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Abstract

The originally licensed dry storage period of 40 years for spent nuclear fuel requires ex-
tension due to the lack of a duly available final disposal facility in Germany. The assess-
ment of fuel rod integrity at the end of extended storage periods relies heavily on numer-
ical predictions. Therefore, the development, verification, and validation of reliable fuel
performance codes are essential to allow for a robust safety assessment of long-term

dry storage operation.

Within the framework of the SPIZWURZ project, the SPIZWURZ bundle experiment at
KIT was conducted to provide an experimental basis for model development and valida-
tion. In this test, a fuel rod bundle was subjected to a gradual cooling transient over a
period of 250 days, with an average cooling rate of approximately 0.95 °C per day. The
experiment generated integral measurement data on cladding creep deformation and

hydrogen behavior under conditions representative of dry storage.

This report documents the results of a blind benchmark exercise performed to assess
the capability of existing fuel performance codes to predict the thermo-mechanical and
hydrogen-related phenomena occurring during a long-term cooling transient. The bench-
mark results provide insight into the current predictive capabilities and limitations of the
applied models and contribute to their further improvement for safety assessments of

extended dry storage.
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1 Introduction

Spent nuclear fuel passes through multiple storage phases after being discharged from
a reactor. In Germany’s strategy for managing spent nuclear fuel, the fuel is initially
stored for a short period in on-site cooling pools before being transferred to dry storage
in dual-purpose casks. The originally authorized storage period is up to 40 years. How-
ever, since the timeline for commissioning a final geological repository remains uncer-
tain, this period must now be extended to a longer, however, unknown period of time into
the future, necessitating an additional licensing agreement. Up to 100 years or longer

are currently under consideration.

Ensuring fuel integrity over the entire storage period is one critical safety requirement.
Its assessment relies largely on numerical simulations, since experimental data are lim-
ited. Moreover, real dry storage conditions can be reproduced only partially in experi-
ments due to time periods that extend over decades, and safety constraints associated
with handling irradiated materials. Therefore, the development of reliable and robust nu-

merical tools is of paramount importance.

Hydrogen-related effects are considered one of the primary fuel rod degradation mech-
anisms during long-term dry storage, yet they remain not fully understood. The joint re-
search project SPIZWURZ?! between the Karlsruhe Institute of Technology (KIT) and the
Gesellschaft fir Anlagen- und Reaktorsicherheit (GRS) was thus initiated to investigate
hydrogen behavior in fuel rod cladding tubes during long-term dry storage of spent nu-
clear fuel in transport and storage casks. This project was funded by the Federal Ministry

for the Environment, Climate Action, Nature Conservation and Nuclear Safety (BMUKN).

Within the framework of the SPIZWURZ project, the SPIZWURZ bundle test was con-
ducted at the KIT-LICAS? facility. A bundle of 21 electrically heated fuel rod simulators,
each 2.5 m in length, was subjected to a slow cooling process over a period of 250 days.
The temperature at the center of the bundle initially reached a maximum of 405 °C and

decreased to 165 °C by the end of the experiment, corresponding to an average cooling

1 SPIZWURZ - Spannungsinduzierte Wasserstoffumlagerung in Brennstabhullrohren wahrend langerfris-
tiger Zwischenlagerung (Stress-induced hydrogen rearrangement in fuel rod claddings during long-term
dry storage)

2 LICAS - Long-term Investigation of CIAddings behavior under Storage conditions



rate of approximately 0.95 °C per day. It should be noted that the experimental duration
was limited due to project constraints. In contrast, the cooling rates encountered under
actual dry storage conditions are substantially lower - by approximately one to two orders
of magnitude - than those applied in the SPIZWURZ experiment. The non-irradiated
cladding tubes were pre-charged with hydrogen at two different levels to simulate hydro-
gen uptake during reactor operation. Combined with two pressurization levels and a bell-
shaped axial temperature profile, this setup enabled the simultaneous examination of

various initial conditions.

The post-test measurements conducted on the cladding tubes from the SPIZWURZ bun-
dle, including the quantification of creep strains and the characterization of hydride dis-
tribution and morphology, form the foundation of the SPIZWURZ Benchmark, which aims
to validate and improve the modeling of creep and hydrogen behavior in cladding mate-

rials under dry storage conditions.



2 SPIZWURZ Benchmark Description

The SPIZWURZ Benchmark was designed to be carried out in two distinct phases:

1. Blind Benchmark (first phase);
2. Open Benchmark (second phase).

In the first phase of the benchmark, the existing fuel performance codes are compared
against the experimental results obtained from the bundle experiment conducted as part
of the SPIZWURZ project. This phase aims to evaluate the accuracy and reliability of the
current models in predicting the behavior of fuel rods during dry storage, with a particular
focus on creep and hydrogen behavior. The results of this first phase are presented and
discussed in this report.

In the second phase, the experimental results will be used to refine and calibrate the
existing models. This phase aims to ensure that the refined models provide a more ac-

curate representation of long-term fuel behavior.

2.1 SPIZWURZ Bundle Experiment

211 Experimental Setup

The QUENCH facility is a unique out-of-pile facility designed for large-scale bundle ex-
periments and has been operated by the KIT since 1997. The QUENCH experimental
program was initiated to investigate core degradation and hydrogen generation rates
during a reflood of an overheated uncovered core. Within the SPIZWURZ project, the
QUENCH facility was modified to conduct a long-term cooling transient and was later
named the LICAS facility. Further details on the QUENCH Program, including its latest
updates, are available in /STE 25/.

The test section of the LICAS facility is shown in Fig. 2.1. The test bundle consists of
21 electrically heated fuel rod simulators containing non-irradiated zirconium-based clad-
ding tubes, and four corner rods. The bundle cross-section is schematically depicted in
Fig. 2.2. The test bundle is surrounded by a zirconium shroud, a ZrO; fibre insulation,
and a cooling jacket. During the SPIZWURZ bundle experiment, the water temperature
inside the cooling jacket was kept constant at a value of around 13°C to protect from

ambient temperature fluctuations and to ensure the targeted cooling rate.
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Fig. 2.1 Schematic overview on the LICAS facility

Test section (left), fuel rod simulator (right).

Fuel rod simulators with a length of approximately 2480 mm each are arranged using
grid spacers with a pitch of 14.3 mm and are heated electrically. As shown in Fig. 2.1,
the midsection of the rod ( from O mm up to 1024 mm ) is heated by a tungsten heater of
4.6 mm diameter, which is surrounded by ZrO; annular pellets. Two molybdenum heaters
of 9.0 mm diameter are connected in series above and below the tungsten heater, re-

sulting in a total heated length of 1900 mm.

The instrumentation of the LICAS facility allows for control of the rod's internal pressure
individually during the experiment. Two different pressurization levels, 103 bar and
142 bar, were applied to the rods in the SPIZWURZ bundle, which correspond to cladding
hoop stresses of 66 MPa and 91 MPa, respectively.

Before mounting to the bundle, the cladding tubes were pre-treated with hydrogen in the
HoKi furnace at KIT, which was specially designed for this purpose. This furnace allowed
to attain uniform temperatures of 450 °C over a length of approximately 1250 mm, which
defined the effective hydrogenation region. The hydrogen was supplied from the inner

side of the tubes, whereas an oxygen atmosphere was created outside the tubes to



prevent a hydrogen release from the cladding tubes. For the SPIZWURZ bundle experi-
ment, the target hydrogen concentrations were chosen to be 100 wppm and 300 wppm,
to lie below and above the solubility limit of the hydrogen at the maximum temperature
within the bundle at the beginning of the experiment.

After the loading, the hydrogen content in the claddings was evaluated using the follow-
ing non-destructive procedure. First, the outer cladding diameter was measured by a
laser scanner before and after the hydrogenation to evaluate the growth of the cladding's
outer diameter. Then, the hydrogen concentration was measured in several samples
using a destructive hot extraction method to establish a correlation between the hydro-
gen concentration and the growth of the outer diameter. Finally, the hydrogen concen-
tration in the remaining cladding tubes was estimated based on the obtained correlation

and the laser scanner measurements of the outer diameter.

It should be noted that the scanner measurements provided only a qualitative represen-
tation of the axial hydrogen distribution and did not determine the exact hydrogen con-
centration along the cladding length. This limitation was particularly relevant for claddings
with a target hydrogen content of 100 wppm, where the resulting increase in cladding
diameter was approximately 1.7 um and thus on the order of the scanner measurement
uncertainty of 1 um. For samples with 300 wppm hydrogen, the resolution was im-
proved, as the corresponding diameter increase was approximately 5.3 um. More details

about the hydrogenation can be found in /STU 23/.

In order to preserve the outer oxide layer of the claddings during the experiment, a mix-
ture of Argon 80% and Oxygen 20 % was supplied to the space between fuel rod simu-

lators, which created a slight overpressure of 1.1 bar within the shroud.



Fig. 2.2 SPIZWURZ test bundle (top view). Thermocouple instrumentation

A scheme of the bundle cross-section is shown in Fig. 2.2. Here, the proportions of the
bundle to the other test section components are slightly distorted to better visualize the
arrangement of the fuel rods. The classification into central, internal, and peripheral rods

is indicated by light grey rings in the sketch of the test bundle.

The SPIZWURZ bundle includes three different zirconium alloys used in Western Eu-
rope: Zircaloy-4 (Zry-4), Optimized ZIRLO, and Duplex DX D4, which consists of the
Zry-4 bulk material and an outside liner DX with a reduced tin concentration. The alloca-
tion of the cladding tubes within the bundle is illustrated in Fig. 2.2 with different colours,
whereas the chemical composition of cladding tube materials is given in Tab. 2.1.



Tab. 2.1

Chemical composition of cladding tube materials

Alloying Cladding tube material
element,
Wt % Zry-4 Duplex Opt.ZIRLO
Zry-4 substrate | DX D4 outer liner
Sn 1.3 1.5 0.5 0.75
Fe 0.21 0.21 0.5 0.11
Cr 0.1 0.1 0.2 0.005
Nb 0.01 <0.01 <0.01 1.0
(@) 0.13 0.14 0.14 0.12
Tab. 2.2 SPIZWURZ test matrix

Central rod (C), internal rod group (I), and peripheral rod group (P). Internal rod pressure:

pmin =103 bar, pmax =142 bar; hydrogen concentration: Cmin =100 wppm, Cmax =300 wppm.

Cladding tub
amaltr;?ia? € pvin and Cwin pmin and Cuax pmax and Cwuin pvax and Cuax
Zry-4 I, P I, P | I, P
Opt.ZIRLO P, P I, P I, P I, P
DX D4 P | P C,P

The target hydrogen concentrations of 100 wppm and 300 wppm are denoted with Cmin

and Cuax, respectively. The rods at internal pressures of 103 bar and 142 bar are marked

in Fig. 2.2 with pmin @and puax, respectively. Due to the leakage of the sealings, the internal

pressure in the rod Ne18 remained at the level of 1.5 bar during the entire experiment.

Therefore, only 20 out of 21 rods were considered for the benchmark. The test matrix in

Tab. 2.2 summarizes all test conditions considered by the SPIZWURZ bundle.

The design characteristics of the SPIZWURZ bundle experiment are summarized in

Tab. 2.3.



Tab. 2.3

Design characteristics of the SPIZWURZ bundle experiment

Bundle

Size
Effective number of rods
Pitch

21 heated rods + 4 corner rods
20 heated rods
14.3 mm

Fuel rod simulator

Total length (elevations)
Rod internal pressure (rods)
pmax =142 bar
pmin = 103 bar

Total heated gas volume inside the rod

2480 mm (-690 to 1790 mm)

1,2,37,8,10,11, 12, 20, 21
4,5,6,9, 13,14, 15, 16, 17, 19

15 cm?

Cladding tubes

Outside diameter
Wall thickness
Length (elevations)
Material (rods)
Zircaloy-4
Optimized ZIRLO
Duplex DX D4
Hydrogen pre-treatment
Effective hydrogenated length (ele-

10.75 mm
0.725 mm
2278 mm (-593 to 1685 mm)

2,4,6
3,57
1,91

, 8,11,14, 17
, 10, 12, 13, 15, 16
9, 20,21

=~1250 mm (-18 to 1232mm)

vations)
Target hydrogen concentration
(rods)
Cwmax = 300 wppm 1,2,5,6,7,9,10, 11, 16, 17, 20
Cwmin= 100 wppm 3,4,8,12,13, 14, 15,19, 21
Oxide layer thickness
Outer 2.4 ym
Inner 1.0 um
Annular pellet Pellet stack 0 to 1020 mm
Material ZrOz2; Y20z3-stabilized
Outer diameter 9.15 mm
Inner diameter 4.75 mm
Length 11 mm
Surface roughness 0.3 um

Total length (elevations)

1900 mm (-300 to 1600 mm)

Heaters

Molybdenum heater
Length
- lower part 300 mm (-300 to 0 mm)
- upper part 576 mm (1024 to 1600 mm)
Diameter
- after ZrOz coating 9 mm
- prior coating 8.6 mm
Coating surface roughness 6-12 ym

Tungsten heater
Length 1024 mm (0 to 1024mm)
Diameter 4.6 mm

Surface roughness 1.6 ym

21.2 Post-Test Cladding Analysis

Upon completion of the bundle experiment, the bundle was dismantled, and all cladding
tubes were subjected first to non-destructive outer diameter measurements using a laser
scanner. The entire length of each rod was analyzed with a resolution of 1 mm. Meas-
urements at each axial location were taken at 3°radial angular intervals, and the average

of these measurements was used to compute the resulting diameter at each specific



axial position. The creep strain was then calculated by comparing the diameter meas-

urements obtained before and after the bundle experiment.

Destructive examinations were performed at a minimum of five axial locations along the
cladding length to characterize the local hydrogen concentration and hydride morphol-
ogy. At each axial location, the upper segment was allocated for hydrogen quantification
by hot vacuum gas extraction, while the lower segment was prepared for metallographic
analysis.

The local hydrogen concentration was determined by hot vacuum gas extraction from
four circumferentially distributed lamellae extracted at 90°intervals. The reported hydro-
gen concentration represents the arithmetic mean of these four measurements to ac-

count for potential circumferential variations.

Metallographic samples were prepared using standard grinding and polishing proce-
dures, followed by appropriate etching to reveal hydride structures. Light optical micros-
copy (LOM) images were acquired and subsequently analyzed to quantify hydride met-
rics, including hydride distribution, orientation, and morphology, as described in
/KOL 26/.

Fig. 2.3 An example of the manual part of the micrograph processing (Rod Ne 2,

bundle elevation 520 mm, angle 0°)

a — original image, b — the original image with outlined hydrides, ¢ — outlined hydrides only

(used for further numerical analysis).

Image processing of the metallographic micrographs was carried out in two consecutive
steps: a manual pre-processing step and a subsequent numerical analysis step. In the
first step, hydrides visible in the micrographs were manually outlined using image anal-
ysis software. This procedure improved the contrast of the hydride phase and allowed
artefacts associated with mechanical polishing and acid etching of the sample surface to

be excluded from further analysis. Without this pre-processing, such artefacts could be



mistakenly interpreted as hydrides during automated evaluation. An example of this pro-

cedure is shown in Fig. 2.3.

In accordance with ASTM B811 /SUB 22/, only hydride platelets with a length exceeding
15 pm, or with an extension of more than 15 pm in the secondary direction, were included
in the analysis. In the second step, the pre-processed images containing only the out-
lined hydrides were evaluated using the numerical tool described in /SIM 21/. The tool
was used to determine the radial hydride fraction (RHF) and the radial hydride continu-
ous path (RHCP).

Profilometry measurements and subsequent destructive examinations revealed pellet—
cladding contact at several axial positions in some of the fuel rods. The observed pellet—
cladding interaction (PCI) is attributed to the comparatively higher thermal expansion of
the ZrO, pellets under the experimental conditions, combined with a slight rod ovality,
which resulted in localized mechanical interaction with the cladding. This issue will be
addressed further in the discussion of results, including its implications for the compari-

son between benchmark calculations and experimental observations.

2.2 SPIZWURZ Blind Benchmark

221 Boundary Conditions

Cladding temperatures

During the SPIZWURZ experiment, the temperatures within the bundle were constantly
measured by the thermocouples placed at the outer surface of the fuel rod simulators
Ne 1, Ne 5, and Ne 14 and inside of all non-heated corner rods, as illustrated in Fig. 2.2.
The three heated rods were instrumented with thermocouples at 14 different axial posi-
tions with a 100 mm step starting with the bundle elevation of -50 mm. Additionally, one

thermocouple was installed at each bundle elevation at the outer surface of the shroud.

The axial temperature profiles at the beginning (day 0) and at the end (day 250) of the

bundle experiment are plotted for fuel rod simulators Ne 1, Ne 5, and Ne 14 in Fig. 2.4.

10
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Fig. 2.4 Fuel rod simulator (left). Axial temperature profiles at the beginning and the
end of the experiment (middle). Axial zone layout for the benchmark (right)

The suggested partitioning for the benchmark computations is illustrated on the right of
Fig. 2.4. The rod region was divided into 14 zones, each 100 mm long, with temperature
measurements taken at the midpoint of each zone. Together, these zones fully cover the

effective hydrogenated region (the shaded region on the temperature plot in Fig. 2.4).

The maximum temperatures within the bundle were recorded at the central rod at an
elevation of 450 mm -550 mm (zones 6 and 7). It decreased from its initial value of
around 405 °C down to 165 °C within 250 days, with an average slope of 0.94°C/d. The
temperatures in the central region of the cladding of the central rod (Ne 1), an internal

rod (Ne 5), and a peripheral rod (Ne 14) are plotted in Fig. 2.5.

As illustrated in Fig. 2.5, four electrical power failures occurred during the experiment,
resulting in rapid cooling of the rods. Apart from these unplanned events, the temperature
was decreased in a controlled, stepwise manner, with maximum gradients of up to 6 °C/h
during the scheduled cooling phases. However, unintended operational interventions as-
sociated with manual power adjustments produced substantially higher localized cooling
rates of up to 40 °C/h. Even more pronounced effects were observed during accidental
complete power outages, where cooling rates reached as high as 160 °C/h at individual

measurement locations.

11
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Fig. 2.6 Cladding temperatures during the bundle experiment in all 14 zones of the

central rod (left: original data, right: filtered data)

The temperature data recorded by the thermocouples on the central rod (Rod Ne 1) were

used as the temperature boundary condition for the benchmark calculations. Assuming

radial symmetry within the bundle for calculation purposes, the temperature recordings

from fuel rod simulator Ne 5 were used to define the boundary conditions for the eight
internal rods (Rods Ne 2—Ne 9), while the data from fuel rod simulator Ne 14 were used

for the simulation of the eleven peripheral rods (Rods Ne 10—Ne 21).

12



The cladding temperatures recorded in all 14 zones of the central rod are presented on
the left side of Fig. 2.6, while the temperature data from the remaining rods are provided
in Appendix 0. From the filtered temperature histories shown on the right side of Fig. 2.6,
those power shortage events have been removed. For the benchmark calculations, the
use of the original unfiltered data was the preferred option, although the filtered data
could be used to avoid potential numerical issues arising from the transient cooling of

the rods.

Rod internal pressure

The pressure within each rod was controlled individually. Small leaks required periodic
refilling of 7 out of the 20 rods, and the replacement of sealing rings in 6 rods caused
brief depressurization events, visible in the pressure recordings as abrupt pressure drops
on the left side of Fig. 2.7. These events are not related to the electrical power failures
noted earlier and have also been removed from the filtered data shown on the right side
of the figure. For the benchmark calculations, the original unfiltered pressure data are
preferred, although the filtered data could be used to avoid potential numerical issues
from the abrupt drops.
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Fig. 2.7 Rod internal pressure in all 21 fuel rod simulators during the bundle experi-

ment (left: original data, right: filtered data)

Hydrogen concentration

The initial hydrogen content of all cladding tubes was quantified from the diameter in-
crease measured after hydrogen charging, using laser scanner measurements as de-

scribed in Section 2.1.1. The resulting axial hydrogen concentration profiles at the start

13



of the bundle test are shown in Fig. 2.8 for rods Ne 1 and Ne 5 as representative exam-

ples; the corresponding axial distributions for all rods are compiled in Appendix B.

ROD 1 ROD 5
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Fig. 2.8 Axial hydrogen distribution in the cladding of the fuel rod simulator Ne 1
(left) and Ne 5 (right)

Although the target hydrogen concentration for both claddings was 300 wppm as marked
by the grey vertical lines in Fig. 2.8, the measured concentrations exhibited rod-specific
axial variations. For the benchmark calculations, the hydrogen content was averaged

over the predefined axial zones, as indicated by the solid blue lines in Fig. 2.8.

Post-test cladding analysis using hot vacuum gas extraction (HVGE), as shown by dark
blue diamonds in Fig. 2.8, revealed deviations from the estimated values and indicated

a more uniform axial hydrogen distribution.

The uncertainty in the pre-test estimates arises primarily from measurement limitations,
since the diameter increase corresponding to 100 wppm of hydrogen uptake is compa-
rable to the measurement accuracy, as explained in Section 2.1.1. Furthermore, the cor-
relation between diameter change and hydrogen uptake was established using a limited
number of samples subjected to destructive analysis after hydrogen charging and prior
to the bundle test. The hydrogen concentrations determined at the conclusion of the ex-
periment via hot vacuum gas extraction are considered more representative than the
initial diameter-based estimates, as only minor axial hydrogen diffusion is expected at

the temperatures investigated.
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The hot vacuum gas extraction measurements were performed after completion of the
bundle test and were therefore not available at the time the benchmark calculations were
carried out. Consequently, the benchmark simulations relied solely on the estimated hy-
drogen concentrations. This introduces uncertainty in the initial hydrogen content that

must be considered when comparing benchmark results with experimental observations.

222 Scope of the Benchmark

The benchmark was conducted in accordance with the setup described in the benchmark
specification /REZ 24/. Distributed experimental data included temperature and pressure
measurements recorded during the experiment, as well as the estimation of hydrogen
content along the cladding length, as detailed in Section 2.1.1.

Benchmark participants were requested to report, for each fuel rod in the test bundle,
the hydrogen concentration, hydride concentration and orientation (including radial and
circumferential distribution), and cladding strains (including creep strain and total strain

components).

All results were to be submitted in the data format defined in the benchmark specification

to ensure consistency and comparability among participants.

The submitted results were subsequently compared to the experimentally measured
creep strain and radial hydride fractions derived from light optical microscopy analyses.
The evaluation assessed the participants’ ability to reproduce both the magnitude and
the axial distribution of creep deformation, as well as the measured fraction of radially

oriented hydrides. These results are presented below in Section 3.

15






3 SPIZWURZ Blind Benchmark Results

The blind phase of the SPIZWURZ Benchmark began in April 2024, involving a total of
11 contributions by 10 organizations from 7 countries. The following organizations par-
ticipated in the benchmark:

AXPO Power AG (AXPO), Switzerland

Centre for Energy, Environmental and Technological Research (CIEMAT), Spain
National Atomic Energy Commission (CNEA), Argentina

Electricité de France SA (EDF), France

Framatome GmbH, Germany

Gesellschaft fir Anlagen- und Reaktorsicherheit gGmbH (GRS), Germany
Karlsruhe Institute of Technology (KIT), Germany

Paul Scherrer Institut (PSI), Switzerland

© © N o g bk DN PRE

Seoul National University (SNU), South Korea
10. Nuclear Research Institute UJV Rez (UJV), Czech Republic

The following sections present the results of the benchmark exercise, including compar-
isons between submitted predictions and experimental reference data. Section 3.1 pro-
vides a detailed summary of the benchmark outcomes related to cladding creep behav-

ior, while Section 3.2 focuses on hydrogen behavior in the cladding.

Initial results from the benchmark exercise were presented during the 21st International

Symposium on Zirconium in the Nuclear Industry /GRO 25/.

3.1 Creep behavior

This section of the benchmark addresses the creep behavior of the fuel rod cladding
during a long-term cooling transient. It opens with an overview of the participating organ-
izations and their respective modeling approaches, followed by a presentation of the
benchmark results. The analysis then compares the predicted creep responses with ex-
perimental data, highlighting overall trends, areas of agreement, and key discrepancies

among the different calculations.
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311 Participants and Modeling Approaches

Eight organizations submitted a total of nine contributions to the benchmark addressing
creep behavior. The computational tools employed by the participants are summarized

below, with the organizations listed in alphabetical order.

AXPO

AXPO used the 1.5D in-house code DSTL to simulate the behavior of a fuel rod during
dry storage and to compute creep strains of Zry-4 and DX D4 claddings. For the model-
ing of DX D4, the correlation proposed by Cappelaere et al. /CAP 12/ was applied with
a custom parameterization, while the generic correlation developed by Spilker et al.
/SP1 97/ was used for Zry-4 rods. The effect of hydrogen on the creep rate of Zircaloy
was accounted for based on the study by Mallipudi et al. /MAL 12/.

CIEMAT

The cladding creep strain was evaluated exclusively for the Zry-4 rods using the corre-
lation developed by CIEMAT, which is based on a database containing Zry-4 material
data /FER 11/. This correlation is implemented in FRAPCON-xt, the dry storage exten-
sion of the fuel performance code FRAPCON /FER 15/.

CNEA

DIONISIO is a fuel performance code developed at the Codes and Models Section of
CNEA. It is designed to simulate the behavior of nuclear fuels under irradiation during
normal reactor operation and under loss-of-coolant accident conditions. The code is ap-
plicable to fuel rods from nuclear power plants (PWR, BWR, PHWR, and SMR) as well
as to plate-type fuels used in research reactors. In addition, DIONISIO includes a dedi-
cated module for the simulation of out-of-pile experiments, which was employed for the
SPIZWURZ Benchmark calculations.

Creep calculations were carried out using filtered input in combination with the CREPR
model implemented in FRAPCON-4.0 /GEE 15/. The CREPR formulation is based on
the model proposed by Limb&ck and Andersson /LIM 96/. Model parameters correspond-
ing to stress-relief-annealed cladding were adopted for Zry-4 and DX D4. For Opt.ZIRLO,

the same parameter set was applied with a reduction factor of 0.8 /SAB 94/.
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EDF

EDF carried out simulations using the SICRAC code /EL 24/, a 1.5D numerical tool spe-
cifically developed to calculate cladding creep under back-end conditions. The creep
behavior of Zry-4 and Opt.ZIRLO claddings was modeled using the correlations pro-

posed by Cappelaere et al. /[CAP 12/.

Framatome

Framatome employed CSAS, an in-house tool for evaluating cladding stress and strain
under dry storage conditions. For the benchmark, a specialized R&D version of the code
was employed to simulate the creep behavior of Zry-4 and DX D4 claddings, using fil-
tered input data and a model calibrated against Framatome creep data.

GRS

GRS performed the benchmark calculations using the 1.5D in-house code TESPA-ROD,
which is capable of simulating fuel rod behavior under normal operation, a range of ac-
cident scenarios, and has recently been applied to long-term storage scenarios /SAP 25/.
The creep strains of Zry-4 and DX D4 rods were calculated using the CIEMAT correlation
/FER 11/. For Opt.ZIRLO claddings, this correlation was adapted to reproduce the ex-
perimental creep data reported for unirradiated Opt.ZIRLO /AND 20/.

PSI

PSI evaluated the mechanical behavior of the fuel rods using two different codes: Falcon
V1.5 /YAG 15/ and OFFBEAT /SCO 20/. Falcon is a 2D finite element code co-devel-
oped by the Electric Power Research Institute and PSI, capable of modeling BWR and
PWR rod designs under a variety of scenarios. Creep behavior under dry storage condi-
tions was simulated using the Bouffioux model /BOU 05/. All rods were treated as Zry-4,
as thermo-mechanical parameters for Opt.ZIRLO and DX D4 are not available in the

version of Falcon used.

OFFBEAT is a multi-dimensional thermomechanical fuel performance code, co-devel-
oped by EPFL and PSI, based on the OpenFOAM platform. All rods were modeled as
Zry-4, and creep was computed using the model by Limbé&ck and Andersson /LIM 96/.

The submitted creep strain corresponds to the volume-averaged hoop component of the
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strain tensor for each axial zone. Full input data were used, except for DX D4 rods, which

were simulated using filtered data.

uJv

UJV contributed to the benchmark calculations using TRANSURANUS, a fuel perfor-
mance code developed by the Joint Research Centre and widely used by research cen-
ters, nuclear safety authorities, universities, and industry partners /LAS 92/. The code
supports thermal and mechanical analyses of fuel rods in BWR, PWR, and VVER reac-
tors under normal, off-normal, and accident conditions. Creep of DX D4 and Zry-4 rods
was calculated using the standard Zircaloy TRANSURANUS model, while an internal

UJV creep model was applied for Opt.ZIRLO claddings.

3.1.2 Benchmark Results

Key factors to consider when comparing creep deformation of different rods in the bundle
include their position within the bundle, the pressure evolution during the test, and the
hydrogen content. To enable a clear comparison between the rods, only one parameter

is varied at a time while all other conditions are held constant.

As discussed in Section 2.2.1, post-test examinations of several bundle cladding tubes
revealed significant discrepancies between the initially estimated hydrogen contents
used as input for the benchmark calculations and the concentrations measured by hot
vacuum extraction. These discrepancies introduce additional uncertainty in the compar-
ison between benchmark predictions and experimental observations, particularly when
evaluating the capability of the codes to simulate hydride reorientation. However, this
issue poses only limited impact on the creep assessment, since nearly all models applied
in the present study do not explicitly account for hydrogen effects in their creep correla-

tions.

When comparing experimental results with simulations, it is important to account for the

pellet-cladding interaction, which is particularly pronounced in rods Ne 6, Ne 8, and Ne 12.

In the axial creep profiles shown below, the y-axis corresponds to the axial position (bun-
dle elevation), while the x-axis represents the creep strain. Experimental data are dis-

played in black, whereas numerical results are shown in color and labeled according to
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the contributing organization. For clarity, ‘PSI-F’ and ‘PSI-O’ refer to PSI results obtained
with the Falcon and OFFBEAT codes, respectively.

Zry-4 Cladding

The maximum creep was observed in rods subjected to higher hoop stress and posi-
tioned in the hotter regions of the bundle. For Zry-4 claddings, these correspond to rods
Ne 2 and Ne 8, both located in the inner rod ring and pressurized at their respective max-
imum pressures (144.5 bar and 144.1 bar). Using the thin-wall approximation based on
the inner diameter, this results in a hoop stress of approximately 92.5 MPa. At the be-
ginning of the experiment, the temperature in the central part of the internal rods reached

a maximum of 392 °C.
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Fig.3.1  Axial creep profiles. Left: Rod Ne 2 (Zry-4, Pmax, Cmax, internal). Right: Rod
Ne 8 (Zl'y-4, Pmax, Cmin, internal)

The axial distribution of creep deformation reflects the bell-shaped temperature profile,
with a maximum value of 0.83 % at a bundle elevation of approximately 500 mm in the
rod Ne 2, see Fig. 3.1. Toward both the lower and upper ends of the rod, the creep strain

decreases significantly, approaching near-zero values outside the central zone.

The experimental data for rod Ne 8 indicate a similar maximum creep strain; however, a

pronounced scatter is observed over the entire axial range, which is attributed to pellet—
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cladding interaction. During sample preparation for metallographic investigations, the
pellets in the central region detached easily, whereas those near the rod ends remained
trapped within the cladding.

Fig. 3.2 presents a light optical microscopy image of rod Ne 8 at a bundle elevation of
950 mm, where the presence of an annular pellet and its center hole is clearly visible. In
addition, the profilometry measurements of this rod reveal a distinct pellet pattern, char-
acterized by a periodic drop in the measured diameter approximately every 11 mm, cor-
responding to the pellet height.

Cladding

Pellet

Fig. 3.2 LOM image of rod Ne 8 (Zry-4, Pmax, Cmin, internal) at 950 mm elevation
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Fig. 3.3 Axial creep profiles. Left: Rod Ne 4 (Zry-4, Pmin, Cmin, internal). Right:
Rod Ne 8 (Zry-4, Pmin, Cmax, internal)
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Although the quantitative impact of the pellet effect on the measured creep strain cannot
be determined precisely, the influence is considered significant. Therefore, rod Ne 8 is

excluded from further evaluation and comparison.

The internal rods Ne 4 and Ne 6 pressurized at Pmin (hoop stresses of approximately
66 MPa) exhibit creep strains roughly half those of rod Ne 2, with similar values observed
for both high and low hydrogen content, as can be seen in Fig. 3.3. Although PCI occurs
at the rod ends, the central region shows no pellet pattern, suggesting only a minor in-

fluence on creep in that area.
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Fig. 3.4 Axial creep profile. Rod Ne 11 (Zry-4, Pmax, Cmax, peripheral)

At the start of the experiment, the maximum temperature in the peripheral rods was about
10 °C lower than in the internal rod ring. The creep profile shown in Fig. 3.4 illustrates
the axial distribution of hoop strain for rod Ne 11. Compared to the internal rod Ne 2, Ne 11
located at the bundle periphery exhibits approximately 27 % lower creep deformation,

highlighting the influence of temperature on creep.

Data for a second peripheral rod at Pmax are not available, as rod Ne 18 remained un-
pressurized throughout the experiment. Nevertheless, the measurements from this rod

can be used as a reference.
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Two peripheral Zry-4 rods shown in Fig. 3.5, Ne 14 and Ne 17, both at Pmin, exhibit max-
imum creep strains of 0.27 % and 0.33 %, respectively. These values are 34 % and 23 %
lower than those of rods Ne 4 and Ne 6, located in the internal ring and having otherwise
similar parameters. While most Zry-4 rods show no significant differences in creep be-
tween low and high hydrogen content, rod Ne 17 has 18 % higher maximum creep strains
compared to rod Ne 14, which may also be due to an 8 °C uncertainty in the radial tem-
perature distribution within the bundle. Consistent with the observations for the internal
rods, the higher pressurization of rod Ne 11 compared to Ne 17 results in approximately

1.9 times greater creep strain.
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Fig. 3.5 Axial creep profiles. Left: Rod Ne 14 (Zry-4, Pmin, Cmin, peripheral). Right:
Rod Ne 17 (Zry-4, Pmin, Cmax, peripheral)

Overall, most of the submitted results showed good agreement with the measured creep
values, indicating that the existing codes are generally effective in reproducing the creep
strains of Zry-4 claddings during long-term cooling. The bell-shaped axial profiles were
generally well reproduced by the models. However, creep strains in the colder rod end
regions, where the temperature does not exceed 300 °C, are underestimated by the ma-
jority of benchmark participants. This discrepancy is likely related to the limited availabil-

ity of experimental data in this temperature range for model calibration and validation.

The lower creep values reported by the benchmark participants CNEA and UJV can be
attributed to the use of creep models derived for in-reactor conditions, which tend to

underestimate creep behavior under dry storage conditions.
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DX D4 Cladding

A comparison between the DX D4 rod Ne 9 and the Zry-4 rod Ne 6 from the internal rod
ring, as well as between the peripheral rod pairs Ne 20 and Ne 11 and Ne 19 and Ne 14,
which were subjected to identical test conditions except for the cladding material, indi-
cates nearly identical creep behavior. Therefore, the approach adopted by most bench-
mark participants of applying the same creep models to both Zry-4 and DX D4 claddings

is well supported by the findings of the bundle experiment.
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Fig. 3.6 Axial creep profiles. Left: Rod Ne 20 (DX D4, Pmax, Cmax, peripheral). Right:
Rod Ne 17 (DX D4, Pmax, Cmin, peripheral)

The comparison of the DX D4 peripheral rods Ne 20 and Ne 21 in Fig. 3.6 shows very
similar creep behavior for rods with different hydrogen contents. The creep strains of rod
Ne 21 (right in Fig. 3.6), pressurized at Pmax, are approximately twice as high as those
measured for rod Ne 19, pressurized at Pmin (right in Fig. 3.7). These findings are con-

sistent with the trends observed for the Zry-4 rods.

As shown previously, differences in hydrogen content do not significantly influence the
creep behavior of Zry-4 and DX D4 rods, which allows for a comparison between the
internal rod Ne 9 and the peripheral rod Ne 19 despite their different hydrogen levels in
Fig. 3.7. For this pair, the 10-15 °C higher temperatures lead to a 41 % increase in creep

strain, which is larger than the corresponding differences observed for the Zry-4 rods.
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This deviation could be related to the difference in hydrogen content; however, it is more
likely attributable to the radial temperature uncertainty within the bundle.
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Fig. 3.7  Axial creep profiles. Left: Rod Ne 9 (DX D4, Pmin, Cmax, internal). Right: Rod
Ne 19 (DX D4, Pmin, Cmin, peripheral)
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The temperatures in the central rod are up to 30 °C higher than those in the peripheral
rods, and correspondingly, the creep deformation of rod Nel is the highest among the
Duplex rods, see Fig. 3.8, being approximately 40 % greater than that of rod Ne 20 (left
in Fig. 3.6). This behavior is consistent with the trends observed for the Zry-4 rods.

Overall, the findings from the bundle experiment provide strong support for the approach
adopted by most benchmark participants, namely the application of the same creep mod-
els to both Zry-4 and DX D4 claddings.

Opt.ZIRLO Cladding

Compared to Zry-4 and DX D4 claddings, the Opt.ZIRLO rods exhibited approximately
two to four times higher creep deformation in the bundle test. The largest difference was
observed for rods at Cmax and Pmax, Zry-4 rod Ne 2 (Fig. 3.1, left side) and Opt.ZIRLO
rod Ne 7 (Fig. 3.9), with rod Ne 7 reaching a maximum creep strain of 3.32% at the center
of the rod, compared to 0.83 % for rod Ne 2. Consequently, the x-axis for the axial creep

plots of Opt.ZIRLO rods was extended to accommodate the higher creep strains.
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Fig. 3.9 Axial creep profiles. Left: Rod Ne 5 (Opt.ZIRLO, Pmin, Cmax, internal). Right:
Rod Ne 7 (Opt.ZIRLO, Pmax, Cmax, internal)

The effect of pressure also appears to be more pronounced for Opt.ZIRLO claddings.
For the internal rods shown in Fig. 3.9, the creep strains of rod Ne 7 at Pmax are nearly
three times higher than those of rod Ne 5 at Pmin. For the peripheral rods Ne 10 and Ne 16
in Fig. 3.10, this factor is approximately 2.5. In comparison, the corresponding factor for

Zry-4 rods was around 2.
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Fig. 3.10

Bundle elevation, mm
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Axial creep profiles. Left: Rod Ne 10 (Opt.ZIRLO, Pmax, Cmax, peripheral).

Right: Rod Ne 16 (Opt.ZIRLO, Pmin, Cmax, peripheral)

The 10-15 °C temperature difference between internal and peripheral rods has a more

pronounced effect on Opt.ZIRLO claddings compared to Zry-4 rods, where the creep of

internal rods did not exceed 1.5 times that of the peripheral rods. For Opt.ZIRLO rods at

Pmax, the maximum creep strain of the internal rod Ne 7 (Fig. 3.9, right side) is 2.2 times
higher than that of the peripheral rod Ne 10 (Fig. 3.10, left side). At Pmin, the creep strain
of rod Ne 5 (Fig. 3.9, left side) is 1.8 times greater than that of rod Ne 16 (Fig. 3.10, right
side).

Fig. 3.11
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The analysis of the temperature difference effects between rods Ne 3 and Ne 12, for
which the resulting axial creep profiles are shown in Fig. 3.11, is complicated by two
factors. First, rod Ne 3 was not pressurized at the start of the experiment, between days 7
and 10, due to sealing issues, and would therefore be expected to exhibit higher creep
if normal pressurization level had been maintained. Second, rod Ne 12 was affected by

pellet-cladding interaction, the impact of which cannot be precisely quantified.
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Fig. 3.12 Axial creep profiles. Left: Rod Ne 13 (Opt.ZIRLO, Pmin, Cmin, peripheral).

Right: Rod Ne 15 (Opt.ZIRLO, Pmin, Cmin, peripheral)

In the test bundle, two peripheral Opt.ZIRLO rods - Ne 13 and Ne 15 in Fig. 3.12 - were
subjected to identical boundary conditions Pmin and Cmin. As expected, these rods exhibit

very similar creep behavior.

The comparison of creep strains between rods Ne 7 and Ne 3, as well as between rods
Ne 10 and Ne 12, suggests that higher hydrogen content may promote creep in
Opt.ZIRLO claddings. However, this analysis is complicated by pellet—cladding interac-
tion in rod Ne 12 and sealing issues in rod Ne 3, and further experiments are required to

confirm this effect before it could be incorporated into the models.

In general, the creep models tend to underestimate the deformation of Opt.ZIRLO clad-
ding, particularly at higher stresses. The differences in creep behavior between
Opt.ZIRLO and Zry-4 observed in the experiment indicate that creep models developed

for Zry-4 cannot be directly applied to Opt.ZIRLO.
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3.2 Hydrogen behavior

This part of the benchmark focuses on hydrogen behavior in the fuel rod cladding during
a long-term cooling transient. The discussion begins with an overview of the participating
organizations and their modeling approaches, followed by a presentation of the bench-
mark results and an assessment of their agreement with experimental data, highlighting

trends and discrepancies.

321 Participants and Modeling Approaches

Eight organizations submitted a total of nine contributions for the benchmark addressing
hydrogen behavior. The computational tools employed by the participants are summa-

rized below, with the organizations listed in alphabetical order.

AXPO

To simulate hydrogen behavior in Zry-4 and DX D4 claddings, AXPO employed the in-
house code HyReL, which models both hydrogen diffusion and hydride precipitation/dis-
solution. A two-dimensional approach was implemented to capture radial and axial diffu-
sion, allowing for the analysis of duplex and liner claddings.

The Hydrogen Nucleation, Growth, and Dissolution (HNGD) model developed by Lacroix
/LAC 19/ was applied for the benchmark calculations. Hydride orientation was deter-
mined using the EPRI model /RAS 05/, which was extended with a structural factor ac-
counting for the presence of pre-existing hydrides in the cladding wall.

The following material properties were used in the simulations: hydrogen diffusion coef-
ficient from /ZHA 17/, thermo-diffusion coefficient from /LAC 19/, terminal solid solubility
for dissolution (TSSd) from /KEA 67/, and for precipitation (TSSp) from /TOR 14/ for
Zry-4. For D4 in DX D4 claddings, the terminal solid solubilities were modeled following
the methodology described in /ZEM 21/.

CIEMAT

The hydrogen behavior in Zircaloy-4 claddings was evaluated by CIEMAT using
HYDCLAD, an in-house one-dimensional hydrogen migration and precipitation model
coupled with FRAPCON-xt /FER 20/. Hydrogen precipitation was simulated using the
HNGD approach /PAS 20/, applying dynamic terminal solid solubilities as described in
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IPAS 22/. For the benchmark analyses, the Kearns correlation /KEA 67/ was employed
for TSSd, while the Zanellato et al. correlation /ZAN 12/ was used for TSSp. Hydride
reorientation was modeled following the approach proposed in /DES 14/.

CNEA

The National Atomic Energy Commission of Argentina participated in the benchmark
analyses using the in-house DIONISIO fuel performance code and the filtered input data.
Hydrogen diffusion, together with hydride precipitation and reorientation, was modeled
using the HNGD model /PAS 20/, coupled with the hydride reorientation approach pro-
posed by Kolesnik et al. /KOL 18/. The terminal solid solubilities for precipitation (TSSp)
and dissolution (TSSd) were determined using the solubility correlations proposed by
Zanellato et al. /ZAN 12/ for Zry-4 and DX D4, and by Kim et al. /KIM 20/ for optimized
ZIRLO.

GRS

GRS used the in-house code TESPA-ROD to perform the benchmark calculations. The
simulations used the hydrogen dissolution and precipitation model implemented by
Boldt/BOL 19/, which accounts for the kinetic effects of hydride growth and nucleation
observed experimentally by Lacroix et al. /LAC 18/. Hydride orientation in the code is
governed by a hoop stress threshold, as identified by Cinbiz et al. /CIN 15/. The hydro-
gen diffusion coefficient was taken from Kearns /KEA 72/, while the heat of transport for
hydrogen in zirconium was adopted from /UNI 18/. The same modeling approach was

applied to all three cladding types.

Framatome

Hydrogen diffusion and hydride formation were simulated using the HYDRA code, de-
veloped by Framatome. This two-dimensional model, based on the work of Marino in
IMAR 72/ and /IMAR 74/, accounts for materials with varying solubility in both the axial
and radial directions, making it suitable for the analysis of duplex claddings. As only the
total hydride content is available, without differentiation between circumferential and ra-
dial hydrides, the Framatome results are presented exclusively in terms of total and dis-

solved hydrogen concentrations.
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KIT

KIT modeled hydride morphology in Zry-4 rods Ne 2, Ne4, Ne 6, and Ne 8 using
MORPHYD (MORPHology of HYDrides), as described in /KOL 23/ and /ALI 23/. Model
parameters governing the tendency of hydrides to reorient were calibrated against ex-
perimental data reported in /KIM 15/. The hydrogen diffusion coefficient was adopted

from /KEA 72/, and the hydrogen solubility in Zircaloy-4 was taken from /KIM 14/.

PSI

The Paul Scherrer Institute contributed two solutions to the benchmark section dedicated
to hydrogen behavior analysis, employing the OFFBEAT and in-house HYPE codes.
These are denoted as PSI-O and PSI-H in the figures.

In both approaches, the Hydrogen Nucleation, Growth, and Dissolution (HNGD) model
/IPAS 20/ was employed to describe hydride dissolution and precipitation phenomena.
Hydride reorientation was modeled following the methodology proposed by Desquines
et al. /DES 14/. The same hydrogen diffusion coefficient from Kearns /KEA 72/ and the
heat of transport value determined by Kang /KAN 23/ were applied to all three cladding
materials. In contrast, the terminal solid solubility for dissolution (TSSd) and precipitation
(TSSp) were defined as material-specific parameters: for Zry-4 and the DX D4 substrate,
data from Kammenzind /KAM 96/ were used; for optimized ZIRLO, values from Kim
/KIM 20/ were adopted; and for the DX D4 liner, parameters were derived from experi-

mental data reported by Gong et al. /GON 19/.

SNU

Seoul National University participated in the benchmark using the GIFT code, an in-
house light water reactor fuel performance analysis tool developed at SNU. For the Zry-4
and optimized ZIRLO claddings, the transient precipitation behavior of hydrogen was
simulated with the HNGD model /PAS 20/, and hydride reorientation was modeled fol-
lowing the methodology outlined in /JO 25/.
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3.2.2 Benchmark results

This section presents the results of the second part of the first phase of the benchmark,
dedicated to the investigation of hydrogen behavior following a long-term cooling transi-
ent. The experimental dataset used as a reference for comparison with the simulation
results comprises hot vacuum gas extraction (HVGE) measurements performed at six
axial positions along each fuel rod, light optical microscopy (LOM) images, and radial
hydride fraction (RHF) values derived from the image analysis conducted by Kolesnik
/KOL 26/. The estimation of the uncertainty associated with the hydride morphology met-

rics, kindly provided by Mikhail Kolesnik, is given in Appendix C.

Potential discrepancies associated with the initial hydrogen content, as discussed in Sec-
tion 2.2.1, must to be taken into account when comparing experimental results with the
hydrogen behavior predicted by the blind benchmark simulations. Errors in the assumed
initial hydrogen concentration alter the transient precipitation kinetics and the subse-
quent hydride reorientation behavior. Consequently, for rods in which the hydrogen con-
tent used in the simulations deviates significantly from the values measured by hot vac-
uum gas extraction, accurately predicting the radial hydride fraction becomes highly
challenging, making this the dominant contributor to the overall error.

In addition, pellet - cladding interaction (PCl), observed in a limited humber of rods, in-
troduces another source of discrepancy in the experiment - simulation comparison. Alt-
hough confined to specific cases, these effects can locally influence the material re-

sponse and are therefore addressed separately in the discussion of the affected rods.

Zry-4 Cladding

Zry-4 rod Ne 2 provides an appropriate starting point for the discussion of hydrogen-re-
lated results, as the initially estimated hydrogen content is in very good agreement with
the post-test measurements obtained by hot-vacuum gas extraction. This rod was tested
under maximum pressure conditions (hoop stress of approximately 93 MPa) with a target
hydrogen concentration of 300 wppm, and was not affected by pellet—cladding interac-
tion. This rod belongs to the internal rod group, for which the peak temperature of 392 °C
occurs at the beginning of the experiment, near the rod’s mid-length, approximately at a
bundle elevation between 450 mm and 550 mm. This region corresponds to zones 6 and

7 in the simulation domain discretization.
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The initial hydrogen concentrations assumed in the calculations (dotted lines in Fig. 3.13,
left) exhibit slight axial variability and are in good overall agreement with the hot-vacuum
gas-extraction measurements (black diamonds in Fig. 3.13, left). The initial dissolved
hydrogen profiles presented in Fig. 3.13 were extracted at t = 1.5 d, following the com-
pletion of the heating transient, at which point all calculations had converged to the initial

steady-state condition, see Fig. 3.14.
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The solid lines in Fig. 3.13 (left) denote the initial dissolved hydrogen concentration. Its

axial distribution follows the bell-shaped temperature profile along the rod, reaching a
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maximum of about 185 ppm in most simulation cases. The residual hydrogen that is not
dissolved at the start of the experiment is assumed to exist as circumferentially oriented
hydrides, in agreement with observations from the pre-test samples analyzed before the
bundle experiment. Because the initial hydrogen content varies along the axial length of
the rod, the amount of undissolved circumferential hydrides at the beginning of the ex-
periment — and, consequently, at its end — also exhibits axial variation. The computed
hydride distribution at the end of the experiment is presented on the right-hand side of
Fig. 3.13; radial hydrides are indicated by dotted lines, whereas circumferential hydrides

are shown as solid lines.
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Fig. 3.15 Rod Ne 2: Radial hydride fraction axial profile vs. post-test metallography

In the post-test analysis, the radial hydride fractions (RHF) were quantified from LOM
images. The measured RHF values (black dots in Fig. 3.15) are compared with the cal-
culated results (colored lines in Fig. 3.15). At =50 mm, in the colder region where tem-
peratures remain below 200 °C, hydrides are long and oriented circumferentially. At
520 mm, the hottest region, hydrides are smaller and oriented in both radial and circum-
ferential directions.
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While the metallographic images reveal that the majority of hydrides are oriented circum-
ferentially with a presence of approximately 20 % radial hydrides, the simulations predict
a broader range of RHF values, spanning from zero up to over 40 %.
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Rod Ne 11 was subjected to conditions similar to Rod Ne 2; however, slightly less hydro-
gen is expected to dissolve due to its location at the bundle periphery, where tempera-
tures are 10-15 °C lower.

Hot vacuum gas extraction results in Fig. 3.16 indicate that the initial hydrogen concen-
trations used in the simulations were underestimated, especially in the lower cladding
region, complicating comparison with the experimental data.

Similar to Rod Ne 2, Rod Ne 11 exhibits approximately 20 % radial hydrides. LOM images
in Fig. 3.17 indicate that at 950 mm, where the maximum temperature is about 200 °C
and only a negligible amount of hydrogen is dissolved, hydrides remain predominantly
circumferentially oriented. At 150 mm, where the maximum temperature reaches approx-
imately 300 °C and about 50 ppm of hydrogen is dissolved, radial hydrides are already

observed. Their fraction further increases towards the central region of the rod.

For both Zry-4 rods Ne 2 and Ne 11 at Pmax and Cmax, the GRS and KIT results overpredict
the experimental RHF values, whereas the AXPO calculations show very good agree-
ment with the measurements. The remaining simulations generally underpredict the ra-

dial hydride fraction.

Rod Ne 8 is the last Zry-4 rod pressurized to Pmax. It belongs to the internal rod group
and, unlike the previous two rods, has a lower initial hydrogen concentration. As shown
in Fig. 3.18, all hydrogen is dissolved at the beginning of the simulation. However, the
actual initial hydrogen concentration appears to be higher than originally estimated. As
previously discussed in Section 3.1.2 in the context of the creep results, Rod Ne 8 was
affected by PCI.

The radial hydride fraction extracted from LOM images exceeds 60%, as shown in
Fig. 3.19. These high values can be associated with the absence of pre-existing hydrides
and the relatively high hoop stresses; however, pellet—cladding interaction was likely a
significant contributing factor to the observed hydride reorientation. Further analysis of
additional Zry-4 rods at similar test conditions is required to draw definitive conclusions.
Simulations again indicate a wide range of RHF values, spanning from 0% to nearly
80 %.
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The axial position of 950 mm corresponds to a relatively cold region, where the temper-
ature at the beginning of the cooling experiment was approximately 200 °C and reached
a short-term maximum of about 240 °C due to a temperature overshoot caused by mis-
taken manual control. Under these conditions, only a very small amount of hydrogen
would be expected to dissolve and subsequently reprecipitate as radial hydrides. Never-
theless, the LOM image at 950 mm in Fig. 3.19 demonstrates a high degree of hydride

reorientation, suggesting that locally increased hoop stresses were present.

The remaining Zry-4 rods Nes 6, 17, 4, and 14, were all pressurized to Pmin, resulting in
a hoop stress of approximately 66 MPa. Rods Ne 6 and Ne 17 had a target hydrogen
concentration of 300 ppm, while rods 4 and 14 had 100 ppm. As shown in Fig. 3.21,
Fig. 3.23, Fig. 3.25, and Fig. 3.27, the initially estimated hydrogen content was lower
than the values eventually measured, which affects the comparability of the simulated

results with the experimental data.

At low pressure and low hydrogen concentration, most participants (GRS, CIEMAT, PSI-
H, PSI-0, SNU) predict an almost complete absence of radial hydrides. As a result, the
corresponding curves in Fig. 3.25 and Fig. 3.27 largely overlap, making them difficult to

distinguish.

Rods Ne 6 and Ne 17 exhibit the lowest RHF among the Zry-4 rods, with measured values
not exceeding 10 % (see Fig. 3.21 and Fig. 3.23). At lower hydrogen concentrations, the
RHF increases modestly to approximately 10-20% (see Fig. 3.25 and Fig. 3.27), though
it remains slightly lower than the RHF observed in the Rods Ne 2 and Ne 11 at Pmax and
Cmax (see Fig. 3.15 and Fig. 3.17).

The AXPO and KIT results overestimate the fraction of radial hydrides at Pmin. In con-
trast, the majority of codes (GRS, CIEMAT, PSI-H, PSI-O, and SNU) predict negligible
radial hydride formation under these low-pressure conditions. The CNEA results are in
close agreement with the experimental findings, indicating a radial hydride fraction in the
range of 10—20 %.
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Rod Ne 6: Radial hydride fraction axial profile vs. post-test metallography
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Initial conditions
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The radial hydride fraction is plotted as a function of the initial temperature in Fig. 3.28.
Data for rods with a target hydrogen concentration of 100 ppm are presented in the left
panel, whereas the corresponding results for 300 ppm are shown in the right panel. Only
the axial planes that were experimentally analyzed are included in this evaluation. Ex-
perimental results are shown in black, while colored symbols indicate simulated results.
Diamonds represent the rods affected by PCI. Filled symbols correspond to rods at Pmax,

and unfilled symbols to rods at Pmin.
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Fig. 3.28 Zry-4 claddings: RHF vs. initial temperature. Left: Cmin; Right: Cmax

Comparing the left and right panels of Fig. 3.28, experiments indicate higher RHF at
lower hydrogen concentrations, a trend that the simulations qualitatively reproduce.
Higher starting temperatures enable greater hydrogen dissolution and potential reorien-
tation, a trend that is also reproduced to some extent by the models. It should be noted,
however, that comparison at Cnin is limited due to large discrepancies between the initial
and measured hydrogen concentrations. Since at low pressure and low hydrogen con-
centration most participants predict an almost complete absence of radial hydrides, the

corresponding data points on the left side of Fig. 3.28 overlap.
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Fig. 3.29 Zry-4 claddings: RHF vs. initial hydrogen concentration, initial tempera-

ture> 350°C. Left: all results; Right: |Cy, gvee — Ch, ini| < 25% 0f Cy, target-

44



To analyze the effect of hydrogen content on radial hydride formation, the RHF is plotted
as a function of hydrogen concentration for the hottest region, where temperatures ex-
ceeded 350 °C, in Fig. 3.29. While the left side of Fig. 3.29 shows all simulated results,
the right side includes only simulations for which the discrepancy between estimated
hydrogen content and the concentration measured by hot-vacuum gas extraction did not
exceed 25 % of the target. The simulations indicate a negative correlation between RHF
and increasing initial hydrogen concentration, a trend observed in the experimental re-

sults.

DX D4 cladding

While the creep behavior of Zry-4 and DX D4 claddings demonstrates similar character-
istics, the hydrogen behavior follows a different trend. A radial resolution analysis of the
duplex cladding, including the liner, was not requested within the scope of the bench-
mark. AXPO and Framatome performed explicit modeling of the liner, while the remain-
ing participants adopted an approach analogous to that used for Zry-4. Framatome re-
ported averaged values for the liner and bulk material over axial cladding sections.
Consequently, the hydride results presented below for DX D4 refer only to the substrate
of the duplex cladding; for Framatome, they represent averages of the base material and

the liner.
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Fig.3.31 Rod Ne 1: Radial hydride fraction axial profile vs. post-test metallography

The temperatures of the central rod Ne 1 are the highest within the bundle, reaching
405°C at its mid-height. This rod was pressurized at Pmax With a target hydrogen con-
centration of 300 ppm. While the estimated hydrogen profile indicated a strong variation,
decreasing to approximately 150 ppm at the center, post-test measurements revealed a
nearly uniform hydrogen distribution with values close to 300 ppm, as shown in Fig. 3.30.

This difference should be taken into account when interpreting the results.

The LOM images in Fig. 3.31 reveal substantial hydrogen migration into the liner and the
presence of radially oriented hydrides in the substrate. The hydride distribution across
the cladding thickness is non-uniform, being dense and mainly circumferential at the pel-
let side, and more sparse and predominantly radial in the vicinity of the liner. The de-

pleted zone expands with increasing temperature. It should be noted, however, that the
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RHF plotted on the left side of Fig. 3.31 represents an integral measure averaged over

the full substrate thickness.

Simulations show a broad spread in predicted RHF, similar to Zry-4 under the same
conditions, while the experiment indicates RHF values approximately three times higher
than for pure Zry-4 claddings. As shown on the right of Fig. 3.30, AXPO calculations
indicate that both circumferential and radial hydrides in the central region are nearly ab-
sent. This suggests that almost all hydrogen has migrated into the liner, with only a few
ppm remaining in the substrate. A similar distribution in the central region was predicted
by Framatome. However, LOM images indicate a slightly higher hydrogen content re-

maining in the bulk material.

Similar behavior is observed for the peripheral Rod Ne 20, which was also at Pmax and
Cmayx, see Fig. 3.32 and Fig. 3.33. Slightly lower hydrogen dissolution in this rod is ex-
pected due to the reduced temperatures at the bundle periphery. The quality of the metal-

lography, however, limits the analysis of this rod.

The peripheral rod Ne 21 was pressurized to Pmax With a hydrogen content of approxi-
mately 100 ppm, as shown in Fig. 3.34. LOM image analysis indicates an RHF in the
central region slightly exceeding 60 %, comparable to the values observed for rods Ne 1
and Ne 20, as demonstrated in Fig. 3.35. The remaining hydrogen content in the bulk is

minimal compared to the 300 ppm samples.

Both DX D4 rods with lower hoop stresses of approximately 66 MPa - internal rod Ne 9
and peripheral rod Ne 19, with high and low hydrogen content, respectively - showed
substantially fewer radial hydrides than rods Ne 1, Ne 20, and Ne 21 at the higher pres-

sure.

RHF values in the rod Ne9 with 300 ppm hydrogen were generally close to or below 20 %
(see Fig. 3.37), decreasing to approximately 12% in Rod Ne 19, where the hydrogen
content was around 100 ppm (see Fig. 3.39).
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Initial conditions
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Fig. 3.32 Axial profiles in rod Ne 20 (initial dissolved and total hydrogen vs. HVGE,
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Initial conditions
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left) and final radial/circumferential hydride distributions (right)
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Initial conditions
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Initial conditions
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Fig. 3.40 and Fig. 3.41 summarize all the data for DX D4 and show a structure similar to
that previously discussed for Zry-4 claddings (see Fig. 3.28 and Fig. 3.29). Unlike in the
Zry-4 claddings, the amount of radial hydrides in the bulk of the duplex claddings does
not decrease with increasing hydrogen concentration, as can be seen by comparing the
left and right sides of Fig. 3.40.
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Fig. 3.40 DX D4 claddings: RHF vs. initial temperature. Left: Cnin; Right: Cmax

At Pmax, DX D4 exhibits approximately three times higher fractions of radial hydrides than
Zry-4, whereas at Pmin, the radial hydride fraction for both cladding types remains within
10-20%, see Fig. 3.41.
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Fig. 3.41 DX D4 claddings: RHF vs. initial hydrogen concentration, initial tempera-
ture> 350 °C. Left: all results; Right: |Cy yvee — Cu, ini| < 25% 0f Cy, target

The non-uniform hydride distribution across the duplex cladding thickness makes an in-
tegral consideration of the bulk material overly simplified, highlighting the need for a more
detailed radial description. Benchmark calculations further demonstrate that modeling
both the liner and the bulk is essential for accurately predicting the behavior of duplex

claddings.
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Opt.ZIRLO Cladding

Compared to Zry-4 and DX D4 claddings, Opt.ZIRLO claddings show a significantly
lower fraction of radial hydrides. The highest radial hydride fraction (19 %) was observed
in the central region of the internal rod Ne 3, pressurized at Pmax, With a local hydrogen

concentration of approximately 125 ppm, as shown in Fig. 3.43.

The peripheral rod Ne 12 was subjected to similar test conditions. However, the rod Ne 12
experienced approximately 2.8 times less creep deformation than rod Ne3 due to the
lower temperatures at the bundle periphery relative to the internal rod ring. At the same
axial position, the measured RHF in rod Ne 12 was approximately half of that observed
in rod Ne 3 (see Fig. 3.45).

As discussed in Section 3.1.2, rod Ne 12 experienced PCI, especially in the lower portion
of the rod. At the 150 mm elevation (Fig. 3.45), this effect is evident, with most hydrides

exhibiting radial orientation.

Opt.ZIRLO rods Ne 7 and Ne 10, both at Pmax With higher hydrogen content, exhibit even
lower RHF values, not exceeding 8% (see Fig. 3.47 and Fig. 3.49). The radial hydrides
observed at the 150 mm and 950 mm elevations of Rod Ne 7 may be associated with

PCI, as profilometry measurements in these regions indicate noticeable scatter.

Optimized ZIRLO claddings subjected to lower hoop stresses of 66 MPa exhibit a nearly
complete absence of radial hydrides, regardless of their position within the bundle or
their initial hydrogen content (see Fig. 3.51, Fig. 3.53, Fig. 3.55, Fig. 3.57).

The general modeling approach for Opt.ZIRLO was to use the same framework as for
Zry-4, with adjusted terminal solid solubility values specific to Opt.ZIRLO, which are
slightly higher than those of Zry-4. As a result, simulations yield very similar predictions

for Zry-4 and Optimized ZIRLO rods under identical test conditions.
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Initial conditions
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Initial conditions
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Initial conditions

Rod 7: opt.ZIRLO Pmax Cmax Rod 7: opt.ZIRLO Pmax Cmax
1600 1 1600 ,

+® TOT GRS +¥- TOT PSI-H ~—4= DISS SNU TOT CNEA .® RAD GRS —— CIRC PSI-H .= RAD SNU RAD CNEA

S@sDiss SNU S Diszaill  ome: 30T SN, DISS/SHY —e— CIRCGRS  +< RAD PSLO —#— CIRC SNU CIRC CNEA

& TOT FRAMATOME ~< TOT PSI-O ~#- DISS SNU . HVGE . % RAD PSI-H —¢= CIRC PSI-0

== DISS SNU

1250 +; '\\
1150 '
€ *
£ £
s 5
8 9
© -
.
3 2
o * s
- °
= c
a * a
k- L 2
, .
—300 T T T T —300 & T T T T
0 100 200 300 400 0 100 200 300 400
Hydrogen [ppm] Hydrides [ppm]

Fig. 3.46  Axial profiles in rod Ne 7 (initial dissolved and total hydrogen vs. HVGE,
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Initial conditions
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left) and final radial/circumferential hydride distributions (right)

Rod 10: opt.ZIRLO Pmax Cmax
1600 7

—8— GRS == PSI-O i~ CNEA @ EXP 2/
=4 PSI-H =@~ SNU e

125047
1150
1050
950 -
850 A
750 A
650
550 ~
450 A
350 A
250 A
150 A
50
—50"
=150 1

Bundle elevation, mm

=300 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3.49 Rod Ne 10: Radial hydride fraction axial profile vs. post-test metallography

57



Initial conditions

Rod 5: opt.ZIRLO Pmin Cmax Rod 5: opt.ZIRLO Pmin Cmax
1600 | 1600 .
& TOT GRS =% TOT PSI-H == DISS PSI-O TOT CNEA & RAD GRS =g CIRC PSI-H - @ RAD SNU RAD CNEA
~&— DISS GRS =% DISS PSI-H « % TOT SNU DISS CNEA = CIRC GRS < RAD PSI-O == CIRC SNU CIRC CNEA
=% TOT FRAMATOME <« TOT PSI-O =@ DISS SNU ’ HVGE «®¥- RAD PSI-H == CIRC PSI-O
== DISS FRAMATOME
1250
3 1150
i 1050
£ A4 £ 9501
2 & E gs04
5 § 7504
b=} 5 5 7504
[ ; © =2
5 .310 i 650 .
[} 'y ] it
© - o 50T
g ia;z g 450 »
@ W 3 3504
- 250
B 150
& 50 -
—50 4
=150
—300 - T T T T —300 - T T T T
0 100 200 300 400 0 100 200 300 400
Hydrogen [ppm] Hydrides [ppm]

Fig. 3.50 Axial profiles in rod Ne 5 (initial dissolved and total hydrogen vs. HVGE,
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Initial conditions
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The structure of the summary plots was previously described in the discussion of the
Zry-4 cladding results. The radial hydride fraction plotted in Fig. 3.58 as a function of
initial temperature indicates higher RHF for Opt.ZIRLO claddings with 100 ppm hydrogen
compared to those with 300 ppm. However, this trend applies only to rods at Pmax, as the

RHF is nearly zero for all rods subjected to Pmin.
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Fig. 3.58 Opt.ZIRLO claddings: RHF vs. initial temperature. Left: Cmin; Right: Cmax

The discrepancy between the estimated and measured hydrogen content was most pro-
nounced for Opt.ZIRLO compared to the other cladding materials. This deviation sub-
stantially complicates a direct comparison between simulation results and experimental
data. Applying a relative tolerance of £ 25 % with respect to the target hydrogen concen-
tration, as done for Zry-4 and DX-D4, would result in the exclusion of nearly all simulated
data points. Consequently, the acceptance band was expanded to + 30%. As shown in
Fig. 3.59, some simulations indicate a decreasing trend in RHF with increasing hydrogen
concentration; however, this behavior is captured only qualitatively rather than quantita-

tively.
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Fig. 3.59 Opt.ZIRLO claddings: RHF vs. initial hydrogen concentration, initial tem-

perature> 350°C. Left: all results; Right: |CH, wvGe — Cu ini| <

30% ofCH, target-
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4 Conclusions

The benchmark activities conducted within the framework of the SPIZWURZ bundle test
provided a comprehensive evaluation of current modeling approaches for creep and hy-
drogen behavior implemented in existing fuel performance codes. The blind phase, con-
ducted without access to the final experimental data, enabled an unbiased assessment
of the predictive capabilities of the participating models. Eleven contributions were sub-
mitted by ten participating organizations from seven countries for evaluation and com-

parison.

As shown in Section 3.1.2, the existing modeling approaches demonstrate a solid capa-
bility to predict the creep deformation of unirradiated Zry-4 and DX D4 claddings under
dry-storage relevant conditions with sufficient accuracy. However, the comparison
clearly indicates that models validated for Zry-4 cannot be directly transferred to other
cladding materials without modification. The creep response is significantly influenced
by material-specific mechanical properties, requiring proper parameterization and, where
necessary, model extensions. For example, accurate predictions for Opt.ZIRLO require
adjustments to reflect its overall stronger creep behavior and its higher sensitivity to var-

iations in temperature and pressure.

Concerning hydrogen behavior, a clear material dependence was observed, as outlined
in Section 3.2.2. Under comparable conditions, Opt.ZIRLO exhibited practically no radi-
ally oriented hydrides, whereas Zry-4 showed a greater tendency toward radial hydride
formation. Furthermore, DX D4 showed behavior different from that of Zry-4 claddings,
underlining the need to explicitly model both the bulk material and the liner region in
order to adequately address the non-uniform hydrogen distribution across the cladding

wall thickness.

The simulation approaches were able to qualitatively reproduce certain experimental
trends in hydrogen behavior as shown in Section 3.2.2. However, the comparison with
experimental results was notably complicated by discrepancies between the estimated
hydrogen concentrations used in the simulations and the hydrogen contents measured

after the experiment.

Overall, further refinement and enhancement of the modeling approaches are required
to improve their predictive capabilities and ensure better alignment with experimental

observations. This work will be continued in further benchmark activities.
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A SPIZWURZ Bundle Test: Cladding Temperature Recordings

The cladding temperature recordings during the experiment for rods Ne 1, Ne 5, and
Ne 14 are presented in Fig. A. 1 - Fig. A. 3, respectively, for each axial zone. The original

unfiltered experimental data are shown on the left, and the filtered temperature data are
shown on the right.
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Fig. A.1 Temperature recordings in Rod Ne 1: raw (left) vs. filtered (right)
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Fig. A.2 Temperature recordings in Rod Ne 5: raw (left) vs. filtered (right)
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Temperatures in all zones of rod 14
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Temperature recordings in Rod Ne 14: raw (left) vs. filtered (right)
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B SPIZWURZ Bundle Test: Hydrogen Concentration in
Claddings

The axial hydrogen distribution profiles for all bundle rods except rod N18 are shown in
Figures Fig. B. 1-Fig. B. 10. The initial (pre-test) hydrogen concentrations, estimated
from the diameter increase caused by hydrogen loading, are represented by light blue
dots. The post-experimental measurements obtained by hot vacuum gas extraction are
indicated by dark blue diamonds (HVGE). For the benchmark calculation, the initial hy-

drogen concentration is based on the zone-averaged estimated values, shown as a solid

blue line.
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Fig. B.1 Axial hydrogen distribution in rods Ne 1 (left) and Ne 2 (right): estimates vs.
HVGE
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C Estimation of Uncertainty in Hydride Morphology Metrics

Scope and approach

The uncertainty of the hydride morphology metrics derived from metallographic cross-
sections was estimated by performing repeated independent measurements within the
same method. Repeatability was quantified by measuring the scatter of data obtained
from different sectors of the same tubular cross-section that corresponded to identical
experimental conditions. In total, nine cross-sections were analysed, with two to eight
independent measurements taken per cross-section. The chosen samples covered the

full range of morphological metrics and parameters of the experiment.

In this work, the term “uncertainty” is used in the sense of the standard deviation (STD)
of the measured metric, i.e. the characteristic scatter expected for a single measurement

carried out under the same conditions.

Repeatability (within cross-section)

For each cross-section and hydride morphology metric, Radial Hydride Fraction (RHF)
and Radial Hydride Continuity Path (RHCP), the mean value x and o, were computed
from the set of independent measurements x; (i = 1, ...,n). The sample standard devia-

tion was calculated using the following equation:

O-rep = \/ﬁz:?:l(xi - f)z (1)

The individual measurements, corresponding mean values, and standard deviations are
summarized in Tab. C. 1 and visualized in Fig. C. 1 and Fig. C. 2. The observed repeat-
ability scatter was typically below o, = 0.05 for RHF and below .., = 0.08 for RHCP.
These values have been chosen as conservative estimates of the standard deviation of
RHF and RHCP. For several cross-sections at low values of the morphology metrics, the

values of o, were approximately 2—3 times smaller.
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Tab. C.1 Hydride morphology metrics: mean * standard deviation (STD)

* — previous single measurement

* — anomaly of the hydride morphology (rod 13, 950 mm, 135°)

Rod | Cladding | H concen- Inner Eleva- Angle, ° RHF RHCP
material tration pressure | tion, mm
2 Zry-4 Crmax Pmax 380 0 0.26 0.35
135 0.23 0.29
180" 0.24 0.30
225 0.21 0.22
270 0.25 0.35
315 0.25 0.33
mean + STD | 0.24 +£0.02 0.31 £ 0.05
650 0 0.27 0.30
45 0.32 0.36
180 0.26 0.258
225 0.23 0.263
mean + STD | 0.27 £ 0.04 0.30 £ 0.05
3 Opt.ZIRLO Chin Prmax 520 — 0.19 0.28
— 0.10 0.15
— 0.11 0.13
mean + STD | 0.13+0.05 0.19+0.8
4 Zry-4 Chmin Prmin 520 0 0.17 0.26
45" 0.19 0.20
90 0.18 0.26
315 0.16 0.22
mean + STD | 0.18 £0.01 0.24 £ 0.03
6 Zry-4 Crmax Prmin 520 0 0.07 0.20
90 0.10 0.26
mean = STD 0.09 +0.02 0.23 +0.04
8 Zry-4 Chin Pmax 650 0 0.682 0.48
45" 0.68 0.44
90 0.56 0.34
135 0.64 —
225 0.63 —
315 0.59 —
mean + STD | 0.63 £ 0.05 0.42 +0.07
10 | Opt.ZIRLO Crmax Prmax 650 0 0.05 0.14
45 0.09 0.20
90 0.09 0.19
135 0.04 0.13
180 0.04 0.12
225 0.06 0.197
270" 0.08 0.13
315 0.10 0.23
mean + STD | 0.07 £0.02 0.17 £0.04
13 | Opt.ZIRLO Chmin Prmin 950 0 0.07 0.11
45 0.05 0.13
90 0.05 0.10
135" 0.09" 0.23"
225" 0.03 0.12
270 0.03 0.119
mean + STD 0.05 +0.02 0.13 +£0.05
16 Opt.Z|RLO Crmax Pmin 800 0 0.02 0.11
90 0.01 0.13
180 0.02 0.125
270" 0.03 0.14
mean + STD | 0.02 £ 0.01 0.13+0.01
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Fig. C.1 RHF scattering (left) and standard deviation oy (right)

Red markers — Zircaloy-4, blue markers — opt. ZIRLO, black lines — mean + standard devia-

tion.
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Fig. C. 2 RHCF scattering (left) and standard deviation o1 (right)

Red markers — Zircaloy-4, blue markers — opt. ZIRLO, black lines — mean + standard devia-

tion.

User effect

In addition to the scatter within cross-sections, a comparable contribution arises from
variability in the identification and classification of hydride features, which depends on
the user. This “user effect” was estimated through a comparison, in which two users

analysed two micrographs independently using the same analysis approach. The results
are reported in Tab. C. 2.

Due to the limited number of operators involved in the study (two), it is not possible to
rigorously separate this contribution into systematic and random components. Neverthe-
less, the inter-operator difference provides a practical estimate of the characteristic op-

erator-related variability. The corresponding standard deviation component is denoted

as oyser-
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Tab. C. 2 User effect on hydride morphology assessment

*STD — standard deviation o2

Rod|Cladding [H con-| Inner |Elevation, Angle, ° RHF RHCP
material | tent pres- mm
sure

userl | user2 | STD" | user1 | user2 | STD"

2 Zry-4 Crmax Pmax 520 0 0.26 0.21 | 0.04 | 0.35 0.18 | 0.12

8 Zry-4 Chmin Pmax 520 0 0.63 0.58 | 0.04 | 042 0.32 | 0.07

Combination of independent uncertainty components

Assuming that the repeatability component a,..,, and the user component o, are inde-

pendent, the combined standard deviation can be estimated as:

Otot = /O_Eep + Oﬁser (2)

Using the conservative repeatability estimates o, = 0.05 for RHF and o, = 0.08 for

RHCP, the total standard deviation is obtained from Eqg. (2). Depending on the magnitude
of the user-effect contribution inferred from Tab. C. 2, the combined uncertainty is on the
order of o;,; = 0.07 for RHF and o;,; = 0.1 — 0.14 for RHCP.

Conclusion

Based on repeated within-cross-section measurements and a conservative approach to
accounting for operator variability, the estimated standard deviation (10) of hydride mor-
phology metrics is:

RHF: g4, = 0.07,

RHCP: 04 = 0.14

For Hydride Continuity Coefficient (HCC), the expected uncertainty is comparable to that

for RHCP, and it is conservatively assumed not to be less than a;,; = 0.1.
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