for Cr-coated Zircaloy
as well.

Irradiation swelling is not observable in anisotropic materials like
Zircaloy, which undergoes irradiation growth along the axial direction
(Adamson et al., 2017). However, BCC metals such as Cr may experience
swelling under irradiation. The post-transient (steady-state) swelling
rate of pure Cr was measured at 0.05 % per displacements-per-atom
(dpa). Nonetheless, swelling in Cr appears to initiate at a higher rate
at very low doses. The lowest experimental data point indicates 0.8 %
swelling at 5.9 dpa, suggesting an average swelling rate of 0.14 % per
dpa in the 0.0-5.9 dpa range (Gabriel et al., 2022). Therefore, the cur-
rent authors propose the following model as a first-order approximation
to modelling the volumetric swelling strain experienced by pure Cr
under irradiation:

&;[%] = 0.14-dose [dpa] if dose < 5.9 dpa
&;[%] = 0.05-dose [dpa] +0.531 if dose > 5.9 dpa (6)

The linear strain due to irradiation swelling may be calculated as one-
third of the volumetric strain based on the small-strain approximation.

Under normal operation conditions, the structural integrity of the
coating layer is anticipated to be significantly challenged towards high
burnup due to increasing strain mismatch in irradiation-induced axial
growth and/or creep (Lee et al., 2017).

2.7. Thermal creep

Sevecek et al. (2018) and Wagih et al. (2018) used data from Ste-
phens and Klopp (1972) to derive a creep correlation for pure Cr in the
form of a Norton law:

ém = Ao"exp(— Q/RT) @

where &, is the thermal creep strain rate, o is the applied stress, R is the
universal gas constant, and T is the absolute temperature. A, n, and Q are
model parameters.

On the other hand, Ridley et al. (2023b) derived two effective Norton
creep laws from coated cladding specimens. Isobaric burst testing with a
5 °C/s heating rate was conducted to determine the activation energy,
while isothermal burst testing with multiple pressure steps was

Table 1
Norton creep law parameters.
Material Procedure A[MPa” n QlkJ/ Reference
ng—1] mol]
Pure Cr Not 5.1596e-3 6.2 306.2688 Wagih et al.
specified (2018)
Cr-coated Isobaric 124 + 45 6.12 287 + 22 Ridley et al.
Zry-4 (2023b)
Cr-coated Isothermal 43+ 14 6.12 + 287 Ridley et al.
Zry-4 0.79 (2023b)
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performed to calculate the stress exponent. The strength coefficient (A),
stress exponent (n), and activation energy (Q) for each correlation are
detailed in Table 1. It is important to note that the strength coefficients
reported by Ridley et al. are solely for circumferential and not effective
strain.

Fig. 6 highlights the superior thermal creep resistance of pure Cr
compared to Zircaloy when subjected to a linear temperature rise of
6 °C/s from 300 °C at 60 MPa. Fig. 7 provides a zoom-in between 80 and
100 s to facilitate the differentiation between the effective correlations
derived from coated samples and the TRANSURANUS correlation rec-
ommended for generic Zircaloy cladding (European Commission, 2023).

Note that the correlations derived by Ridley et al. evolve in parallel
because they use the same stress exponent and activation energy.
Conversely, the strength coefficient derived from isothermal test data is
three times lower than that obtained from isobaric data. The reasons
behind this difference are unknown and, in any case, fall beyond the
scope of this paper. Nevertheless, the authors recommend using the
correlation derived from isobaric testing for LOCA simulation, as the
testing conditions more accurately represent such a scenario. Addi-
tionally, the temperature increase rate of 5 °C/s in the experimental
setup aligns with the anticipated rate during the heat-up phase of a
LOCA.

In contrast to experimental observations (Brachet et al., 2016; Hazan
et al., 2021; Ridley et al., 2023a; Sevecek et al., 2021; Walters et al.,
2021), the calculated creep deformation for coated cladding (isobaric)
exceeds that of uncoated cladding up to approximately 860 °C, after
which the expected behaviour is observed. This outcome is code-
dependent, given that the comparison is drawn with the Zircaloy
creep equation included in TRANUSRANUS. However, it highlights a
potential source of inconsistent results when implementing effective
creep laws for coated claddings into fuel performance codes. Further
discussion on this topic is provided in Section 3.1 and 4.3.2.

Other studies based on effective creep modelling have applied a
global multiplier, denoted as g(5), into the baseline Zircaloy model to
characterize the thermal creep strain rate (&) of Cr-coated Zircaloy as a
function of the coating thickness § (Vidal et al., 2022):

PN = g(8)E " = (1 +K; r) guncoat ®

o —Ti
where ry and r; are the cladding outer and inner radius, respectively. The
parameter K; has been fitted to experimental data from out-of-pile creep
tests on coated cladding samples. However, its specific value has not
been disclosed.

Finally, regarding the creep anisotropy coefficients, it is assumed
that owing to the BCC crystallographic structure of Cr, Cr coatings
exhibit isotropic creep behaviour.
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Fig. 6. Thermal creep strain under a linear temperature ramp of 6 °C/s and
60 MPa.
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2.8. Corrosion

Limited quantitative information has been found on hydrothermal
corrosion (i.e., corrosion in high-temperature high-pressure water) and
hydrogen pickup of Cr-coated claddings (Bischoff et al., 2016; Brachet
et al., 2019; Kim et al., 2015; Lahoda et al., 2018). All these studies
indicate that a stable nanometre-size layer of Cro03 forms under normal
operating conditions. Hence, hydrothermal corrosion is negligible under
such conditions.

Most available data pertains to high-temperature steam oxidation.
The parabolic rate constant describing the high-temperature oxidation
of pure Cr as a function of temperature has been extensively measured
over several decades. Brachet et al. (2020) conducted a comprehensive
literature review, including two recent datasets from CEA and Frama-
tome on Cr-coated Zr-based claddings. These datasets are presented as a
function of temperature in Fig. 8 and are fitted to an Arrhenius law with
a pre-exponential factor A = 6.5761 -102 cm?/s and activation energy Q
— 238.80 kJ/mol. The coefficient of determination is R = 0.966.
Table 2 includes additional parameters describing thermo-physical
properties of Cry0s3.

Major differences in oxide layer thickness are anticipated between
coated and uncoated cladding due to the superior high-temperature
steam oxidation resistance of Cr, which leads to orders of magnitude
slower reaction rates. In both cases, however, the thermal resistance of
the outer oxide layer is accounted for via the thermal conductivity, its
higher volume via the Pilling-Bedworth ratio, and the additional heat
from the exothermal reaction via the heat of oxidation. What is not yet
considered in the current version of the coated cladding corrosion model
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Fig. 8. Parabolic oxidation rate constant as a function of temperature.
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Table 2
Thermo-physical properties of chromia.
Chromia parameter Value Reference
Density [g/cm3] 5.21 Shackelford and Alexander
(2001)
Heat of oxidation [kJ/mol] 225 Csontos and Capps (2019)
Thermal conductivity [W/ 10.006-32.992  Shackelford and Alexander
m-K] (2001)
Pilling-Bedworth ratio 2.07 Latu-Romain et al. (2019)

Shackelford and Alexander

(2001)

The P-B ratio is the ratio of the volume of the elementary cell of a metal oxide to the
volume of the elementary cell of the corresponding metal.

Melting temperature [K] 2603

is the scenario where the entire coating layer is corroded (Lee et al.,
2023a).

2.9. Failure criteria

Burst data is essential for fuel performance codes to predict cladding
failure. Burst stress data on Cr-coated Zircaloy cladding have been
compiled from various references. Unfortunately, no information
regarding fracture and rupture strain has been found. Fig. 9 displays the
engineering burst hoop stress as a function of the burst temperature from
all the available datasets in the open literature.

Table 3 summarizes the characteristics of the coated samples used in
each test. At this point, no direct comparison can be made with the stress
limit used in TRANSURANUS as all the experimental data is provided in
terms of engineering stress, while the correlation in the code relies on a
true measure of stress. However, Section 3.2 outlines how some of the
above burst data can be converted into true stress, enabling the deri-
vation of a stress limit for Cr-coated Zircaloy. This was not included in
the present section to maintain independence between the available
data and the conversions required for a particular code implementation.

3. Code extension to Cr-coated Zircaloy simulation
3.1. Selection of modelling approach

When extending fuel performance codes to simulate coated clad-
dings, there are two basic approaches to consider (Geelhood and
Luscher, 2019). The first approach involves modelling the coating and
the cladding independently. This requires the characterization of
thermo-mechanical properties specific to the pure coating material and
modelling the phenomena occurring at the interface between the sub-
strate and the coating. Notably, based on available open literature, all
fuel performance simulations involving Cr-coated Zircaloy have adopted
this approach (Dunbar et al., 2024; Ma et al., 2021; Sevecek et al., 2018;
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Fig. 9. Engineering burst hoop stress as a function of burst temperature.



P. Aragon et al.

Table 3
Basic characterization of coated cladding samples utilized in each burst test.
Material Deposition Coating thickness Reference
method (um)
Cr-coated Zry- HiPIMS 7 Sweet et al. (2022)
4
Cr-coated Zry- HiPIMS 6.2 Kane et al. (2023)
4
Cr-coated Zry- HiPIMS 6.8 Ridley et al.
4 (2023a)
Cr-coated Zry- Cold spray 25 Hazan et al. (2021)
4
Cr-coated HiPIMS 4.4 Bell et al. (2022)
ZIRLO

HiPIMS: High power impulse magnetron sputtering.

Sweet et al., 2022; Wagih et al., 2018). However, none of these simu-
lations include specific models for the cladding-coating interface.

Alternatively, the second approach views the coated cladding as a
composite material and aims to establish effective correlations. For
instance, the creep properties of both the coating and the cladding are
combined into an effective creep rate. These effective correlations can be
derived by testing representative coated specimens and either (i) fitting
the data to a specific function or (ii) adjusting the standard Zr-based
cladding correlations using a corrective factor. Adopting this second
approach offers a more straightforward path, potentially eliminating the
need for additional modelling efforts. Furthermore, treating the coated
cladding as a single material might provide a basis for ignoring the
coating in the analyses and relying on existing cladding properties,
except for corrosion (Geelhood and Luscher, 2019).

As highlighted in Section 2, the open literature contains only two
effective correlations for Cr-coated cladding, which characterize the
thermal creep strain rate of Cr-coated Zircaloy-4 (Ridley et al., 2023b).
However, other effective creep correlations have been proposed by in-
dustrial companies (Vidal et al., 2022) or within the framework of in-
ternational projects. In the IAEA/CRP ATF-TS, a correlation has been
derived from burst tests on Cr-coated Optimized ZIRLO, while in the
H2020 Euratom project R2CA, a factor of 0.5 has been added to the
Zircaloy creep strain rate in DRACCAR to simulate coated claddings
(Pouillier, 2023).

In light of these two approaches, this section aims to justify why,
based on the available data, the authors recommend the independent
modelling of the coating and the cladding.

Experimental studies indicate that Cr coatings enhance the thermal
creep resistance of fuel rods (Brachet et al., 2016; Hazan et al., 2021;
Ridley et al., 2023a; Sevecek et al., 2021; Walters et al., 2021). Never-
theless, effective creep correlations may not necessarily capture this
improvement when compared to the standard Zircaloy creep correlation
in a specific code. Fig. 7 illustrates this discrepancy for TRANSURANUS
below 860 °C, which is not entirely unexpected. That is, introducing a 10
to 20 um thick Cr coating has indeed been shown to strengthen the
cladding at high temperatures, potentially reducing the creep rate by a
factor between 1.5 and 2 (Chalupova et al., 2019). In the field of fuel
performance modelling, however, this variation likely falls within the
uncertainty range of the Zircaloy creep correlation (Feria et al., 2024),
and thus meaningful comparisons become challenging. In other words,
merely adjusting the coverage factor when selecting creep data during
model derivation might introduce larger variations than those attributed
to the Cr coating. In that case, the intrinsic strengthening effect of the
coating could not be differentiated from the bias of the Zircaloy creep
correlation.

Moreover, the data utilized to derive Zircaloy creep correlations may
have been obtained from samples that are no longer representative of
the current state-of-the-art cladding standards, given the ongoing re-
finements in fabrication techniques and alloy composition. Specifically,
the thermal creep correlation included in TRANSURANUS and
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FRAPTRAN-TUmech originates from the REBEKA separate effects tests
conducted in the 1980 s (Markiewicz and Erbacher, 1988). Conse-
quently, comparing creep correlations derived from REBEKA samples
with those from contemporary uncoated samples, even if experimental
data were obtained under identical conditions, could lead to discrep-
ancies potentially exceeding a factor of 2. All of the above is to say that,
in the field of cladding creep modelling, it should not be surprising to
leave out an improvement of merely a factor between 1.5 and 2.

The above arguments emphasize the recommendation to model the
coating and the cladding, independently rather than treating them as a
composite material. The recommended approach helps avoid unrealistic
simulation outcomes that deviate from experimental observations,
especially in terms of high-temperature strength. While it is true that
modelling the composite material using a reduction factor (i.e., <1)
applied to the Zircaloy creep correlation (e.g., 0.5 in the DRACCAR
code) can prevent unrealistic results, employing a separate creep law for
the coating provides a more realistic representation, as it allows for the
consideration of temperature and stress dependencies specific to the
coating creep rate. Furthermore, it aligns with the current trend towards
more mechanistic modelling, enabling better consideration of factors
such as the coating material composition and thickness.

3.2. Implementation of the selected modelling approach

The TRANSURANUS fuel performance code (European Commission,
2023) and the FRAPTRAN-TUmech suite (Aragon et al., 2024) have been
extended to simulate Cr-coated Zircaloy by independently modelling the
coating and the cladding. An important clarification concerns the choice
of the starting framework for the FRAPTRAN extension. Instead of
building upon the most recent version provided by its developers,
FRAPTRAN-2.0 (Geelhood et al., 2016), the foundation lies on the
FRAPTRAN-TUmech suite developed in collaboration between CIEMAT
and JRC-Karlsruhe for conventional Zircaloy cladding. TUmech is a
simplified standalone version of the mechanical model in TRANS-
URANUS coupled with FRAPTRAN-2.0 to enhance its predictive capa-
bilities for the cladding response under LOCA conditions. The extension
of two analytical tools to simulate coated cladding further supports the
insights gained in this study, reducing their sensitivity to specific
modelling aspects within each code.

The cladding mechanical model in FRAPTRAN-2.0 is based on a
single node radial nodalization. While a single node enables the defi-
nition of effective correlations for the coated cladding, it lacks the
capability for separate modelling of the coating and the cladding. The
use of TUmech, with its multi-nodal radial representation of the clad-
ding, as opposed to the default mono-nodal FRACAS-I (Bohn, 1977) and
BALON2 (Hagrman, 1981) models in FRAPTRAN-2.0, facilitates the
implementation of the selected modelling approach.

The material models and correlations implemented for the coating
correspond to those detailed in Section 2, except for emissivity. This
property has been omitted from the implementation because it solely
affects the gap thermal calculation in TRANSURANUS and FRAPTRAN-
TUmech, and the coating is applied to the outer surface of the cladding.

An essential aspect to highlight regarding the FRAPTRAN-TUmech
extension is the limitation on implementing certain coating properties.
These can only be added if considered within TUmech (i.e., are relevant
to the mechanical analysis). Other material properties are calculated for
the entire coated cladding from the baseline Zircaloy correlations in
FRAPTRAN-2.0, sourced from the MATPRO database (Luscher et al.,
2015). The material properties considered in TUmech include the
thermal expansion coefficient, elastic constants, thermal creep, and
failure criteria. Additionally, the high-temperature oxidation model
derived for Cr has been implemented. As a result, in the FRAPTRAN-
TUmech simulations, the thermal conductivity and specific heat corre-
lations for Zircaloy are maintained for the coated cladding. The validity
of this simplification is justified by the higher thermal conductivity of
pure Cr, which will not impact heat transfer, and the small volumetric/
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mass fraction of the coating, thus resulting in a negligible impact on its
specific heat capacity.

Finally, it is worth noting that neither FRAPTRAN-2.0 nor
FRAPTRAN-TUmech account for irradiation swelling and creep; how-
ever, their impact under LOCA conditions is negligible.

Next, the assumptions and limitations specific to the extension of
TRANSURANUS and FRAPTRAN-TUmech to simulate Cr-coated Zirca-
loy cladding are listed:

1. Conservatively, the melting temperature of the Cr coating is assumed
to be the temperature of the Zr-Cr eutectic reaction, i.e., around
1332 °C (1605.15 K) (Brachet et al., 2020).

2. Permanent (mechanical) deformation is solely attributed to thermal
creep strains. The yield strength of the coating is set to an arbitrarily
large value to prevent entering the plastic deformation regime. Even
if a model for the instantaneous plasticity of the Cr coating were
implemented, no plastic strains would be calculated in the Zircaloy
substrate. This is because both TRANSURANUS and FRAPTRAN-
TUmech currently lack an instantaneous plasticity model for Zirca-
loy. Future code developments are envisaged to address this
limitation.

3. No dedicated hydrothermal corrosion or hydrogen pickup models
have been implemented. The kinetics for both processes have been
set to zero based on the minimal corrosion observed experimentally
under normal operating conditions (USNRC, 2020).

4. When selecting a stress-based cladding failure criterion, overstress is
assumed if the average true hoop stress in the cladding (or coated
cladding) exceeds the defined stress limit. Therefore, the rigorous
implementation of a stress limit in both codes requires a true stress
definition. The conversion from engineering burst hoop stress to true
burst hoop stress is feasible solely for the datasets provided by Ridley
et al. and Hazan et al., as they also reported post-burst strain data.
Both Ridley et al. and Hazan et al. determined the maximum
circumferential (engineering) strain at burst, which is defined as:

-1
Egeng = B Iy 0 ()]

where Ig represents the maximum perimeter at burst and [, denotes
the initial (axially uniform) perimeter. The conversion from engi-
neering strain to true strain is expressed as:

Eoru = 11’1(1 + EI},eng) (10)

The above expression enables the calculation of the true hoop
stress in a thin-walled cylinder:

2 ApTing

Goiru = Coeng (1 + €0a)” = [1+1n(1 + geng) | an

Here, Ap is the rod overpressure at burst, while r;,o and t, are the
initial inner radius and thickness of the cladding. An exponential fit
has been applied to the obtained dataset (true burst hoop stress vs.
burst temperature), resulting in Eq. (12), which is also plotted in
Fig. 10. The burst stress at the lowest temperature in the Ridley et al.
and Hazan et al. experimental datasets (766 °C) is applied at all
temperatures below it.

os[MPa)] = 8.5716-107-exp( —1.2133-107°T) 12)

where the temperature is expressed in K.

Fig. 10 includes the stress-based burst criterion from TRANS-
URANUS for generic Zircaloy (Neitzel and Rosinger, 1980). Given
the absence of true burst hoop stress versus burst temperature data in
the original reference, the data used in deriving the stress limit of
FRAPTRAN-2.0 (Geelhood et al., 2016) is also plotted to underline
the large spread of the data for conventional Zircaloy.
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Fig. 10. True burst hoop stress as a function of temperature.

5. As an alternative to the previous stress limit, a failure criterion based
on the maximum allowable strain rate has been implemented. Plastic
instability is assumed to occur when the effective creep strain rate
exceeds 100 h™! (2.78 %/s). This threshold has already been used as
a failure criterion in other fuel performance analyses involving Cr-
coated Zircaloy cladding (Sweet et al., 2022) and is considered to
yield accurate burst time predictions. However, the cladding strain
profile might be significantly underestimated (Capps and Sweet,
2022).

6. Phenomena specific to the cladding-coating interface (e.g., Zr-Cr
interdiffusion) are not modelled.

7. Regarding the radial nodalization of the coating, the default
configuration allocates a single coarse node at the periphery of the
cladding. The user may choose the number of fine zones within that
coarse zone. For all the simulations shown below, three fine zones
are considered.

An essential discussion arises from the comparison in Fig. 10. All
burst data on Cr-coated Zircaloy available in the literature (Bell et al.,
2022; Hazan et al., 2021; Kane et al., 2023; Ridley et al., 2023a; Sweet
et al., 2022) consistently demonstrate higher burst temperatures than
those measured for Zircaloy in the same studies. Despite the experi-
mentally observed high-temperature strengthening effect of the coating,
a higher stress limit is not evident in Fig. 10. This apparent discrepancy
between experimental data and correlation derivation is exacerbated by
the fact that, even considering the substantial spread in the FRAPTRAN-
2.0 burst data, the stress limit correlation derived for Cr-coated Zircaloy
consistently remains lower at any temperature above 800 °C.

A potential explanation lies in the definition of true stress in Eq. (11).
All the aforementioned experimental studies report the engineering
hoop stress at burst (64.,g). However, when converted to true burst hoop
stress (0q,ru), the previous quantity must be multiplied by a factor that
increases with the true hoop strain at burst, related to the balloon size.
Burst test results indicate a reduced balloon circumference coupled with
a smaller burst opening of Cr-coated cladding compared to uncoated Zr-
based cladding (Walters et al., 2021), resulting in a lower value of &,
in Eq. (11). The comparison in Fig. 10 suggests that the reduction in
balloon size (i.e., lower true hoop strain at burst) dominates over the
increased engineering hoop stress at burst, hence yielding a lower stress
limit when using a true stress definition in fuel performance codes.
Nevertheless, definite conclusions cannot be drawn due to the limited
availability of burst data on coated cladding suitable for deriving true
stress limits.

Finally, to enable a comparison between simulations based on the
independent modelling of the coating and cladding versus the composite
material approach, an effective creep rate correlation has been imple-
mented into TRANSURANUS. The chosen correlation adopts a Norton
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law derived by Ridley et al. (2023b) with the strength coefficient
calculated from isobaric tests conducted at a 5 °C/s heating rate (see
Table 1), which better represents the heat-up phase of a LOCA scenario
compared to isothermal tests.

_ 287kJ/ mol)

RT 13)

by = 12406'12exp<
However, as mentioned in Section 2.7, the strength coefficient presented
by Ridley et al. applies solely to circumferential and not to effective
strain, the quantity computed within the code. Thus, a conversion be-
comes necessary. In the frame of the thin wall approximation, and under
the assumption of axisymmetric and isotropic mechanical performance,
the relation between effective (¢) and hoop (&) strain rates in a hollow
cylinder can be expressed as:

&€= Ziég 14

V3
z represents a geometry-dependent correction factor defined as:

145>
g=— 20 (15)

2
)

where t is the actual thickness of the cladding (i.e., in its deformed ge-
ometry), and ry and t; denote the position of a specific radial node in the
undeformed cladding geometry and the thickness of the undeformed
cladding, respectively.

4. Results and discussion

The extensions of TRANSURANUS and FRAPTRAN-TUmech have
been used to predict the behaviour of coated claddings under conditions
that mimic two LOCA tests: QUENCH-L1 rod 4 (an out-of-pile bundle test
on unirradiated Zircaloy cladding) and IFA-650.10 (an in-pile single rod
test on high-burnup Zircaloy-UO3 fuel rod). These scenarios offer an
increasing degree of complexity that enables a gradual verification of
the code extensions. The predictions for uncoated cladding using the
original versions of the codes have also been included in the discussion,
providing a comparative performance analysis.

Table 4 summarizes the test rod fabrication data and the burnup
(when applicable) for the selected scenarios. Further details on the
experimental setup and sequence of each test are given in the dedicated
subsections. In all simulations involving Cr-coated Zircaloy, a 20 um
thick Cr coating is added on the surface of the cladding.

Table 4

Test rod specifications.
Test QUENCH-L1 rod 4 IFA-650.10
Pellet
Material ZrO, U0,
Diameter [mm] 9.15 8.19
Length [mm] 11 13.78
Density [% TD] - 95.32
Cladding
Material Zircaloy-4 Zircaloy-4
Outer diameter [mm] 10.75 9.5
Wall thickness [pm] 725 570
Fuel rod
Burnup [MWd/kgU] 0 61
Active length [mm] - 440
Pellet-cladding gap [um] 75 84
Plenum volume [cm?] 0 17
Fill gas 100 % Kr 95 % Ar + 5 % He
Fill pressure [MPa] 5.5 (@ 527 °C)

4 (@ 25°C)
Pitch [mm] 14.3 —
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4.1. QUENCH-L1 rod 4

In the QUENCH-L1 experiment, a mixture of superheated steam and
argon was introduced at the base of a test bundle comprising 21 elec-
trically heated rods, each approximately 2.5 m long. The heaters were
encased in annular ZrO; pellets. The system pressure within the test
section remained at about 0.3 MPa. Before the transient phase, each fuel
rod was individually pressurized with krypton to 5.5 MPa. To control the
internal pressure in real-time, a dedicated gas supply system was con-
nected to the lower end of each rod, comprising a pressure valve, a
pressure transducer, and an adjustable compensation volume. The latter
preserved the initial free volume throughout the transient, compen-
sating for the lack of empty plenums within the rods. Additionally,
thermocouples were attached at 17 different elevations and orientations
on the outer surface of the cladding for temperature monitoring. The
transient sequence involved a heat-up phase, elevating temperatures
from 570 to 1100 °C at a peak heating rate of 7 °C/s over 90 s, followed
by a 120 s cooling phase. The test was concluded by water quenching
(Stuckert et al., 2018).

In view of the online pressure control, the rod internal gas pressure
during the simulation has been imposed in accordance with experi-
mental data, albeit in a simplified form (IAEA, 2019). As noted in
(Stuckert et al., 2012), cladding deformation consistently began at
approximately 250 mm and concluded at 1250 mm elevation across all
rods. Thus, the results from TRANSURANUS and FRAPTRAN-TUmech
are specifically obtained for this segment of rod 4. More precisely, the
fuel rod is nodalized into 13 equally-sized axial nodes, spanning from
100 mm to a maximum elevation of 1400 mm. The evolution of the
cladding outer temperature at each axial node has been prescribed using
thermocouple data (IAEA, 2019). Fig. 11 illustrates the evolution of the
rod internal gas pressure and the range of cladding surface temperatures
over the entire length of the segment. A single coarse zone comprising
five fine zones has been defined for the radial nodalization of the
cladding.

The evolution of the cladding permanent hoop strain at the burst
node is plotted in Fig. 12. Cladding failure is indicated by the termina-
tion of the mechanical calculation when the effective creep rate exceeds
100 h™! (2.78 %/s), which marks the onset of plastic instability.
Throughout the entire transient, the two codes exhibit perfectly
consistent predictions. Indeed, this consistency serves as confirmation of
the correct coupling of TUmech with FRAPTRAN-2.0. In the QUENCH-
L1 rod 4 scenario, the cladding mechanical problem simplifies to that
of a closed cylindrical tube subjected to external and internal pressure,
which both codes address using the same formulation, numerical algo-
rithm, and material property correlations. Additionally, they share
identical boundary conditions (i.e., cladding outer temperatures and
coolant pressure). Consequently, achieving identical results is expected.
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Fig. 11. Time-dependent boundary conditions for the QUENCH-L1 rod
4 simulation.
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Fig. 12. Cladding permanent hoop strain as a function of time.

The 1 % difference at failure is likely due to variations in the time step
size used by each code, resulting in failure occurring at slightly different
times.

Next, the impact of the Cr coating on the performance of the
Zircaloy-4 cladding is examined. As temperature rises, the increasing
ductility of the internally pressurized cladding leads to progressive
ballooning. During the process of permanent deformation, the volume of
the cladding is conserved, resulting in wall thinning and a subsequent
rapid increase in hoop stress. Both TRANSURANUS and FRAPTRAN-
TUmech simulations indicate that the addition of a 20 um thick Cr
coating postpones the burst time by 4 % (2 s). Most of this delay can be
attributed to the reduced thermal creep rate associated with the Cr
coating, which appreciably influences the stress and strain dynamics in
the cladding. However, the increased thickness of the coated cladding
also contributes noticeably (25 % of the total delay). This observation is
based on the outcome of an additional simulation not shown in Fig. 12,
where the coating material was replaced with Zircaloy instead of Cr
(equivalent to a 20 ym thicker Zircaloy cladding). Regarding post-burst
strains, there are no significant differences between uncoated and
coated cladding (less than 1 %). It is important to note, though, that the
latter result stems from adopting a plastic instability failure criterion.

The rationale for employing a failure criterion based on plastic
instability instead of overstress is as follows. While both codes utilize the
same formulation and iterative numerical method for the cladding me-
chanical calculation, TRANSURANUS includes a time-step control
mechanism. This feature automatically reduces the time step size when
encountering specific criteria that could compromise the convergence of
the method. Since the development of TUmech is relatively recent, the
adaptative time step control has not yet been integrated. Therefore,
without limiting the maximum allowable strain rate, convergence issues
arise before reaching the proposed stress limit. The impact of employing
a plastic instability versus an overstress failure criterion on the burst
time and the post-burst strain is evaluated in Section 4.3.1.

An additional simulation of coated cladding has been conducted. In
this simulation, the thermal creep of the coating was calculated using
the generic Zircaloy correlation in TRANSURANUS, while other coating
properties were described using correlations for pure Cr, as in the pre-
vious coated cladding simulation. The results confirm that the difference
between coated and uncoated claddings in terms of burst time arises
solely from their distinct thermal creep rates. Therefore, other material
properties may be reasonably approximated using Zircaloy properties
without loss of accuracy.

Fig. 13 shows the evolution of the outer oxide layer thickness at the
burst node. Both coated and uncoated claddings follow trends consistent
with the initial heating phase, starting at the onset of the transient and
continuing until 90 s. However, in the FRAPTRAN-TUmech simulations,
the high-temperature steam oxidation model is activated only when the
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Fig. 13. Oxide layer thickness as a function of time.

average cladding temperature, or the outer cladding temperature if a
coating layer is present, reaches 800 °C, in line with the original
FRAPTRAN-2.0 code. Beyond 90 s into the transient, as the temperature
begins to decline, the growth rate of the oxide layer decreases accord-
ingly. For FRAPTRAN-TUmech, the oxidation calculation ceases once
the temperature falls below 800 °C. It is important to highlight that the
high-temperature oxidation models for both coated and uncoated clad-
dings are applied across all transient phases, regardless of the coolant
quality.

Regarding the effect of the Cr coating, by the end of the test, the
oxide layer on the uncoated cladding is roughly 10 times thicker ac-
cording to TRANSURANUS and 40 times thicker according to
FRAPTRAN-TUmech when compared to the coated cladding. This result
aligns with the notably enhanced resistance of Cr to high-temperature
steam oxidation. In both simulations, the thickness of the oxide layer
on the coated cladding remains below 1 um, indicating that only a small
fraction of the coating (< 10 %) is consumed by oxidation.

4.2. IFA-650.10

The Halden IFA-650.10 experiment is an in-pile single rod test on
fuel behaviour under simulated LOCA conditions (Lavoil, 2010). It
employed a 440 mm segment cut from a standard PWR fuel rod previ-
ously irradiated in a commercial reactor to an average burnup of 61
MWd/kgU. The test was performed at low constant fission power (1.37
kW/m, simulating the decay power immediately following a reactor
scram) to achieve the desired conditions for cladding ballooning and
high-temperature oxidation. The initiation of the blow-down phase
involved opening the valves that allowed the water to flow from the
bottom of the test rig to the dump tank. As a result, the test rig pressure
rapidly decreased from 7 MPa to around 4.5 MPa, depleting most of its
water content within 70 s. The presence of stagnant superheated steam
around the test rod led to insufficient cooling, triggering the heat-up
phase. The peak cladding temperature reached 850 °C and the average
temperature increase rate during the heat-up was around 8 °C/s. The test
was concluded by reactor scram 417 s following the onset of the
blowdown.

Unlike the QUENCH-L1 scenario, the simulation of the IFA-650.10
test necessitates a base irradiation simulation to characterize the state
of the fuel rod at the onset of the transient. For this purpose, preceding
each LOCA simulation with FRAPTRAN-TUmech, a base irradiation
simulation was conducted using the default version of the steady-state
fuel performance code FRAPCON-4.0 (Geelhood et al., 2014). This
also holds for the coated cladding base irradiation simulation, given that
the TUmech mechanical module has not yet been coupled with FRAP-
CON-4.0.

It is important to recall that the multi-nodal formulation of TUmech
is indispensable for independently modelling the cladding and the
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coating. However, the current version cannot handle closed-gap re-
gimes, which occur under normal operating conditions from relatively
modest burnups. Consequently, coupling the current version of TUmech
with FRAPCON-4.0 (developed to perform steady-state calculations of
fuel rods under normal operating conditions) would not provide valid
predictions.

Nonetheless, simulating the base irradiation of coated cladding as if
it were uncoated cladding offers a reasonable approximation for most
material properties. This is justified by the fact that, under normal
operating conditions, the most significant differences between coated
and uncoated claddings are the enhanced fretting performance,
improved wear resistance, and negligible corrosion exhibited by the
coating (USNRC, 2020). Wear and fretting phenomena are not addressed
in FRAPCON-4.0 or TUmech, making modifications in this aspect un-
feasible, and the corrosion of coated cladding has been set to zero during
base irradiation.

On the other hand, TRANSURANUS has the capability to simulate
fuel behaviour under both normal operation and accident conditions,
enabling the execution of a single code run that encompasses both the
base irradiation and subsequent LOCA test.

Fig. 14 displays the measured test rig pressure and the range of
cladding surface temperatures along the active length of the rodlet
(IAEA, 2019). As in the QUENCH-L1 scenario, the T/H boundary con-
ditions provided to each code are identical. In both codes, the cladding is
nodalized into 20 axial nodes and nine radial fine zones enclosed within
a single coarse zone. The pitch distance has been set to an arbitrarily
large value, considering the absence of adjacent rods in the experimental
setup.

The figures of merit considered in this scenario are the rod internal
gas pressure and the cladding permanent hoop strain at the burst node.

Fig. 15 shows the rod internal gas pressure evolution. A detailed
discussion on the origin of the differences between TRANSURANUS and
FRAPTRAN-TUmech for uncoated cladding is beyond the scope of this
paper and has been previously addressed in Aragon et al. (2024). In
short, the main source of discrepancy lies in the calculation of the
plenum volume. While the initial cold-state plenum volume is consistent
across simulations, its evolution is calculated using different models.
Additionally, the correlation used to estimate the axial elongation of the
fuel stack, and especially the cladding, due to thermal expansion
significantly contributes to the differences observed between TRANS-
URANUS and FRAPTRAN-TUmech.

The focus here is on assessing the impact of adding a 20 um thick Cr
coating. As expected, the lower creep strain rate of the coating slows
down cladding deformation. This delay becomes evident in the time
taken to reach the maximum rod internal pressure, particularly in the
FRAPTRAN-TUmech simulation, as it marks the point where the free
volume gain from cladding deformation starts dominating over internal
gas heating. Fig. 6 clearly shows that, under the same conditions, Cr
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Fig. 14. Time-dependent boundary conditions for the IFA-650.10 simulation.
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undergoes creep deformation at a much lower rate than Zircaloy. As a
result, while the rod internal gas pressure eventually increases in all
simulations due to rising temperatures, the faster increase in free volume
(caused by creep deformation) in the Zircaloy simulations leads to an
earlier offset of this pressure increase. On the other hand, Cr-coated
Zircaloy deforms more slowly, and the maximum rod internal gas
pressure is reached later in the transient.

The slower transition to the free volume dominance breakpoint,
combined with a lower deformation rate thereafter, results in a delayed
burst time compared to uncoated cladding. Burst is indicated by the
rapid internal pressure drop to match the test rig pressure. TRANS-
URANUS and FRAPTRAN-TUmech predict delays of 5 % (18 s) and 9 %
(32 s) for coated cladding, respectively.

Finally, the evolution of the cladding permanent hoop strain at the
burst node is plotted in Fig. 16. The time scale on the x-axis has been
adjusted for better visualization of the results. As in the QUENCH-L1
simulation, and due to the utilization of the same plastic instability
failure criterion for both coated and uncoated cladding, no conclusions
can be drawn regarding post-burst strains. Additionally, it is worth
noting that the use of such a failure criterion tends to underestimate
strains (Capps and Sweet, 2022).

4.3. Sensitivity analyses with TRANSURANUS

After introducing the scenarios simulated with the extended fuel
performance tools, this section presents two sensitivity analyses. One is
conducted to quantify the deviations introduced by the choice of clad-
ding failure criteria, and the other to justify specific aspects of the
modelling approach. The implementation of coatings into TRANS-
URANUS and FRAPTRAN-TUmech was not a straightforward process;
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Fig. 16. Cladding permanent hoop strain as a function of time.
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rather, it was informed by the insights gained from these sensitivity
analyses. Both analyses have been carried out with TRANSURANUS
under the conditions of the IFA-650.10 test.

4.3.1. Impact of failure criteria

This analysis evaluates the impact of the failure criterion on burst
time and post-burst strains. Assessing post-burst strains is essential to
determine whether the coated cladding simulations can reproduce the
smaller balloon size observed experimentally. However, the adoption of
a plastic instability failure criterion in the previous simulations hinders
reaching valid conclusions. Conversely, the use of a true stress limit
enables quantification of the differences between coated and uncoated
cladding in this regard.

Two additional simulations were performed, assuming overstress if
the average true tangential stress exceeds the stress limits displayed in
Fig. 10. In the subsequent figures, results are presented for the simula-
tions using the plastic instability (dashed line corresponding to the re-
sults shown in Section 4.2) and the overstress criterion (dotted line). It is
important to note that the same comparison with FRAPTRAN-TUmech is
not feasible due to the absence of a time-step control, which requires
limiting the maximum allowable strain rate (i.e., using a plastic insta-
bility criterion), as previously discussed.

As illustrated in Fig. 17, the two curves for each cladding design
coincide until reaching the plastic instability threshold, which consis-
tently precedes the stress limit. As mentioned in Section 4.2, the addition
of a 20 pm thick coating results in a 5 % (18 s) delay in burst time when
applying the plastic instability failure criterion. Conversely, when using
the overstress criteria outlined in Fig. 10 for coated and uncoated
cladding, their burst times increase by approximately 5.5 s. Therefore,
the magnitude of the delay attributed to the coating remains consistent.
It is worth highlighting that observing such minimal variations in burst
time across different failure criteria aligns with findings from other
modelling studies (Feria et al., 2024).

In contrast, Fig. 18 reveals that, when applying a stress limit, the
coated cladding exhibits significantly lower strains (36 % reduction)
compared to the uncoated cladding.

4.3.2. Assessment of effective modelling approach

The current sensitivity analysis aims to assess the differences
resulting from the selection of modelling approach for simulating coated
claddings. As demonstrated earlier, the impact of coating properties
other than creep can be disregarded without compromising accuracy.
Thus, the effective modelling approach has been exclusively applied in
the description of thermal creep, while Zircaloy correlations have been
used for all other material properties except for high-temperature
oxidation.

Fig. 19 shows the evolution of the rod internal gas pressure. Cladding
failure is assumed at the plastic instability threshold for both coated and
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(coated*) corresponds to a simulation of coated cladding using an effective
thermal creep correlation.

uncoated claddings. The orange curve (coated*) represents a coated
cladding simulation where the coating and the cladding are treated as a
composite material. It differs from the uncoated cladding simulation in
the thermal creep correlation (Egs. (13)-(15) are used instead of the
generic Zircaloy correlation), the cladding thickness (i.e., an additional
20 um are added to account for the coating), and the high-temperature
oxidation model. Note that the blue and green curves were previously
included in Fig. 15.

The IFA-650.10 case is a clear example of the potential drawback of
implementing effective coated cladding properties into fuel performance
codes. The predicted burst time for coated cladding, simulated with an
effective creep correlation, occurs roughly 20 s earlier than for uncoated
cladding, despite the greater thickness of the former. This discrepancy
with experimental observation underscores the importance of
approaching the adoption of effective creep correlations with careful
consideration. Of course, these results are contingent on the specific
code and scenario considered.

A more meaningful comparison of code predictions could be ach-
ieved if the same experimentalists who derived effective creep correla-
tions for coated samples also conducted analogous experiments on
uncoated samples, using the same experimental setup, testing proced-
ure, and Zircaloy material.

5. Conclusions

This paper introduces the extension of the TRANSURANUS fuel
performance code and the FRAPTRAN-TUmech suite to simulate Cr-
coated Zircaloy. For that purpose, a review of models and correlations
for pure Cr, as well as effective coated cladding properties, relevant to
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fuel performance modelling has been conducted. Additionally, a dis-
cussion on the two basic modelling approaches to coating simulation is
presented to justify the selected code implementation strategy. The
extended tools are then applied to simulate the behaviour of coated and
uncoated cladding under two scenarios, which mimic the conditions of
QUENCH-L1 rod 4 (fresh cladding) and IFA-650.10 (high burnup fuel
rod) LOCA tests.

The following conclusions can be drawn from the outcome of the
simulations:

e The independent modelling of the coating and cladding is recom-
mended over treating the coated cladding as a composite material, as
the latter approach may result in unrealistic predictions that deviate
from experimental observations. This mechanistic approach aligns
with current trends in high-fidelity modelling and should better ac-
count for variations in coating material compositions, thickness, and
fabrication techniques.

The thermal creep of the coating plays a fundamental role in the
overall behaviour of coated cladding during LOCA conditions. The
impact of other thermo-mechanical properties may be neglected
without loss of accuracy.

The addition of a 20 um Cr coating does not result in any significant
delay in burst time relative to uncoated cladding (less than 10 %).
Conversely, the predictions of post-burst strains based on true
overstress criteria align with experimental observations.

The superior high-temperature steam oxidation resistance of the Cr
coating results in a roughly tenfold reduction in oxide thickness.

Additional burst data suitable for deriving true stress limits is rec-
ommended to enhance the accuracy of post-burst strain predictions.

Further work includes consideration of Cr diffusion into the substrate
at high temperatures, the analysis of scenarios where the complete
coating can be oxidised, and a comprehensive validation of TRANS-
URANUS and FRAPTRAN-TUmech using empirical data from coated fuel
rods.
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