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Executive Summary

This report consolidates several decades of Pellet-Cladding Interaction (PCI) and PCI assisted by Stress
Corrosion Cracking (PCI-SCC) research, while adding important new experimental, modeling, and
operational insights as compared to the ZIRAT 2023 report on PCI and PCML.

To be consistent, the focus of the review is on PCI-SCC rather than on PCMI failure mode. Indeed PCI-
SCC is a complex multiphysics failure mode (inside-out crack propagation) that could happen in normal
operation while PCMI failure mechanism (outside-in crack propagation) is a thermomechanical failure
mode that doesn’t happen in normal or AOOs conditions and became unlikely with modern alloys
exhibiting low hydrogen pickup rates, even in accidental conditions (RIA).

It is confirmed that PCI-SCC is a stress- and chemistry-controlled phenomenon, initiated by pellet-driven
mechanical loading (PCMI) and enabled by iodine-bearing fission products. Despite its low safety
significance, PCI-SCC is still of interest for various reasons. The risk of PCI-SCC fuel rod failures is
enhanced because of ageing nuclear power plants in operation (potentially implying unexpected
extended reduced power operation periods), and increasingly flexible plant operation (as a result of
recurrent Renewable Electrical Sources overproductions). Fuel manufacturing defects are also an
identified root cause for undesired PCI-SCC fuel rod failures, even in normal operation.

As a result, although historical PCI-SCC failure rates have been significantly reduced, operating
experience demonstrates that PCI-SCC has not been eliminated but has instead shifted in character.
Contemporary PCI-SCC events are increasingly associated with localized effects, fuel deconditioning, and
pellet defects, requiring updated testing methodologies, relevant modeling approaches, specific safety
analysis methodologies and adapted operational guidelines

A review of the main mechanisms and phenomena at work during a power transient, is first presented.

Then a section of the report is dedicated to the significant progress that has been made in experimental
capabilities supporting PCI-SCC analysis. Improved in-situ measurement techniques now allow more
direct observation of cladding deformation and failure precursors. Specific power ramp tests, associated
to appropriate PIEs, enable mapping chemical species at work at the pellet-clad interface and provide
relevant data for SCC models, based on thermochemistry. They open the door to the development of
new types of fuel variants, more resistant to PCI-SCC. In parallel, in-pile ramp testing protocols have
been refined, with greater use of single-step ramps, improved control of fuel conditioning, and online
elongation measurements. These improvements provide clearer and more reproducible links between
applied power histories and true PCI-SCC failure thresholds.

Based on these advanced experimental observations modeling capabilities have evolved substantially,
moving from simplified elastic approaches to advanced 2D and 3D thermo-mechanical finite-element
simulations that explicitly capture pellet primary and secondary cracking, pellet-cladding friction, fuel
and cladding creep, fuel swelling, hour-glassing, and ridge formation. An entire section of the report is
dedicated to the latest improvements in this domain.

Earlier PCI-SCC descriptions (1970s-1990s) focused primarily on global parameters such as ramp rate
and peak power. Current understanding emphasizes local conditions, including stress at the pellet-
cladding “triple point,” fuel conditioning and deconditioning history, pellet defects, and local fission-
product chemistry. Coupled thermo-chemical-mechanical models now integrate fission-product
release (iodine, tellurium, cesium), oxygen transport, and stress evolution, significantly improving
mechanistic understanding of PCI-SCC initiation.

The report clearly distinguishes between design-oriented models (1.5D and 2D-RZ fuel performance
codes) and R&D-level mechanistic models (2D-R6 and full 3D FEM). It shows that simplified industrial
tools remain fit for defining operating limits, while advanced models are essential for interpreting
anomalies such as Missing Pellet Surface (MPS) defects and for assessing new fuel concepts (e.g., Cr
doped or large grains fuel pellets).

While 3D models provide deeper physical insight, they cannot yet replace experimental ramp
testing, mainly due to uncertainties in local stress inputs and stochastic fuel cracking behavior.

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026.
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Once the right tools are validated and qualified, they must be used within specific PCI-SCC
methodological processes to identify the bounding power transients to be applied to the limiting fuel
rods in the reactor core, at any time during the irradiation cycle. One of the most important findings of
the report is the need for an appropriate quantification of fuel deconditioning rates during extended
low-power operation (ELPO or ERPO). Modeling shows that extended low-power exposure reduces the
conditioned power level, meaning that power ramps previously considered safe can exceed PCI-SCC
margins. This issue becomes more sensitive with increasing nuclear modulations imposed by growing
renewable electrical sources overproductions.

Various PCI-SCC risk assessment methodologies, proposed by EDF, Framatome, ENUSA, Tractebel and
Westinghouse are presented. They all aim at considering the effect of load following, frequency control
and at quantifying the maximum allowable ERPO durations to enable safe flexible operation with a
minimum of operational constraints. Depending on the assumptions and the level of complexity of the
analysis (with an impact on computational time and cost), the approaches are more or less penalizing.

These considerations challenge traditional vendor guidelines that often neglect deconditioning below
threshold power and provides a coherent explanation for several recent “unexpected” PCI-SCC failures.
It is shown in the last section of the report that the reactor operational domain must be adapted to the
PCI-SCC risk assessments and the operation guidelines be updated accordingly.

Finally, general outlook is proposed. Progressing in PCI-SCC impact mitigation requires an integrated
strategy, covering multiple technical aspects such as advanced experiments and high-performance PIEs
techniques, separate effect tests (to further validate mechanistic models), enhanced manufacturing
controls techniques, and time and cost-efficient methodologies to define relevant operational technical
specifications.

In summary, PCI-SCC is no longer a dominant failure mechanism but remains a design- and operation-
limiting phenomenon. Its safe management increasingly depends on coordinated advances in testing,
modeling, fuel design, manufacturing quality, and operational practice, rather than on conservative
operating restrictions alone.

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026.
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1 Introduction - Nicolas

1.1 General considerations on PCI-SCC and PCMI

The increasing ratio of intermittent renewables in the electrical mix of most of the countries operating
nuclear power plants has a direct impact on the way those nuclear power plants are managed: load
following is sometimes necessary to compensate the intermittence of the renewable. As a result, power
changes may occur several times a day to balance the production and the consumption and to stabilize
the grid. Since power changes have direct impact on fuel pellet thermal expansion, it becomes more
crucial to better understand Pellet-Cladding Interaction phenomena resulting from this enhanced
flexibility imposed to the nuclear power plants.

As such, Pellet-Cladding (mechanical) Interaction assisted by Stress Corrosion Cracking (PCI-SCC)
during normal operation and AOOs (Anticipated Operational Occurrences) remains an important failure
mechanism to consider in the modern nuclear reactor fuel engineering.

When SCC phenomena are not involved in the Pellet-Cladding Mechanical Interaction (PCMI) process,
the cladding failure mode is quite different and is more of a concern during accidental conditions or
back-end conditions (see below and ZIRAT-11 Special topical report on PCI issued in 2006 [Adamson et
al, 2006] or the Special Topical Report on PCI and PCMI issued in 2023 [Jasiulevicius A. 2023].

Since then, a considerable number of developments took place in this field, such as changes in fuel
design, initiated by the fuel vendors in collaboration with utilities, which promoted introduction of new
types of claddings and fuel pellet materials to minimize the risk of fuel failure and increase operational
margins to accommodate the requested power plants manoeuvrability and flexibility. Considerable
research efforts were put forward in order to expand the experimental knowledge, develop dedicated
models and simulation tools and methods to assess operational PCI-SCC margins during start-up,
transient and flexible power operation, including extended reduced power operations (ERPO).

This report addresses the new developments in the following areas:

e Background information on PCI-SCC

e Laboratory testing techniques for PCI-SCC
e Research of PCI-SCC,

e PCI-SCC considerations for ATF fuels

e Advance in PCI-SCC modelling,

e Methodology developments

The information within this report is based on the review of open-source literature available mainly
through journals, conference proceedings and publications. The intention of this report is to provide an
overview of the current status of development. Much more detailed description and analysis is available
in the publications referred to in this report.

Several technical meetings sponsored by IAEA and NEA took place over time period of 2006-2024 which
addressed the PCI and PCMI phenomena and which established the current state-of the-art within this
area. The most important meetings providing a comprehensive overview of the current status, which
are also referred to in this report, were:

e Workshop on Pellet-Clad Interaction (PCI) in Water Cooled Reactors, NEA Working Group on Fuel
Safety (WGFS), Lucca, Italy 22-24 June 2016 [NEA, 2018]

e Technical Meeting on Progress on Pellet-Cladding Interaction and Stress Corrosion Cracking,
Experimentation, Modelling and Methodologies Applied to Support the Flexible Operation of the
Nuclear Power Plants, (IAEA) Aix-en-Provence, France, 8-11 October 2019 [IAEA, 2021]

e Benchmark Study on Pellet-Cladding Mechanical Interaction in Light Water Reactor Fuel Vol 1:
1.2 Hypothetical Beginning-of-Life Power Ramps (Cases 1 and 2) OECD 2024 NEA No. 7662

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026
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1.2 Characteristics of PCI-SCC and distinction from PCMI.

PCI-SCC (Pellet-Cladding Interaction - Stress Corrosion Cracking) refers to inside-out cracking of
zirconium alloy cladding initiated at the inner surface (ID) under tensile hoop stress from pellet thermal
expansion during a power ramp or maneuver. The crack initiates and grows only when corrosive fission
products (notably iodine) are present at the cladding ID, enabling intergranular SCC, Figure 1-1. Typical
initiation sites are pellet-pellet interfaces or other local stress concentrators; once initiated, the crack
propagates outward under sustained stress and dwell time.

Embrittling
F.P. Species
Release
Stress/Strain
Concentration
at Crack due to
UQ,/Zr-2 Friction

Figure 1-1: PCI-SCC failure following a controlled power ramp, characterized by inner-surface iodine-assisted cracking driven by
pellet thermal expansion and tensile hoop stress, in contrast to purely mechanical PCMI; tests were conducted in the
General Electric Test Reactor (GETR) at Vallecitos figure modified according to [Davies et al., 1977].

On the other hand, PCMI is a mechanical loading phenomenon (i.e., strain driven loading), similar to the
one that occurs during the PCI-SCC failure mechanism above described, but without the help of
corrosive fission products to generate an inside-out cladding stress corrosion crack. A classic example of
PCMlI is the pellet thermal expansion occurring during rapid power transients (e.g., Reactivity-Initiated
Accident (RIA)), Figure 1-2. In those cases, unlike PCI-SCC, corrosive fission products doesn’t have the
time to initiate an intergranular crack on the inner side of the cladding. Instead, it can result in outside-
in cracking, axial splitting, or hydride-influenced failures, particularly in high-burnup fuel. The cladding
stress is generated by a power increase (pellet thermal expansion and, in some cases, transient fission-
gas swelling). If the PCMI related strains/stresses are large enough, PCMI failures may occur; if the PCMI
strain/stress is low enough or the cladding ductility is high, failures will not occur.

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026
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Figure 1-2:

Chamfer Dia.

Dish Dia.

PCMI failure during a power ramp, characterized by rapid, strain-driven mechanical cracking with outside-in cladding

fracture initiated by early pellet-cladding contact and excessive local hoop strain, without fission-product-assisted
SCC; tests were conducted at JAEA's Nuclear Safety Research Reactor (NSRR) in Tokai, Japan, figure modified
according to [Tsukada et al., 2003].

Importantly, no PCMI-only failures have been confirmed in commercial LWR operation under
class I or Il reactor transients. PCMI failures have only been demonstrated in experimental ramp and
RIA tests (e.g., in CABRI-France, NSRR-Japan, BIGR-Russia, TREAT-USA testing facilities). For this reason,
PCMI is primarily studied in the context of RIA scenarios, using in-pile rapid energy deposition tests and
laboratory simulations to characterise cladding response at high burnup [IAEA, 2010].

PCMI must also be distinguished from other hydrogen-assisted cladding failure mechanisms such as
Delayed Hydride Cracking (DHC) and Corrosion Hydrogen Cracking (CHC), Table 1-1 to Table 1-3.
Those mechanisms are usually related to pressure driven loadings rather than strain driven loadings,
which put them outside the PCMI scope.

Table 1-1:

Mechanism Hydrogen
source &
crack
initiation
Pre-absorbed H
diffuses to crack
tip, hydrides re-

precipitate,
crack advances
in cycles.

DHC

CHC Ongoing
corrosion
produces H; OD
hydride rim
becomes brittle.

Stress &
timescale

Needs
sustained K| =
K, ~150-

300 °C. Slow:
hours—days per
mm.

Operates under
service
stresses; no
long dwell
needed.

Mechanistic comparison of DHC, CHC, PCMI and PCl.

Typical preconditions

Bulk H above TSS
(TSSo/TSSp), cool-
down/hold, tensile stress.

High corrosion/oxide, high
HPU, local
chemistry/temperature.

Where it shows up

CANDU pressure
tubes, potentially in
fuel cladding during
dry storage of spent
nuclear fuel.

High-burnup cladding
subjected to a power
ramp resulting in axial
splits (BWR
conditions).

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026
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PCMI Pellet thermal Seconds-ms; High burnup, hydride rim Ramp/RIA test
expansion- rapid ramp/RIA; | or reoriented hydrides; reactors (CABRI,
driven hoop purely high enthalpy ramps. NSRR', TREAT?,
strain; if mechanical. During a RIA transient BIGRS3).
hydrided, OD PCMI take place only
crack zips below the Critical Heat
inward. Flux (CHF) threshold.

Beyond, other
mechanisms are involved.

PCI-SCC SCC from pellet | Minutes under | Aggressive FP BWR startups,
expansion + ramps; quick environment, tensile manoeuvres; PWR
fission products | initiation once stress, susceptible AQOOCs.

(I, Cs, Cd). above cladding;
threshold. conditioning/deconditioning
important.
© ANT International, 2025
Table 1-2: Comparison of DHC and CHC (detailed).
Feature DHC (Delayed Hydride Cracking) CHC (Corrosion Hydrogen
Cracking)

Primary cause Stress-assisted cracking from pre-absorbed Cracking from hydrogen generated

hydrogen by ongoing corrosion

H source Already present in metal Produced during corrosion

Stress dependence
Temperature range

Process steps

Environment
Crack growth rate
Common in

Limitation

Strong dependence on K_|
150-300 °C

H diffusion — hydride precipitation — brittle
fracture — stepwise crack growth

Can occur without active corrosion
Time-dependent, slow
Cladding, pressure tubes, dry storage

Needs pre-existing hydrogen

Often less stress-dependent
Depends on corrosion environment

Corrosion — H diffusion — hydride
formation — cracking

Requires active corrosion
Continuous if corrosion persists
In-reactor Zr alloy components
Needs ongoing corrosion
© ANT International, 2025

1 NSRR stands for the Nuclear Safety Research Reactor, an experimental research reactor at Japan Atomic Energy
Agency (JAEA). Commissioned in June 1975, its primary use is studying fuel behavior during reactivity-initiated
accidents (RIAs) and conducting fuel irradiation experiments for light-water reactor safety analysis.

2 TREAT, which stands for Transient Reactor Test Facility. Located at Idaho National Laboratory in the U.S., TREAT
is an air-cooled, graphite-moderated test reactor used since 1959 to simulate reactor transients and accident
conditions by subjecting test materials to intense neutron pulses.

3 BIGR refers to a pulsed test reactor in Russia, officially known as the BIGR Reactor (Impulse Reactor).
Commissioned in 1977 at the All-Russian Scientific Research Institute of Experimental Physics, it is designed for
neutron-physics experiments and pulsed irradiations—often used for reactivity-initiated accident simulations on
reactor fuel

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026
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Table 1-3: Summary of Differences

Aspect PCI-SCC PCMI
Failure type Stress corrosion cracking (SCC) Mechanical cracking
Trigger Power ramps + fission products Rapid mechanical loading (RIA)
Crack initiation Cladding ID Cladding OD (hydride rim)
Environment Requires aggressive FP chemistry Independent of chemistry
Observed in Commercial reactors (BWR, PWR, VVER) Ramp/RIA test reactors only
Mitigation Stress control, pellet/cladding design A 2 MEEGINETS & 1)

improvements
© ANT International, 2025
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2 PCI-SCC mechanisms and phenomena

2.1 Introduction

Fuel failure induced by PCI-SCC has been considered a recurring issue since it was first observed in the
1960s. In the 1970s and 1980s, PCI-SCC failures were common, prompting significant improvements in
the mechanistic understanding of the thermomechanical phenomena at play and both fuel and
operational practices. However, in the early 2000s, several duty-related PCI-SCC failures reappeared in
high-energy U.S. PWRs during startups and restarts. Hot-cell examinations revealed missing pellet
surface (MPS) defects as contributing factors. To address these, vendors refined fuel manufacturing and
inspection, while utilities introduced remedial operational measures e.g. [Kennard et al,, 2022].

e Reduced startup power ramp rates.

e Added constant power holds before reaching the nominal power conditions to allow cladding
stress relaxation.

e Implemented core design modifications to mitigate local power peaking.

e Performed cycle-specific startup analyses to evaluate PCI-SCC margins in the limiting fuel rods.

e Limited extent and/or duration of coast-downs to avoid extensive deconditioning of the fuel
rods which will be re-used in the following operating fuel cycle.

These remedies proved effective in reducing PCI-SCC type failures in affected plants at the cost of
reduced operating flexibility.

PCI-SCC failures may occur in both pressurized water reactors (PWRs/VVERs) and boiling water
reactors (BWRs). However, PCI-SCC failures are more prevalent in BWRs, where reactor power is
adjusted using control rod movements, leading to frequent local power ramps. In PWRs/VVERs, by
contrast, power is primarily controlled by gradual changes in soluble boron concentration (or “grey”
control rods#, lighter than “black” control rods), resulting in smoother operational profiles and a lower
risk of PCI-SCC. Nonetheless, PCI-SCC risk of failures in PWRs during power increases, particularly in
Class Il transients (anticipated operational occurrences, AOOs) must be assessed.

Since the 2010s, PCI-SCC has again become a concern due to changes in the electricity generation mix,
driven by the rapid expansion of wind and solar power, which has increased variability in grid supply
and requires nuclear power plants to operate more flexibly to balance frequent power fluctuations. The
flexible power operation is known to reduce PCI-SCC design margins of the fuel, both during normal
operation and anticipated operational occurrences (AOOs) [Sim et al, 2019]. In addition to this, the
industry is moving towards higher burnup and higher energy core designs to enable longer operating
cycles, and towards higher operating efficiencies. These and other changes have the potential to reduce
margin to PCI-SCC failures.

2.2 Early reactor experience (1960s-1970s)

2.2.1 GETR

The first PCI failures were reported in GETR tests by Weidenbaum (1961-1964). The failures
occurred in a test program to assess how much fuel centre melting could be tolerated in a fuel rod
during operation without leading to fuel-rod failure. Weidenbaum could show that the cladding plastic
strains were a result of the fuel volume expansion due to the fuel melting. This was the first time this
failure mechanism had been noted, which subsequently became named as PCI. Hot-cell examinations

4 Grey” control rods are designed to provide partial reactivity control with reduced local power distortion,
allowing finer power manoeuvring and load following, whereas “black” control rods have high neutron absorption
and produce strong local power suppression when inserted.

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2026
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identified iodine-assisted SCC with very small diametral failure strains (x1.7-3.3%), while rods with
<0.3% diametral strain remained intact.

It was established fairly quickly after the first observed PCI failures in nuclear fuel-cladding that a form
of SCC by fission products, released from the fuel by an increase in local power, was the most probable
explanation, Lyons et al,, 1963/64. Experiments led to the conclusion, Rosenbaum, 1966 that iodine was
the most probable fission product involved, although other fission products (e.g., Cs and Cd) were also
seen as potentially aggressive species that could cause metal-vapour embrittlement (MVE) of the fuel
cladding, Grubb & Morgan, 1979.

2.2.2 Halden

Other early PCI failures were observed in loop tests in the Halden Boiling Water in 1964, Garlick, 1968
and Garlick, 1969 and in the prototype Nuclear Power Demonstration (NPD) Reactor at Rolphton, ONT
in 1965, Cox, 1990(a).

2.2.3 CANDU

However, the onset of an epidemic of failures following the start of on-line refuelling in the Douglas
Point (DP) prototype reactor in 1969 and in Pickering-I (PGS-I) in 1971 provided large numbers (94 PCI
failures in 1972 alone) of failed fuel pins that had been removed quickly (generally in <60 min after
detection of the failure) from the reactor, and therefore had no time for secondary degradation to affect
the fractography of the initial crack [Cox B., 1990a]. The ability to remove failed fuel bundles quickly
after detection allowed for the establishment of the main experimental features of the PCI defect
mechanism with good statistical certainty. The following factors were established from these data:

1) The existence of an “incubation time” between the time at which the power in the fuel was
increased and the time at which a PCI defect was detected.

2) there was a limited time period during which the environment within a fuel pin was capable of
causing a PCI-SCC failure. If no failure had occurred within 2-5 hours of reaching high power then
none would occur, no matter how long the fuel bundle was left in the reactor.

3) Virtually all CANDU PCI-SCC defects were “pin-hole” failures (i.e., only an “X-mark” was clearly
visible in the hot cells

4) Even though secondary degradation of the failure was not observed because of the fast removal
n(<1h) of defected bundles, small secondary hydriding blisters could usually be observed away
from the X-mark.

5) Because ingress of water immediately hydrolyses Zr/I compounds and thus arrests crack growth
by SCC, the DN signals often disappeared soon after a failed bundle was detected. Oxidation of the
crack walls by water ingress causes a volume expansion due to the oxide formed on the crack
walls, which can effectively re-seal the primary through-wall crack.

6) Since the PCI-SCC crack length at the point of penetration (X-mark) was typically only 1-2 mm,
any cracks longer than this probably resulted from secondary degradation by hydrides or
mechanical shear if the crack showed a 45° orientation through the wall. The primary PCI-SCC
crack itself is usually radial if it is primarily a transgranular crack, possibly (but not necessarily)
with some branching. Major branching in non-radial directions usually indicates a large fraction
of intergranular crack growth

2.2.4 PWR

In 1976-1977, during cycles 5 and 6 of the KWU designed Obrigheim PWR plant several PCI-SCC failures
occurred due to power ramps early in the cycle, Figure 2-1. The PCI-SCC failures occurred at the lower
rod elevation that experienced the largest power increase while secondary defect were formed in the
upper part of the rods.
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Figure 2-1: Correlation between power ramp and the location of defects (KWO cycle 6), modified figure according to Garzarolli et
al., 1978.

2.3 PWR and BWR (1980s-)

2.3.1 Introduction

PCI-SCC failures in BWRs were identified as problem in 1971 following control blade movements,
Williamson & Proebstle, 1975. Figure 2-2 shows an example of the large local power increase in the fuel
adjacent to the control that was withdrawn. Specifically, during the 1970s and 1980s, PCI-SCC was one
of the major fuel failure causes in BWRs for fuel with burnup ranging from 5 to 25 MWd/kgU, Table 2-1.
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3 Classical Pellet-Cladding Interaction (PCI-SCC)
Mechanisms

3.1 Introduction

PCl is the result of an increased contact pressure between the pellets and the cladding once the
pellet/cladding gap is closed. As a result, tensile hoop stresses appear in the cladding, concentrating at
the tip of the pellets radial cracks and/or at the pellet-pellet interfaces (i.e., sometimes called “triple
points”). At the clad-pellet interface, the local chemical environment resulting from the release of
volatile corrosive fission products (lodine, Tellurium, Cadmium, Caesium, etc.,) coming from the centre
of the pellet, initiates at the point of stress concentration [Desgranges L. et al, 2019], inter-granular
stress corrosion cracks (SCC) which then propagates rapidly through the wall in a transgranular mode.
To consider both thermomechanical and thermochemical behavior of the fuel system during a power
ramp, the acronym PCI is always associated to SCC (PCI-SCC) when referring to this particular cladding
failure mode.

SCC cracks initiate and propagate outward, often within only a few minutes of the power increase
(Figure 3-1, Figure 3-2, Figure 3-3). PCI has been observed in both BWRs, PWRs, VVERs and CANDU, but
is much more common in BWRs because frequent control-rod manoeuvres create sharp local power
ramps.

Fissuration de la pastille 4TO,

Figure 3-1: PCI cladding crack at the location of a radial pellet crack and 3-D finite element model to assess stresses and strains
during and after a power ramp, modified according to [Sercombe et al, 2013].
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Figure 3-2: PCl failures modified according to (Garzarolli et al., 1979).
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Figure 3-3: PCI crack beginning at a fuel-pellet crack, modified figure according to Davies et al., 1977.

The sequence of PCI begins once the fuel has accumulated a sufficient inventory of fission products,
typically after burnups of about 5-10 MWd/kgU. After an extended period at low power, a sharp power
ramp initiates the process. The rapid thermal expansion of the fuel pellets closes the pellet-cladding gap
and elevates the cladding hoop stress to near its yield strength (Figure 3-4). This “ramp effect” is
accompanied by a steep rise in fuel temperature, which enhances the release of fission products from
the pellet. Among these, iodine is the most aggressive: it migrates along radial pellet cracks to the
cladding inner surface, where it reacts with zirconium to form Zrl, (Figure 3-5). The presence of this
volatile, embrittling compound establishes a chemically aggressive environment at the cladding surface.
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4 PCI-SCC testing (in-pile and out-of-pile)

4.1 Introduction

This section of the report provides an update of the latest in-pile and out-of-pile (OOP) laboratory test
methods used to study the physical mechanisms involved in PCI-SCC of LWR nuclear fuel claddings. PCI-
SCC is a significant concern for the safe and reliable operation of nuclear reactors, as it affects fuel
cladding integrity under operational and transient conditions. This section reviews the experimental
setups and recent testing methodologies to evaluate PCI-SCC resistance and to enhance the performance
of nuclear fuel claddings.

Various PCI-SCC test methods are employed to simulate and evaluate the conditions that fuel cladding
will experience in an actual reactor. Each of these methods provides valuable information about how
pellet-clad interactions might affect the performance and safety of nuclear fuel rods. The choice of test
method often depends on the specific aspects of PCI-SCC that need to be studied, as well as the intended
reactor conditions being simulated. Here are some common methods used for PCI testing:

High-Temperature Annealing Tests
Purpose: To simulate thermal conditions fuel cladding and pellets will experience in a reactor.

Method: Cladding samples are subjected to high temperatures in a controlled environment for
extended periods. This helps to study the effects of thermal expansion and material interactions
over time.

Parameters: Temperature, duration, and atmosphere are carefully controlled to mimic reactor
conditions.

Mechanical Testing

Purpose: To evaluate the mechanical properties of the cladding material under simulated
reactor conditions.

Method: Mechanical tests such as tensile tests, compression tests, and hardness tests are
performed on cladding samples. These tests assess how the cladding material responds to
stress and strain.

Parameters: Load, strain rate, and environmental conditions (such as temperature and
radiation) are varied.

Fission Gas Release Testing

Purpose: To study fission gases releases from the fuel pellets to the free volume and their
interaction with the cladding through fuel rod internal pressure evolution.

Method: Fuel samples are irradiated in a test reactor or simulated reactor environment, and the
released fission gases are measured. The buildup of gas pressure and its effect on the cladding
are evaluated.

Parameters: Irradiation conditions, gas collection methods, and measurement techniques are
key.

Simulated Irradiation Tests

Purpose: To simulate the effects of neutron irradiation on fuel cladding properties and its
interaction with the fuel pellets.

Method: Cladding and fuel samples are irradiated in a neutron source or in a test reactor. The
irradiation conditions (pressure, temperature) must be as prototypical as possible. Irradiated
samples are then examined for changes in physical and mechanical properties.
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Parameters: Neutron flux, irradiation duration, and temperature are controlled.
Thermo-Mechanical Testing

Purpose: To understand the combined effects of thermal and mechanical stresses on cladding
materials.

Method: Cladding samples are subjected to both thermal cycling (heating and cooling) and
mechanical stress. The interaction between thermal expansion and mechanical deformation is
studied.
Parameters: Temperature ranges, stress levels, and cycling rates are varied.

Microstructural Analysis

Purpose: To investigate PCl-related changes in the microstructure of cladding materials.

Method: Techniques such as scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and X-ray diffraction (XRD) are used to analyse the microstructural changes
in cladding samples.

Parameters: Sample preparation, imaging resolution, and analysis techniques are key.
Corrosion Testing

Purpose: To assess the impact of corrosive environments on cladding materials, which can
influence PCI.

Method: Cladding samples are exposed to corrosive environments (e.g., high-temperature water
or steam) to study corrosion rates and effects on mechanical properties.

Parameters: Corrosive medium, temperature, and exposure time are controlled.
In-Pile irradiation
Purpose: To evaluate fuel cladding performance evolution under actual reactor-like conditions.

Method: Test rigs containing fuel rods and cladding materials are placed in a research reactor.
Performance data is collected during operation.

Parameters: Reactor conditions, including temperature, pressure, and neutron flux, are closely
monitored.

Dynamic Testing

Purpose: To study the behavior of cladding under dynamic conditions, such as sudden
temperature changes or pressure transients.

Method: Cladding samples are subjected to rapid changes in temperature or pressure, and their
response is measured.

Parameters: Rate of change in temperature or pressure, and the magnitude of these changes, are
varied.

The tests described here are standard tests to validate the fuel performance code models used to
calculate the initial thermomechanical state of the fuel, at the beginning of a power ramp. This initial
T/M state is supposed to be calculated with a good level of confidence.

The following list gives tests dedicated to the subject of PCI-SCC.

e creep and relaxation tests in low and high stress conditions (cladding and fuel pellet),

e pellet thermal expansion, solid and gaseous swelling,
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e pellet fragmentation and fragments repositioning,
e power ramp tests.
Details of these tests are available in [Adamson et al, 2006].

The PCI-SCC topic was addressed in ZIRAT11/IZNA6 and ZIRAT27/1ZNA22 Special Topical Reports on
PCI and PCMlI issued in 2006 [Adamson et al, 2006] and 2023 [Jasiulevicius A., 2023]. The
ZIRAT11/IZNAG6 report was focused on mechanisms and testing while the ZIRAT27 /IZNA22 covered
mostly modelling and methodology developments. This ZIRAT30/1ZNA25 Special Topical Report gives
an update on various PCI-SCC aspects.

4.2 In-pile PCI-SCC testing

In-pile testing offers the best chance to reproduce the conditions of a commercial fuel experiencing a
PCI-SCC failure in a nuclear Power Plant (NPP). For sorting out PCI-SCC remedies, identifying specific
mechanisms and determining PCI-SCC failure thresholds, in-pile power ramp tests were paramount.
Today, there are very few test reactors available for materials testing2%. Ramp testing, and subsequent
analyses are complicated and costly, but can provide essential input into PCI-SCC understanding and
failure threshold determination.

4.2.1 Step ramp tests

Many types of ramp tests have been performed [Davies et al., 1984; Davies et al., 1977; Dahlback et al,,
2005; Seibold et al., 1977; Cox, 1990; Massih et al., 2005] but the most common and most easily
described is the “staircase” ramp illustrated in Figure 4-1. Rods for the tests are irradiated in a power
reactor at low power to burnups sufficient to generate ample fission products and pellet-clad gap
closure. Rodlets for ramp testing are necessarily short, so it is most convenient to irradiate segmented
rods on the order of a meter long; if full length rods are used, they must be refabricated in a hot cell to
lengths between a half to one meter. Great care must be taken to prevent contamination of the rod with
air, oils, etc. and to prevent pellet fragmentation and relocation during refabrication, handling and
transport?l. In the test reactor, irradiation is conducted for a short time (6 hours in Figure 4-1) at a
power similar to the pre-irradiation one in the power reactor. The power is then quickly raised a small
amount (about 2 kW/ft (6 kW/m) in Figure 4-1) and held for a short time (1 hour in Figure 4-1).

This sequence is repeated until either the rod fails (detected by monitoring fission products in the
coolant, or by dynamic monitoring of the rod length) or a power is reached that is above any power that
would be reached in commercial service. The power increments, rates and hold times can be varied to
test various hypotheses or fuel conditions (burnup, design, etc.). Usually, a failure threshold is
determined as a function of burnup. (Figure 4-2 and Figure 4-3) show the results where various
cladding designs or materials are compared. More information is given in [Adamson et al, 2006] and
[Rudling et al, 2012].

20 BR2 in Belgium and to a lesser extent PETTEN in Netherland are the only test reactors in western Europe which
can perform qualified ramp testing on irradiated fuel rodlets.

21 The segmented rods irradiated in a commercial nuclear power plant seem to be a better option than refabricating
a fuel rodlet from a full-length rod. However, we must keep in mind that it is uneasy to design the appropriate
plenum size/volume of each segment such that rod internal pressure evolution during base irradiation is the same
as the one of a full-length rod. If the rod internal pressure evolution is different, the kinetic of the pellet-clad gap
closure will be different as well. Since gap closure kinetics impacts directly the level of stresses applied by the pellet
on the cladding during a power ramp, segmented rodlets might be less representative than refabricated rodlets.
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5 PCI-SCC modelling

5.1 Introduction

Although pellet-cladding interaction stress corrosion cracking (PCI-SCC) is not considered a safety-
related issue in most countries, fuel vendors and reactor operators have developed specific
methodologies to quantify PCI-SCC design margins in order to prevent costly in-reactor fuel failures.
PCI-SCC failures may lead to increased coolant activity and operational constraints and therefore
require appropriate margins under normal and anticipated operational conditions.

PCI-SCC is a transient phenomenon resulting from the combined action of thermal, mechanical,
irradiation-induced, and chemical processes at the fuel pellet-cladding interface. From a materials point
of view, it involves the interaction between a cracked ceramic fuel pellet, a ductile zirconium alloy
cladding, evolving contact conditions, and aggressive fission-product species, mainly iodine. From an
operational point of view, PCI-SCC is typically associated with localized power increases during reactor
startup, load-follow operation, or return to power after extended reduced power operation.

Because of its multi-physics nature, PCI-SCC cannot be described by a single parameter. It depends on
the coupled evolution of fuel cracking, fragments repositioning, pellet-cladding gap closure, cladding
creep and relaxation, cladding plasticity, pellet-cladding friction, fission-product release and transport,
local linear heat rate and temperature history.

To address this complexity, two complementary modelling approaches have been developed.

The first approach consists of design-oriented or engineering models, implemented in fuel
performance codes suitable for industrial application. These models are generally one-dimensional or
quasi-two-dimensional and rely on simplified but conservative representations of fuel cracking, pellet-
cladding contact, and cladding deformation. They are calibrated against extensive experimental
databases and are used to establish PCI-SCC operating limits and fuel operating guidelines.

The second approach consists of mechanistic or research-oriented models, based on multi-
dimensional finite element simulations. These models explicitly represent pellet cracking, pellet-
cladding contact, friction, creep, and, in some cases, fission-products thermochemistry. Although
computationally demanding and not suitable for routine industrial use, they provide valuable insight
into local stress and strain fields and into the physical mechanisms controlling PCI-SCC initiation. These
models support the interpretation of experimental results and the validation and improvement of
design-oriented models. They can also provide insights for developing advanced PCI-SCC free fuel
variants.

The objective of this section is to review these two modelling approaches, their physical basis, their
experimental validation, and their respective domains of applicability, and to provide the technical
background for PCI-SCC operating guidelines discussed in section 7.

5.2 Reminder: PCI-SCC phenomenology

During reactor operation, heat generated by nuclear fission in the fuel pellets is transferred through the
cladding to the surrounding coolant. As a result, a quasi-parabolic radial temperature gradient develops
in the fuel pellet, with a maximum temperature at the pellet centre. The thermal stresses induced by this
gradient exceed the tensile strength of UO; early in life, leading to the formation of radial cracks and
fragmentation of the pellet.

As irradiation proceeds, fuel pellet gaseous and solid swelling due to fission-product accumulation,
together with cladding irradiation creep-down under coolant pressure, progressively reduces and
ultimately closes the pellet-cladding gap. Once gap closure occurs, the radial cracks in the pellet
generate strong stress and strain localization at the cladding inner wall, as illustrated in Figure 5-1 . In
addition, because pellet thermal expansion and swelling are axially non-uniform, contact occurs
preferentially at the pellet-pellet interfaces, where deformation is maximal.
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Pellet crack opening due to thermal expansion

Figure 5-1: Stress and strain are localized at the tip of the main pellet radial cracks. After closure of the pellet-clad gap, the
hourglass shape deformation of the fuel pellets generates primary ridges at the pellet-pellet interface (IP). Effects
of radial cracks and primary ridges concentrate at the so-called “triple point”. Failures by PCI-SCC generally occur
at the “triple point” close to the peak power node, Figure modified according to [Sercombe et al., 2020].

This axial non-uniform deformation, commonly referred to as pellet hour-glassing or wheat-sheafing,
induces localized cladding strains at the pellet ends and leads to the formation of regularly spaced
primary ridges at the inter-pellet (IP) planes. The combined effects of radial cracking and primary
ridging concentrate stresses at the so-called triple point, defined as the intersection of a pellet radial
crack, the pellet-pellet interface, and the cladding inner surface. PCI-SCC failures are generally observed
to initiate at this location, close to the axial position of peak local power, as schematically illustrated in

Figure 5-2.
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(b)

Figure 5-2: Typical I-SCC crack after a power ramp: (a) on external surface of the cladding. b) I-SCC crack observed on a fuel
cross-section near the pellet-pellet interface, figure modified according to [Sercombe et al., 2020].

At higher burnup, the development of high-burnup structure (HBS) at the pellet periphery together with
enhanced fuel creep, lead to a redistribution of contact forces and to the appearance of secondary
ridges at the mid-pellet plane. Cladding profilometry measurements provide a clear macroscopic
signature of this evolution and are frequently used for model validation (Figure 2-32).

Mechanical loading alone is not sufficient to cause PCI-SCC. Crack initiation requires the simultaneous
presence of a chemically aggressive environment at the cladding inner surface, primarily associated
with iodine-bearing fission products, and sufficient exposure time at elevated stress and temperature.
This coupled dependence on stress, chemistry, and time explains the observed scatter in experimental
ramp-test results and motivates the need for modeling approaches that combine thermomechanical
loading with thermochemical (fission-product) effects. In this respect, phenomenological understanding
provides the common physical framework for both design-oriented and mechanistic PCI-SCC models. To
assess this availability versus time, thermochemical models are required (see section 5.9 below).

5.3 PCI-SCC modeling background

Calculation tools applicable to core design, which have demonstrated excellent performance in avoiding
PCI failures by limiting power variations in commercial nuclear power plants [1], are addressed first
(see Sections 5.5 and 5.6). Advanced multi-dimensional modeling of the phenomena leading to stress-
strain localization and iodine concentration at the cladding inner surface during power transients, and
ultimately to fuel rod failure by iodine-induced stress corrosion cracking (I-SCC), is then described in
Sections 5.7 to 5.9. Complementary information on PCI-SCC failure of Zircaloy claddings can be found in
the reviews by Cox [2] and Sidky [3], as well as in Chapter XX, “A review of Pellet-Cladding Interaction
behavior in zirconium alloy fuel cladding”, by Piro et al.

Experimental characterization of PCI is essential to confirm the physical assumptions used in modeling.
Dedicated post-irradiation examinations (PIEs) performed on industrial fuel rods after power ramp
tests are therefore briefly described, as they provide key data for assessing and validating simulation
results. Since the locations of fuel pellet radial cracks and cladding I-SCC cracks are well correlated, early
modeling efforts focused on capturing stress-strain concentration in the cladding in front of pellet radial
cracks.

Analytical elastic solutions based on pellet fragment and cladding models were developed to estimate
these stress concentrations and are described in [Sercombe et al., 2020]. These solutions form the basis
of the fuel performance codes used for core design against PCI-SCC failure risk.
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6 Methodologies for PCI-SCC risk assessment

6.1 Introduction

Power modulations of commercial nuclear power plants (NPPs), or flexible operation, is increasing
worldwide to compensate intermittent renewable production and stabilize the electric network. These
modulations translate into significant core power changes, challenging PCI-SCC behavior of the fuel
rods, in particular those conditioned at low power for a long period of time (Extended Reduced Power
Operation ERPO).

Therefore, being able to assess the available PCI-SCC design margins to failure for each fuel rod in the
core is crucial for the operator.

The good news is that PCI-SCC safety significance is negligible. Indeed, a through the wall PCI-SCC crack
is very small and doesn’t propagate, neither axially nor azimuthally?2°. As such, it is not considered as a
safety-related issue, but as a potential radiological and operational issue because critical power
transients (i.e., those leading to LHGRs greater than the PCI-SCC failure threshold of the fuel rods) may
affect a large number of fuel rods in the reactor core. It is then paramount, for a given fuel management
scheme, to develop methodologies enabling conservative assessments of PCI-SCC margins, for all the
fuel rods present in the core, at any time, based on validated calculation tools and qualified failure
thresholds (see Section 4.2.).

Fuel vendors and utilities developed various PCI-SCC design analysis methodologies, in particular to
address flexible operation which tends to increase power transients occurrences.

The French situation is specific. Since the proportion of NPPs in the French electrical mix is significant
(i.e, up to 75% of nuclear), the French nuclear utility (EDF) must adjust daily, weekly, and seasonally
the nuclear production to consumption. This is why, from the early 90’s, Framatome and EDF have
developed specific methodologies to ensure this strong load-following has no consequences. The topic is
so sensitive that the French regulator requires to include AOOs (class-II) power transients in the PCI-
SCC safety analysis, opposite to other countries, where licensees can limit their PCI-SCC risk assessment
to class-I power transients.

The methodologies used for PCI-SCC risk assessment and related operational limits quantification, rely
on the definition of a PCI-SCC failure threshold called “PCI Technological Limit” (PCI-TL). This limit,
which is fuel design dependent, is derived from the analysis of series of experimental power ramps, using
fuel performance codes able to discriminate failed- from non-failed fuel rods and to rank them
appropriately.

The evaluation parameter used to define the PCI-SCC Technological Limit is usually the upper bound of
the clad hoop stresses of the non-failed fuel rods of the database. For alloys exhibiting high relaxation
rate at high stresses, licensees prefer to use strain energy density as a metric (e.g., M5 Framatome clgdding).

Once the PCI technological limit is known for a given fuel design, licensees apply methodologies, using
the same fuel performance code as the one used to define the PCI-SCC Technological Limit, to assess
the PCI-SCC design margins to failure within the core.

For this purpose, Framatome and EDF propose a set of PCI-SCC methodologies for PWR reactors to
support utilities for more flexible nuclear energy production.

29 In PWR, if operation is continued after a PCI-SCC failure, steam ingress in the leaking fuel can produce localized
secondary hydriding, a couple of meters away from the primary failure. This phenomenon is known and occurs with
other types of primary failures (e.g., failure due to grid to rod fretting or debris fretting). In BWR the situation is
slightly different because secondary hydriding can lead to axial splits which could be a concern.
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6.2 EDF-Framatome PCI-SCC risk assessment
methodologies (France)

Framatome-EDF have developed two PCI-SCC methodologies applicable to PWR with M5 cladding to
justify base load and intensive flexible operation:

- MIR methodology: comprehensive, time consuming, not too penalizing (i.e., leads to longer
allowable ERPO durations)

- Allowable Power Methodology: simpler and faster than MIR methodology, more penalizing (i.e.,
leads to shorter allowable ERPO duration).

The two methodologies differ regarding neutronic calculations (3D kinetics for the MIR methodology vs
3D static for the Allowable Power Methodology) and the coupling between thermomechanical and
neutronic calculations. The MIR methodology enables to justify considerable plant maneuverability but
at a significant computational cost. The Allowable Power methodology enables a simpler justification
without restraining too much plant maneuverability, at a moderate computational cost.

6.2.1 MIR Methodology comprehensive and time consuming

EDF and Framatome developed the MIR methodology to adjust the PCI-dedicated protection thresholds,
such ensuring the integrity of all the fuel rods in the core, during any Anticipated Operational
Occurrences (AOOs) occurring at any time during their lifetime. The reactor protection thresholds
define an operational domain which is PCI-SCC failure free.

The MIR study is divided into six steps [NEA-OECD, 2016]:

1. Generation of conditioning power histories,

2. Simulation of the initial conditions, prior to the AOO transients,

3. Simulation of the AOO transients,

4. Thermo-mechanical PCI-SCC risk assessment for various normal operational conditions
(e.g., base load operation, frequency control and load following manoeuvres, Extended Low
(Reduced) Power Operation (ELPO or ERPO) de-conditioning, return to full power after
ELPO re-conditioning, end of cycle stretch). This analysis enables defining the plant PCI
Operating Technical Specifications (OTSs) to ensure no PCI-SCC failures in case AOO events
would occur,

5. Confirmation or adjustment of the PCI-dedicated protection thresholds

6. Quantification of the allowable ERPO duration.

The flowchart of the MIR methodology is described in (Figure 6-1).
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As the PCI-SCC phenomenon is a local issue, it is necessary to define the accurate thermomechanical
state of each point in the core at the moment of the AOO transient. Obviously, local thermomechanical
state of each fuel rod depends on its power history. Therefore, the power history of each fuel rod is
computed, from the beginning until the occurrence of the bounding class-II transient (AOO), which can
occur anytime during irradiation.

Since this “pin by pin” method requires significant computational and human resources, only a generic
study on a prototypical “reference core reload pattern” is conducted.

The flow of the MIR analysis is as follows [IAEA, 2021]:

Generation of fuel rod power histories from beginning of life, using a kinetic neutronic
calculation code. Those power histories are generated under varying conditions such as
base load and ERPO, considering inserted or extracted Rod Cluster Control Assemblies
(RCCA’s).

Initiation of AOO transients from any conditioning state obtained after normal operations
simulation. To optimize the process and focus on the bounding cases, the initial conditions
prior to the AOO event are selected such as to maximize local power increases. For each AOO
event, the initial conditions include fuel rod burn-up, LHGR level, power axial distribution,
Xenon axial distribution, position of the regulation groups, or Boron concentration. The
parameters to consider can vary depending on the transient under investigation.
Neutronic simulation of AOO transients for the whole core, at various times during the
irradiation cycle using 3D Kinetic neutronic calculation tools, including regulation and
protection systems.

Quantification of available PCI-SCC design margins: the risk of failure during the AOO
transient is determined by comparing the maximum cladding stress in the fuel rod to its PCI
technological limit (i.e.,, PCI-TL), both being calculated with the same fuel performance
thermomechanical code. The evolution of the PCI-SCC evaluation parameter (i.e., cladding
stress or SED (strain energy density)) is calculated according to the applied local power
history, using explicit thermomechanical calculations. The difference between the maximum
simulated stress (or SED) and the technological limit is called PCI-SCC design margin to
failure. PCI-SCC margins are assessed at the peak power nodes of each fuel rod, for various
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7 PCI-SCC-related Operation Limits and Guidelines

7.1 Introduction

Although PCI-SCC is not considered as a safety related issue in most countries, the fuel vendors and the
operators have developed specific methodologies to quantify actual PCI-SCC design margins to ensure
sufficient operational margins preventing costly in-reactor fuel failures.

The reactor operating guidelines include, for a given preconditioning power and for various operating
modes, limitations on:

- Operating time at reduced power
- Power ramp rates
- Hold times at the ramped power.

These operating guidelines are valid for a specific plant design and a specific fuel design. The
formulation of the guidelines strongly relies on the experimental data gathered over the years through
numerous national and international experimental power ramp programs in material test reactors and
coupled with commercial in-reactor experience feedback.

For PWRs, PCI-SCC surveillance and protection methods are intended to safely prevent fuel failures by
ensuring adequate safety margins. Fuel operating guidelines are provided to limit local power increases
and to condition the fuel to minimize the impact of potential power ramps.

These guidelines are generally in the form of prescribed preconditioning rules, limitations of operating
time at reduced power to limit fuel deconditioning, prescribed ramp rates and power level holds to
prevent excessive PCI-SCC for different operating conditions such as load following operation.

Special attention is given at the first startup after handling of the fuel assemblies, where more severe
power ramp rates are applied.

PCI-SCC failures are more frequent in boiling water reactors (BWRs) than in Pressurized Water Reactors
(PWRs). This is due to the frequent use of control blades to compensate for changes in reactivity with
burnup and for optimization of the core-wide power profile. Therefore, BWR operating guidelines
impose limits on power ramp rate at start-up, after refueling or after changing the control rod sequence,
as well as on the control rod withdrawal rate in the high-power regions when the fuel is not
preconditioned.

7.2 Startup ramp rates recommendations

Local power changes during reactor startup can introduce large local stresses when the power level
increases above the conditioned power level of the cladding. Operators of pressurized water reactors
(PWRs) employ some type of power ramp rate restrictions during startup following a refueling outage.
Fuel vendors imposed such operating restrictions in the late 70’s to minimize the occurrence of PCI-SCC
failures. These restrictions consist of a threshold power level above which a limit on the power
ascension rate is imposed.

7.2.1 A broad spectrum of startup strategies following
refuelling outages in PWRs

An important factor of a plant’s restart strategy is power ramp rate restrictions. Reactors undergoing
restart are potentially vulnerable to PCI-SCC because second and third burnt fuel reloads may have been
reconditioned at lower power during the power coast-down phase at the end of the previous cycle.
Pellet/cladding gap may be closed at relatively low linear powers for fuel rods beyond a burnup
threshold level. If the power level increases rapidly under these conditions, differential thermal
expansion can result in stress concentrations in the cladding that may cause cladding failure.
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The PWR power ramp restrictions consist of a threshold power level above which a limit on the power
ascension rate is imposed. The threshold power levels vary from plant to plant depending on design and
can range between 20% and 50% of core full power - Nominal Power (NP). Most plants use threshold
power levels near 20% NP. The power ascension rate below the threshold power is plant-dependent
and can vary between 10% to- 30% NP/hr. To limit the extent of this stress concentration, very slow
ramp rates, that is, power increases of ~3% NP per hour above a threshold power level are prescribed
to minimize the likelihood of cladding failure during reactor startup. Below the threshold value (which
can be typically 30% NP), the ramp rates are significantly less restrictive (e.g., ~15% NP per hour).
There is additional time steps required in a start-up procedure due to certain procedural hold points
that take place at intermediate power levels in PWRs to enable physical tests and calibration (see
examples in Table 7-1).

Considering the hold point durations and the ramp rates between the hold points (varying from ~3%
NP per hour to ~15% NP per hour), the whole process to take the reactor back to nominal power after a
refueling shutdown can take 72 to 100 h32. Start-up rates after a shutdown without refueling can be
faster than the 3% NP per hour, with rates as high as 10% NP per hour. In addition, typical maneuvering
rates during power operation can be much faster than the start-up rates described here.

Table 7-1: Summary of hold points during power increase after a shutdown, [Peakman et al, 2020].
Power level % Duration, h Activity
10 1-2 Turbine heat up and rotation, synchronize generator
30 24 Core flux mapping, water chemistry checks
50 1-2 Verification of compliance to technical specifications
75 18-24 Core flux mapping, water chemistry checks
90 <1 Nuclear instrument calibration
95 1 Calorimetric heat balance between primary and

secondary sides prior to full power

Regarding the restart ramps, in 1999 EPRI has performed a comparison of commercial PWR post-
refueling restart activities with a goal of providing a technical basis for fuel conditioning practices [EPRI,
1999].

The key differences between U.S., French, and South Korean practices and the German approach appear
to be related to both restart ramp limitations and non-fuel related hold times (Table 7-2).

32 In France, thanks to the tighter fuel manufacturing technical specifications and to the comprehensive PCI-SCC risk
analysis in place, EDF NPPs can usually be restarted much faster, i.e., in the order of 30h
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Table 7-2: Range of re-start parameters in the US, German, French and Korean PWRs, figure modified according to
[Yagnik et al. 2004].

Ramp restriction threshold (power above which re-start limits are imposed)

Country Average linear heat rates
US (all) 36 to 89 Wicm
France 26 to 28 Wicm
Germany 51 to 189 W/cm
Korea 88 Wicm

Ramp restriction threshold

Country Average ramp rates
US (all) 5.4 t0 5.7 Wicm/hr
France 5.2 t0 5.5 W/cm/hr

Germany 1.7 t0 10.5 W/em/hr
Korea 5.3 Wicm/hr

Relaxation time (time at power after which ramp limits are removed)

Country Average reconditioning time (hours)
US (all) 3t0 72
France 72
Germany 0to72
Korea 3to 72
7.2.2 EDF experience

EDF 900 MW units initially imposed a 3% NP per hour limit above 20% NP power. Control rod
movement above 50% power is limited to 3 steps per hour. This limit was reportedly based on 1975
recommendations from Westinghouse. Since no PCI-SCC-related fuel failures were reported, EDF
decided, for post-conditioned operation, that power can be changed at 5% NP per minute, with no
specific limits given for control rod movement provided state points remain within the operational
domain (Section 7.3).

7.2.3 Westinghouse historical recommendations

According to Westinghouse PWR Fuel recommendations, if the below conditions exist, the following
ramp requirements must be met:

- The Plant has not operated with the existing core at or above the intended power level in
the last 27 days. Time spent with the Unit at zero-power does not count towards the 27-day
time limit.

- Reactor Power is between 50% and 100% NP.

- The plant has not operated at or above the intended power level for at least 72 cumulative
hours out of the last 7 days (168 hours) of power operation.

Ramp rate requirements for fuel integrity if the above conditions exist:
- 0% to 50% Rated Thermal Power (RTP), Unlimited
- 50% to 80% RTP, ramp rate of 3% NP per hour
- Hold for 5 hours between 75% to 85% NP
- 80% to 90% RTP, ramp rate of 2% NP per hour
- Hold for 5 hours between 88% to 95% NP
- 90% to 100% RTP, ramp rate of 1 % NP per hour
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8 Summary and outlook
8.1 Comparisons and key results related to PCI
8.1.1 Overall synthesis and perspective

The report consolidates several decades of Pellet-Cladding Interaction (PCI) and PCI assisted by Stress
Corrosion Cracking (PCI-SCC) research, while adding important new experimental, modeling, and
operational insights. It confirms that PCI-SCC remains a stress- and chemistry-controlled phenomenon,
initiated by pellet-driven mechanical loading (PCMI) and enabled by iodine-bearing fission products.
However, its practical relevance has evolved, being strongly influenced today by modern fuel designs,
higher burnup, and increasingly flexible plant operation.

Although historical PCI-SCC failure rates have been significantly reduced, operating experience
demonstrates that PCI-SCC has not been eliminated but has instead shifted in character. Contemporary
PCI-SCC events are increasingly associated with localized effects, fuel deconditioning, and pellet defects,
requiring updated testing methodologies, modeling approaches, and operational guidelines.

8.1.2 Key advancements highlighted

Significant progress has been made in experimental capabilities supporting PCI analysis. Improved in-
situ measurement techniques now allow more direct observation of cladding deformation and failure
precursors. Non-contact optical methods such as Digital Image Correlation (DIC) are increasingly
applied in out-of-pile PCI simulation tests to map local strain fields, identify stress concentrations, and
correlate crack initiation with pellet-cladding contact conditions. Specific power ramp tests, associated
to appropriate PIEs, enable mapping chemical species at work at the pellet-clad interface and provide
relevant data for SCC model based on thermochemistry. They open the door to the development of new
types of fuel variants that could be more resistant to PCI-SCC.

In parallel, in-pile ramp testing protocols have been refined, with greater use of single-step ramps,
improved control of fuel conditioning, and online elongation measurements. These improvements
provide clearer and more reproducible links between applied power histories and true PCI-SCC failure
thresholds.

Modeling capabilities have evolved substantially, moving from simplified elastic approaches to
advanced 2D and 3D thermo-mechanical finite-element simulations that explicitly capture pellet
primary and secondary cracking, pellet-cladding friction, fuel and cladding creep, fuel swelling, hour-
glassing, and ridge formation.

Coupled thermo-chemical-mechanical models now integrate fission-product release (iodine, tellurium,
cesium), oxygen transport, and stress evolution, significantly improving mechanistic understanding of
PCI-SCC initiation. Comparisons between design-oriented models (1.5D and 2D-RZ fuel performance
codes) and R&D-level mechanistic models (2D-R6 and full 3D FEM) show that simplified industrial tools
remain fit for defining operating limits, while advanced models are essential for interpreting anomalies
such as Missing Pellet Surface (MPS) defects and for assessing new fuel concepts.

Modern mitigation measures—including liners, and chromia-doped or large-grain UO, pellets—have
demonstrably increased resistance to PCI-SCC by reducing stress transfer and/or limiting aggressive
fission-product availability.

However, both modeling and ramp-test data confirm that pellet defects, particularly MPS and pellet
chipping, can locally overwhelm these improvements. This explains several recent “non-classical” PCI-
SCC cases occurring despite compliance with established operating rules.
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8.1.3 Comparisons with earlier understanding

Earlier PCI-SCC descriptions (1970s-1990s) focused primarily on global parameters such as ramp rate
and peak power. Current understanding emphasizes local conditions, including stress at the pellet-
cladding “triple point,” fuel conditioning and deconditioning history, pellet defects, and local fission-
product chemistry.

Whereas iodine availability was historically treated conservatively as always sufficient for SCC
initiation, recent results demonstrate a strong coupling between mechanics, burnup, thermochemistry,
and iodine transport, refining predictions of when and where iodine-induced SCC can actually occur.

8.2 Key technical results from the report

8.2.1 Mechanistic understanding: consolidation and refinement

The report confirms that PCI-SCC is governed by the combined action of pellet-cladding mechanical
interaction (PCMI) and aggressive fission-product chemistry, with iodine identified as the dominant
stress-corrosion-active species. A consolidated and unambiguous conclusion is that PCI-SCC cracks
always initiate at the cladding inner surface, where high tensile hoop stress, elevated temperature, and
direct exposure to iodine-bearing fission products coexist.

Microstructural and fractographic examinations show that crack initiation occurs at the inner surface,
typically along grain boundaries or near-surface defects. While the earliest stages of crack initiation may
involve short intergranular segments, crack propagation is predominantly transgranular along basal
planes, explaining the rapid through-wall penetration observed in power-ramp tests.

The report reaffirms the concept of a finite incubation window, typically ranging from minutes to a few
tens of minutes after reaching elevated power. This incubation period corresponds to the transient
overlap between peak tensile stress at the cladding inner surface and the availability of aggressive
iodine species. If crack initiation does not occur within this window, subsequent stress relaxation
through cladding creep and pellet fragments repositioning generally suppresses PCI-SCC at that power
level.

8.2.2 In-reactor experience and failure statistics

International operating experience confirms that PCI-SCC failures have become rare in modern fuel
designs, particularly in PWRs, but remain observable in BWRs where localized power ramps associated
with control blade movements persist. These failures are consistently characterized by inner-surface
crack initiation, followed by rapid stress-corrosion-assisted propagation through the cladding wall.

In contrast, purely mechanical PCMI-only failures have been observed exclusively in experimental ramp
and RIA programs and have never been observed in commercial LWR operation under Class I or Class II
transients. Importantly, all documented PCMI-only failures initiate at the cladding outer diameter (OD),
where ductile instability and plastic strain localization occur. Initiation at the cladding inner surface has
never been observed for PCMI-only failures.

This behavior is explained by the mechanical properties of irradiated cladding: hydrogen uptake during
waterside corrosion leads to the formation of a hydride rim at the cladding outer diameter3¢é, which
reduces ductility and promotes strain localization under severe mechanical loading. Consequently, in
experimental ramp tests, purely mechanical PCMI-only failures initiate at the cladding outer diameter
through ductile instability, whereas ID-initiated cracking is a unique and discriminating feature of PCI-

36 To be noted: Since early 2000, old Zr-4 claddings have been replaced by modern Nb based alloys (e.g., M5 and Opt
Zirlo) whose performance in terms of hydrogen pick-up under irradiation are much higher. Significant hydride rims
are no longer observed on these modern alloys.
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SCC, reflecting the additional role of aggressive fission-product chemistry that defines the cladding
integrity limit under Class I and II operational transients.

Recent operating events further demonstrate that PCI-SCC can re-emerge under flexible operating
conditions, particularly following extended reduced-power operation that deconditions the fuel. These
observations reinforce that, under normal and anticipated operational transients, cladding integrity is
limited by PCI-SCC rather than by purely mechanical failure mechanisms.

8.2.3 Fuel deconditioning: a key modern insight

One of the most important findings of the report is the quantification of fuel deconditioning rates during
extended low-power operation (ELPO or ERPO). Post-irradiation examination and modeling show that
extended low-power exposure reduces the conditioned power level, meaning that power ramps
previously considered safe can exceed PCI-SCC margins. This issue becomes more sensitive with
increasing nuclear modulations imposed by growing renewable electrical sources overproductions.

This result challenges traditional vendor guidelines that often neglect deconditioning below threshold
power and provides a coherent explanation for several recent “unexpected” PCI-SCC failures.

8.2.4 Pellet defects and “non-classical” PCI-SCC

The report clearly establishes that Missing Pellet Surface (MPS) defects and pellet chipping are
dominant contributors to modern PCI-SCC failures. Even with liner/barrier BWR cladding, local stress
amplification caused by pellet defects can overwhelm mitigation features, producing highly localized
stress.

Finite-element analyses of MPS defects confirm strong local bending stresses, asymmetric deformation,
and elevated cladding stress, consistent with observed failure morphologies.

8.2.5 Advances in experimental testing

In-pile ramp testing remains the reference method for defining PCI-SCC failure thresholds, with
increasing emphasis on single-step ramps to represent worst-case stress states. Qut-of-pile tests
(expanding mandrel, localized ductility arc, internally pressurized tubes) continue to provide valuable
mechanistic insight, but the report stresses that they cannot alone define licensing-grade PCI-SCC limits.

New in-situ diagnostics, including Digital Image Correlation (DIC) and real-time elongation monitoring,
significantly enhance the ability to correlate applied loading, strain localization, and failure initiation.

8.2.6 Modelling: from design tools to mechanistic insight

The report clearly distinguishes between design-oriented fuel performance models and advanced
mechanistic FEM approaches. While 3D models provide deeper physical insight, they cannot yet replace
experimental ramp testing, mainly due to uncertainties in local stress inputs and stochastic fuel cracking
behaviour.

Coupling thermo-mechanical models with thermochemistry and oxygen transport is identified as a
major advance, improving predictions of iodine availability and PCI-SCC initiation conditions. It will
enable providing fuel developers with relevant information for them to propose more PCI-SCC resistant
fuel concepts.

8.2.7 Fuel and cladding design improvements

Liners or barriers at the cladding inner surface and doped fuels—particularly chromia-doped UO,—are
confirmed to increase resistance to PCI-SCC. Chromia-doped fuels show higher PCI thresholds due to
increased pellet creep compliance, enhanced peripheral cracking, and modified fission-product release
behaviour. In contrast, power ramp test data do not indicate a systematic difference in PCI-SCC
resistance among modern zirconium cladding alloys, once fuel design, operating history, and defect
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Appendix A - PCI-SCC modeling

Al Introduction

PCI-SCC is a rather complex transient phenomenon, including thermomechanical, radio- and
thermochemical behaviors at various scales, involving fuel pellets, cladding and pellet-clad interface,
both during base irradiation and power transients.

Based on this observation 2 modeling approaches with 2 different levels of sophistication (and related
computational times) can be distinguished, each of them having their own objectives: the “Design
modeling approach” and the “R&D modeling approach”.

1. The “Design modeling approach” implying industrial scale PCI-SCC models: in parallel to
computer time consuming mechanistic models, simplified and robust models are developed and
licensed in order to quantify PCI-SCC margins available in a reactor core, at any time, in each
fuel rod, for various fuel reload patterns, in normal and AOOs conditions. A PCI-SCC design
approach includes a fuel performance thermomechanical calculation code which has been
validated on a series of ramp tests experiments. Based on the analysis of this database, a PCI-
SCC failure threshold is defined. Then, the same fuel performance code is used to quantify the
in-reactor PCI-SCC margins and related operational restrictions. To cover all the potential cases
which can occur in a reactor core, hundreds of thousands of calculations must be performed. As
aresult, calculations times as short as possible are required, enabled by using 1D and more
frequently 1.5D “Design calculation Codes”. In the following sections, 2D-R6 and 2D-RZ fuel
performance codes belong to these industrial scale calculation tools.

Obviously, the “Design calculations codes” must be used in conjunction with a dedicated PCI-
SCC methodology (Cf Section 6)

2. The “R&D modeling approach” implying mechanistic simulation of PCI-SCC. The goal is to
reproduce, as closely as possible, all the (known) phenomena occurring during an experimental
power transient. Usually, advanced multi-scale multi-physics tools are used to try to simulate
the physical, thermomechanical and thermochemical phenomena occurring within a fuel rod
during any type of power transient. Eventually, the ultimate objective is to replace in-pile power
ramp tests with computerized simulations. However, to do so, even if a physical SCC model is
developed, the stress to be used as an input data to the SCC model is largely unknown. Indeed,
the local stress provided by the fuel pellets depend, among other parameters, on their cracking
patterns, which in turn depend on multiple factors. As a result, simulating and predicting in-
reactor fuel rods PCI-SCC failures with a level of confidence high enough to avoid performing
experimental power ramp tests is (and will be) largely out of reach.

However, “R&D modeling calculation tools” are well suited to confirm that the simplified models of the
fuel performance code used in the “design approach” are relevant enough to quantify with a reasonable
degree of conservatism the risk of PCI-SCC failure at an industrial scale. “Multi-scale R&D models” are
also good tools to attempt explaining why specific fuels (e.g. Cr203-doped UO2 fuel or MOX fuel) exhibit
better PCI-SCC resistances than standard UO2 fuel.

A2 Fuel thermochemistry in addition to
thermomechanical modeling [Baurens et al., 2014]

Why is it interesting to model fuel chemistry and oxygen transport?

For decades, PCI-SCC resistance of UO; fuel rods has been assessed using thermo-mechanical fuel
performance codes, based on the conservative assumption that iodine is always available in sufficient
quantity to induce I-SCC. Combined with limits on power variations, this approach has proven effective
in reactor operation. However, the development of doped UO, fuels [Arborelius et al, 2006] [Delafoy et
al, 2007] raised the question of whether specific thermochemical behavior could explain their improved
PCI-SCC resistance during transients.
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Beyond thermo-mechanical effects such as pellet creep [Nonon et al,, 2004] [Backman et al., 2009] and
cracking, dopants may alter the chemistry of volatile fission products (e.g. Cs, I, Te), which can
significantly influence PCI-SCC behavior. For example, [Davies et al., 1999] showed that hyper-
stoichiometric UO, (O/U up to 2.05) exhibits higher PCI-SCC thresholds, likely due to chemical rather
than mechanical effects.

Oxygen may compete with iodine at the clad inner surface, inhibiting I-SCC, while SEM/EDS analyses of
Al-Si-O doped fuels revealed Cs-Al-Si-O compounds at grain boundaries that may trap iodine [Matsunaga
etal, 2005]. Several studies confirm the mitigating role of oxygen on I-SCC. Baurens et al.
performed 3D thermo-chemical-mechanical simulations of power ramps with emphasis on iodine
partial pressure at the clad inner wall [92], later extended to include oxygen transport [Sercombe et al.,
2018] [Konarski et al., 2018] [Konarski et al., 2019]. Piro et al. analysed oxygen potential profiles in UO,
up to ~100 GWd/tU and proposed a mechanism explaining improved PCI-SCC resistance at high burnup
[Matsunaga et al.,, 2005] [Piro et al., 2013]. Preliminary BISON simulations including thermochemistry
and oxygen transport are reported in [Simunovic et al., 2018]. These approaches are reviewed in the
following subsections.

A2.1 Thermochemistry of irradiated fuels: looking for iodine
compounds of interest

While inert fission gas release is commonly modelled in fuel codes, minor volatile species are often
treated in a simplified manner. lodine release is usually described using Release/Birth models [Lewis et
al, 2011] [Beyer & Turnbull, 2010] and diffusion-based criteria for I-SCC initiation [Jernkvist 1995]
[Zhouet al., 2004] [Miller et al., 1981] [Le Boulch, 2016], while recoil-implanted iodine was shown to be
negligible [Frégonése et al., 1998].

To better assess pre-transient fission product inventories, thermochemical models based on Gibbs
energy minimization have been developed [Eriksson, 1971] [Thompson et al., 2007] [Piro, 2011]
[Loukusa, 2014]. These require extensive thermodynamic databases covering gaseous, liquid, and solid
phases [Corcoran et al., 2016] [https://www.oecd-nea.org/science/taf-id/], including models for fission
product solubility in UO, to capture oxygen potential evolution with burnup. In the 3D simulations of
Baurens et al. [Baurens et al., 2014], iodine species of interest included Csl(s,,g), Cs.12(g), I(g), I2(g), and
Tel,(g), with particular attention to Tel, due to its co-location with iodine at the clad inner wall
observed in SIMS analyses [Desgranges et al.,, 2013].

Fission product inventories can be obtained from detailed neutronic calculations [Piro et al., 2013]
[Loukusa et al,, 2016] [Konarski et al., 2019], but for power ramps they are often estimated from
burnup-based correlations [Baurens et al.,, 2014], since burnup does not evolve significantly during the
transient. For iodine, [Frégonese et al., 1998] showed that radioactive isotopes generated during ramps
are negligible compared to the stable fraction.

To simplify calculations, fission products are often grouped by similar physicochemical behavior
[Loukusa, 2014] [Ozrin, 2011] [Baurens et al., 2014]. An example used in ALCYONE/ANGE
thermochemical calculations is given in Table A-1 which defines representative elements and
inventories per at% burnup.

Table A-1: Representative elements and quantities of fission product per at% burn-up and per mol of unirradiated
UO2 fuel considered in ANGE calculations, figure modified according to [Baurens et al., 2014]

Fission products  Representative Creation mol/mol Family
elements 0,/at%

He+Xe+Kr He 3.06x1072 Inert fission gas and volatile FPs

Cs+Rb Cs 1.7x1073 Inert fission gas and volatile FPs

[+Br I 1.31x107* Inert fission gas and volatile FPs

Tet+Se+Ge+As Te 3.02x107 Inert fission gas and volatile FPs
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Ba+Sr Ba 1.38x1073 Stable oxides

Zr+Nb Zr 2.62x107° Stable oxides

Mo Mo 2.33x107* Stable oxides

Ru+Tc+Rh Ru 2.44x1072 Metallic FPs

Pd+Sn+Sb Pd 1.02x107° Metallic FPs

Ce+Pr Ce 1.24x107° FPs and actinides in solid solution in UO,
Eu+Sm Eu 3.81x107 FPs and actinides in solid solution in UO,
La+Y La 9.31x107* FPs and actinides in solid solution in UO,
Gd+Nd+Pm Gd 1.92x107° FPs and actinides in solid solution in UO,
Pu+Np+Am+Cm Pu 5.35x1073 FPs and actinides in solid solution in UO,

© ANT International, 2026

Thermochemical solvers coupled to fuel performance codes provide access to a wide range of gas
species formed by fission product reactions. In PCI-SCC studies, only the central pellet region reaches
temperatures high enough for thermodynamic equilibrium, while fuel melting is excluded (T < ~2500
°C). Consequently, only gaseous species are assumed mobile, while condensed phases remain immobile.

[Baurens et al., 2014] coupled the fuel performance code ALCYONE with the thermochemical solver
ANGE and the inert gas release model MARGARET, as illustrated in Figure A-1. At each time step, ANGE
computes equilibrium gas species distributions, which are then transported assuming ideal binary
mixtures with xenon. Released fission products are subtracted from the total inventory in subsequent
steps.
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Figure A-1: Schematic representation of the coupling within the fuel code ALCYONE of the inert FG model MARGARET and of

the thermo-chemical code ANGE. Figure modified according to [Baurens et al., 2014]. The pre-ramp quantities of
stable isotopes (a) are obtained from the empirical correlations given in Table A-1.
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Unit conversion

TEMPERATURE
°C +273.15=K °Cx1.8+32="°F
T(K) T(°C) T(°F)
273 0 32
289 16 61
298 25 77
373 100 212
473 200 392
573 300 572
633 360 680
673 400 752
773 500 932
783 510 950
793 520 968
823 550 1022
833 560 1040
873 600 1112
878 605 1121
893 620 1148
923 650 1202
973 700 1292
1023 750 1382
1053 780 1436
1073 800 1472
1136 863 1585
1143 870 1598
1173 900 1652
1273 1000 1832
1343 1070 1958
1478 1204 2200
Radioactivity

1Sv =100 Rem

1Ci =3.7x10'"Bq=37 GBq

1Bq =1s"'

PCI-SCC

MASS
kg Ibs
0.454 1
1 2.20
DISTANCE
X (um) X (mils)
0.6 0.02
1 0.04
5 0.20
10 0.39
20 0.79
25 0.98
254 1.00
100 3.94
PRESSURE
bar MPa psi
1 0.1 14
10 1 142
70 7 995
70.4 7.04 1000
100 10 1421
130 13 1847
155 15.5 2203
704 70.4 10000
1000 100 14211

STRESS INTENSITY FACTOR

MPavm ksivinch
0.91 1
1 1.10
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