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FOREWORD

It is widely recognized that nuclear power has the potential to play a significant role in
meeting climate goals by the deadlines established in the Paris Agreement. As the portion of
renewable energy in the energy mix grows, the flexible operation of nuclear power plants is
increasingly seen as an effective measure to compensate for fluctuations in renewable energy
generation due to variable weather conditions. The flexible operation of nuclear power plants
usually involves power variations, and the high stress on the fuel cladding upon a power
increase, via a strong pellet—cladding interaction (PCI), can result in cladding failure in a
corrosive environment (i.e. PCI-stress corrosion cracking or PCI-SCC).

To address this concern, and in line with requests from Member States, the IAEA organized
a technical meeting in Aix-en-Provence, France, on 8-11 October 2019, to share information
on advanced experiments, modelling, fuel design methodologies and operating guidelines for
the flexible operation of nuclear power plants. The meeting was part of a series of international
specialist meetings and technical meetings on PCI-SCC phenomena and the effects of power
ramping, cycling and load following operation. The meetings were aimed at facilitating the
exchange of information on preventing or mitigating PCI-SCC issues. Among the conclusions
from these meetings was that PCI-SCC needs to be dealt with together with both reactor system
operation and fuel behaviour under power manoeuvring conditions, and that there is a need for
a better understanding of some of the basic phenomena of PCI-SCC. To achieve more
economical and flexible operating conditions, continued experimental and analytical work is
necessary.

The present publication provides a review of progress in PCI-SCC studies in the field of
PCI-SCC implementation in reactor core design and operation, experimental investigation of
PCI-SCC mechanisms, improvement of PCI-SCC modelling, and optimization of PCI-SCC
design methodologies since the early 2000s, based on the presented papers and discussions at
the aforementioned technical meeting.

The TAEA thanks the meeting participants for their active involvement and presentations,
as well as the members of the technical committee, in particular, V.I. Arimescu (United States
of America), T. Forgeron (France), W.-S. Ryu (Republic of Korea), N. Waeckel (France) and
J. Zhang (Belgium), for their valuable contributions in organizing the technical meeting and in
drafting this publication. Special acknowledgement is given to the CEA Cadarache for hosting
the technical meeting and to E. Federici (France) for local coordination of the meeting and for
a thorough review of papers presented. The IAEA officer responsible for this publication was
K. Sim of the Division of Nuclear Fuel Cycle and Waste Technology.
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1. INTRODUCTION
1.1. BACKGROUND

Fuel failure induced by a pellet—cladding interaction (PCI) in water cooled reactors has been considered a
chronic issue since it was first observed in the 1960s. With significant efforts to address this issue, for example,
through mechanistic understanding of iodine induced stress corrosion cracking (I-SCC) phenomena, and
implementation of fuel design improvements and operational restrictions, the PCI induced fuel failure has become
an infrequent event. In that respect, the International Atomic Energy Agency (IAEA) has contributed to the
understanding of stress corrosion cracking (SCC) of zircaloy cladding through coordination of technical meetings
[1-6] and coordinated research projects [7].

As the portion of renewable energy in the energy mix of a State increases, the flexible operation! of nuclear
power plants increasingly focus as a measure to compensate for variations in the renewable energy generation due
to weather conditions.

The flexible operation of nuclear power plants involves power variations and consequently causes high stress
on the fuel cladding upon a power increase. This induces strong PCI, which can result in the failure of the fuel
cladding in a corrosive environment (PCI/SCC).

Accordingly, the PCI/SCC has become a new concern for the nuclear fuel community. Fuel integrity under
an extended reduced power operation (ERPO; also known as extended low power operation or ELPO) is of primary
concern.

Traditionally, nuclear power plants have been operated in a ‘baseload’ mode producing their maximum rated
power whenever online, although they are known to be capable of flexible operation, for example, changing their
power output over time, contributing to power system stability via frequency regulation and operating reserves.
Since fuel management in the reactor is optimized for the baseload mode, margins to fuel failure become tightened
due to the flexible operation. Therefore, there is a strong need to quantify the margins to ensure fuel reliability
under the flexible operating conditions that include load following, frequency control, unexpected grid
requirements (e.g. instantaneous return to full power) and ERPO. Based on the quantified margins, operators are
able to relax constraints imposed on reactor operation to better accommodate grid requirements.

Such margin assessments need a good understanding of PCI/SCC mechanisms, which can be facilitated by
experimental investigation and validated analysis tools (e.g. fuel failure thresholds, fuel performance analysis
codes).

1.2. OBJECTIVE

This publication is to provide a review of the state of the art on PCI/SCC technologies and recommendations
for future work, based on the presentations and discussions at the technical meeting on “Progress on Pellet-
Cladding Interaction and Stress Corrosion Cracking: Experimentation, Modelling and Methodologies Applied to
Support the Flexible Operation of Nuclear Power Plants” held in Aix-en-Provence, France, in 8—11 October 2019.

1.3. SCOPE

This publication covers progresses in the following areas:
—  PCI/SCC implementation in reactor core design and operation, with a focus on

e Reactor operation guidelines related to PCI/SCC assessments (e.g. allowable rates of power ramp in
different operation scenarios and ERPO duration);

e  PCI surveillance and protection systems;

e Impact on reactor core and fuel design (e.g. PCI/SCC margin assessments)

—  Experimental understanding of PCI/SCC mechanisms, with a focus on
e In-reactor, out-reactor tests and analyses;

' Flexible operation’ is also referred to ‘non-baseload operation’ that includes load following, frequency control and power

modulation. Some description on each of these non-baseload operation modes are provided in [8].



e Separate effects tests on fresh or irradiated materials;
e  Mitigation by material improvements;

—  Improvement of PCI/SCC modelling and simulation, with a focus on
e  Phenomenological models;
e  Computer code developments;
e Verification and validation, and applicable domains;
e  Uncertainty quantification;

—  Optimization of PCI/SCC design verification methodologies.

1.4. STRUCTURE

Section 1 describes the background, objectives and scope of this publication.

Section 2 describes the general features of flexible power operation, and the status and prospects of flexible
power operation in some States.

Section 3 provides a summary of up-to-date knowledge on PCI/SCC phenomena and associated major
activities previously conducted by the IAEA and other international organizations. This section is intended to form
the basis on which the progress of advancing PCI/SCC technologies to support the flexible operation of nuclear
power plants is identified.

Session 4 provides PCI/SCC related licensing considerations, extracted from the IAEA Safety Standards and
from practices in some Member States.

Sections 5—8 describe a summary of technical meeting results (discussion, papers presented), and identify
recommendations for future work on specific subjects.

Section 9 provides overall conclusions made at the technical meeting.

Annex I provides a summary of I-SCC mechanisms, which is a supplementary to Section 3 description on
PCI/SCC phenomena.

Annex II contains papers presented at the technical meeting held in Aix-en-Provence, 8—11 October 2019.



2. OVERVIEW ON FLEXIBLE POWER OPERATION

2.1. OVERALL STATUS

Although most operating nuclear power plants have been initially designed to operate at maximum rated
power (RP), and operated in a baseload mode, they are also capable of providing variable power output to the grid
through some flexible operation mode..

The ideal flexible power operation would be to adapt the power automatically to the grid demand. This
operational mode, known as load following, has been implemented in France and Germany in the early 1980s. The
typical flexible power operation provided by most nuclear power plants is the frequency control support.

Other forms of flexibility in response to grid occurrences are also possible and are described in [8]. Among
them, ERPO is an operation mode that includes a continuous operation at a reduced power level (typically between
20 and 85% RP) for a period of 72 hours at least. During ERPO, the fuel cladding creeps down and, as a result,
the radial gap between the pellet and the cladding decreases and can become closed again. The fuel rod is then
considered ‘deconditioned’, which is equivalent to ‘conditioned’ at this lower power level. Therefore, at the end
of an ERPO, when the reactor core goes back to nominal power, additional tensile stresses are created in the
cladding compared to those at nominal power before the ERPO. If an anticipated operational occurrence (AOO)
power transient occurs at the same time as the return to nominal power after an ERPO, the cladding will be subject
to larger stresses than those that would have occurred during the same AOO transient before the ERPO; this will
increase the susceptibility to PCI/SCC. An assessment of the PCI margin is needed at the end of the reference
‘baseload’ conditioning, ERPO (or ELPO) deconditioning, and the subsequent reconditioning phase, as shown in
Fig. 1.

o
= Reference Instantaneous
g burnup o return at full o
2 | Reference s power # Classil
o conditioning o Reconditioning transient
A c
_I‘
& A : BaselLoad
B:ELPO
P B C : Reconditioning
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FIG. 1. Operational scenario including ERPO and an AOO event.

The allowable duration (i.e. total number of cumulative days) of ERPO (< 85 % RP) is limited to 4 weeks
(28 days) per reload cycle in Belgium (See the paper presented by Zhang, Session I of Annex II). Operation under
hot shutdown conditions is not considered if an exceptionally longer ERPO (e.g. duration > 28 days) occurs due
to unavailable equipment or extreme climate. In a certain case, a reconditioning at intermediate power level
between the full power (P,) and the rated power (RP) may be needed.

In France, the current electrical energy mix is such that more than ~75% of electricity is generated in
Electricité de France’s ( EDF’s) nuclear power plants, requiring a high level of flexibility of the fuel cores. Under
the circumstance, PCI/SCC phenomena have been studied for more than 30 years in the French nuclear community
[9,10]. That is, to address PCI issues in operation, robust ‘PCI design verification methodologies’ have been
developed and licensed in France and used to establish operational limits for nuclear power plants experiencing
load following operation. Besides, multi-physics investigations, taking account of pellet thermochemistry and
oxygen diffusion, are under development for use in identifying the key mechanisms which are activated in the
pellet, the pellet-clad gap or on the cladding inner surface during a power transient. These investigations may



suggest innovative solutions while developing PCI/SCC resistant fuel concepts. Such innovative will facilitate to
reduce the load following operation constraints (and to simplify PCI/SCC design analyses).

Goldstein and co-author in 1987 [11] reviewed the load following experience in the US light water reactor
plants at the time. In summary, it was stated that while not widespread, a number of units had accumulated
significant experience and some load following demonstration tests had been performed. The load following
experience reviewed referred to daily and weekly load cycles.

In recent years, many operating plants are reconsidering the need to transition to flexible power operations.
This is due to increased generation from renewables creating an oversupply resulting in negative electricity prices
and localized grid congestion. This condition exists principally during the shoulder months, i.e. in the spring and
fall. The operating experience in the United States is manoeuvring the plants between 70 and 100% RP. There is
one boiling water reactor (BWR) that has been in flexible operation for over a decade due to hydro, and since 2016
some pressurized water reactors (PWRs) and BWRs have started operating flexibly due to increases in wind power.
There are plants in the southern part of the United States that are considering flexible operations due to increasing
solar power. The reactor power level is changed only by a licensed reactor operator; the rate of the power change
is pre-determined and remains unchanged to ensure the protection of the fuel. Thus, so far, no fuel issues have
been reported.

Some North American nuclear power plants have experience with flexible operation on a seasonal basis.
Nuclear power plants in Ontario, Canada and in the north western United States are requested to manually reduce
power output or extend their outages due to high levels of hydroelectric power generation.

The Electric Power Research Institute (EPRI) has conducted a significant R&D programme to support the
flexible operations of nuclear power plants. Besides fuel integrity, EPRI’s programme comprehensively deals with
various aspects, such as water chemistry, cost-risk evaluation of major components (turbines, moisture separator
reheaters and separator pumps) and instrumentation for real-time updates to operators.

It is anticipated that there will be increased pressures for more widespread flexible operation of nuclear
power plants due to the increasing growth of renewable generation and the retirement of older fossil plants.
However, not all existing nuclear power plants will need to consider flexible operations. The need for flexible
operation will depend on local grid conditions, utility fleet economics, and projected future changes in regional
generation and transmission.

2.2. POTENTIAL FUEL FAILURE MECHANISMS DURING FLEXIBLE POWER OPERATION

An earlier review, for example, [12] indicated that although there are various failure mechanisms associated
with specific fuel designs, only a few of these mechanisms can have major bearing on load following operation.
These include:

—  Pellet-cladding interction with stress corrosion cracking (PCI/SCC);
— Fatigue (including corrosion assisted fatigue).

Both failure mechanisms remain operative anytime during the load following operation. Depending on the
mode of the load following operation and fuel rod design features, either of the mechanisms or a combination of
both may be dominant for fuel failures.

In the United States of America, the cladding performance with respect to fatigue due to power cycling needs
to be assessed according to NUREG-800/Standard Review Plan Section 4.2 [13]. The figure of merit used to
quantify the fatigue performance is the ‘fatigue usage’, which is evaluated based on a conservative assumption of
number and magnitude of cycles, which covers potential daily load following, as well as other lower frequency
cycles and power manoeuvres (especially in BWRs). The fatigue usage calculation is based on previous fatigue
experimental data e.g. O’Donnell-Langer’s “S-N number of cycles to failure” of a given strain amplitude [14]; a
fatigue usage life-fraction is calculated for the spectrum of cycles considered in the analysis. This process
stipulated by the US NRC is adopted with some possible adaptations in many other countries.

However, one counter example is the French practice, which does not include the assessment of the additional
fuel rod damage by fatigue due to power cycling operations with respect to PCI/SCC. This approach is based on
the fact that the French power ramp test database includes fuel rods of various designs which have been irradiated
in EDF commercial nuclear power plants. As such, the tested fuel rods experienced extensive load following and
frequency control power transients in the nuclear power plants. As a result, the PCI/SCC failure thresholds derived
from the database take account of any potential effect of mechanical state (e.g. fatigue damage) that load following



could have had on the fuel rods. This leads a strong support to not calculating fatigue margin, on the top of the
extensive verification of excellent fatigue performance during normal operation that includes a large number of
cycles in French nuclear power plants.



3. PCI/SCC PHENOMENA AND REVIEW OF PREVIOUS ACTIVITIES

This section provides a summary of up-to-date knowledge on PCI/SCC phenomena and associated important
activities, previously conducted by the IAEA and OECD-NEA, to facilitate Member States’ implementation of
prevention methods. This section is intended to provide the basis on which progress of enhancing PCI/SCC
technologies to support the flexible operation of nuclear power plants can be identified. Details of the progress are
described in Sections 5 through 8.

3.1. PCI/SCC PHENOMENA

The occurrence of many fuel failures in the 1960s, especially in BWR and CANDU power reactors, triggered
a flurry of R&D activities [15] to investigate the causes of those fuel failures and to enhance fuel rod resistance to
the still to be identified failure mechanism at that time. The goal was to propose mitigating solutions, which would
alleviate, if not prevent fuel rod failures.

A brief overview of PCI R&D and prevention or mitigation solutions is described in the subsequent sections.
Annex | contains a supplementary information to support these descriptions, as a summary of the present
understanding of SCC mechanisms and related key parameters. These descriptions in this section along with Annex
I are intended to form the basis on which recent achievements in enhancing PCI/SCC technology can be reviewed.

3.1.1. Early R&D, PCI mechanism hypothesis

The main outcome of the intensive research programmes in the 1970s and early 1980s was the crystallization
of the following theory for fuel rod failures that are possible to occur during power ramps: “Either iodine (I) or
cadmium (Cd) is the chemically aggressive fission product that in conjunction with high tensile hoop stress
developed in the cladding during a power ramp combines to trigger a SCC process that can result in cladding
breach in certain conditions. Because the cladding is mechanically loaded by the pellet-cladding mechanical
interaction (PCMI) during a large power increment when the pellet-to-cladding gap is closed, the process was
called PCMI-SCC, or simply PCI” [15].

3.1.2. Salient features of the PCI/SCC process

Fuel failures during power ramps in power reactors together with the results of the power ramps performed
in material test reactors have revealed that the ramp terminal level (RTL), i.e. ramp terminal linear heat generation
rate (LHGR), and the LHGR increment, i.e. the power jump from the initial power level, are the main underlying
parameters that affect the PCI/SCC failure threshold. A certain dwell time at the RTL seems another requirement
for PCI/SCC; however, the dwell time effect is not clearly unfolded from the data as a critical parameter.

The power ramp rate, i.e. the rate of the LHGR increment, is shown to be a first order parameter. During fast
power ramps or during parametric SCC tests where mechanical loading occurs at a high strain rate, the SCC process
does not have time to occur and pure overload mechanical failure occurs. When the parametric SCC tests are
performed at moderate or low strain rates, the SCC process can take place. Detailed chemical process involved in
the SCC process remains to be elucidated. The general consensus is that iodine is the aggressive chemical agent
(although Cd was also shown to promote cracks with similar fractography features), but the corrosive mechanism
is not clarified between the two proposed hypotheses, namely surface adsorption and weakening of Zr atomic
bonds, or diffusion at the crack tip, respectively.

The two main power ramp parameters mentioned above can be clearly correlated to the mechanical and
chemical behaviour of the fuel rod during a power ramp. To that end, the maximum (peak) stress achieved during
a power ramp is directly proportional to the LHGR increment. The initial LHGR level and the previous power
history also play a major role by affecting the pellet-to-cladding gap at the beginning of the power ramp and hence
the degree of the pellet-cladding mechanical interaction and hence the magnitude of the peak stress when the RTL
is attained. The maximum power level during the power ramp, namely the RTL determines the magnitude of the
pellet temperature, which is the main parameter affecting fission gas release. Of course, the fission gas release
process is responsible for the release of the SCC aggressive chemical species (presumed iodine) that is assumed
simultaneous and proportional with fission gas release.

In the early days, power ramp results from material test reactors and from some power reactors were
interpreted by using a correlation of the LHGR increment vs. the initial LHGR level [16, 17].



A power ramp test performed in material test reactors is quickly terminated after a rod failure is suspected
by an increase of the coolant activity via online measurements (also by a decrease of the rod elongation when an
axial elongation sensor is available). When the material test reactor is shut down right after the fuel failure is
recognized, the crack created by PCI/SCC is a pinhole with possible shear lips. On the other hand, power reactors
cannot be shut down immediately after the fuel failure is recognized, thus, the initial pinhole crack extends axially
and appears as a narrow short axial crack [15].

The other two parameters mentioned above, power ramp rate and dwell time, are related to the kinetics of
the SCC process that is divided into three stages for incubation, initiation and propagation. Because the SCC
process requires a simultaneous involvement of both mechanical and chemical aspects, either of the two parameters
can be considered as a rate controlling depending on the conditions of the power ramp. The mechanical aspect is
associated with the strain rate, which is affected by the power ramp rate, and with the time at high stress, which is
affected by the dwell time at the RTL. The chemical aspect is associated with the chemical reactions of iodine with
Zr and with other gases, which follows a certain dynamic evolution that after a while can lead to the disappearance
of the aggressive iodine compound.

The passivating oxide layer at the cladding inner surface can protect the cladding from the SCC process
during slow power ramps, by delaying the incubation or initiation phases and requiring higher stresses for the SCC
to occur.

It is important to review the parametric experimental studies that were conducted to understand the I-SCC
process in view of the above considerations on the mechanical and chemical aspects involved in I-SCC.
Specifically, there have been out-of-the pile parametric studies conducted either at a constant stress or at a constant
strain rate.

Analysing the two types of tests, namely the constant stress and the constant strain rate, it was revealed that
link between the results of the two types of tests is the strain rate, i.e. the lower the strain rate in the constant strain
rate test, the lower the stress in the constant stress tests is. This correlation between the constant stress and constant
strain rate tests implies that it is not possible to define a unique and generally applicable failure correlation
expressed as stress threshold vs. associated time-to-failure and that the strain rate needs to be included.

3.1.3. Preventing/mitigating solutions

To investigate the PCI/SCC phenomenon, separate effect tests were undertaken in a manner to:

—  Create stress and chemical environment;
— Simulate the actual mechanical loading situation e.g. mandrel [18] or fuel swelling simulation test [19]
experimental setups.

It became evident that the following four factors need to co-exist for an occurrence of the PCI/SCC failure:

—  High stress;

—  Presence of the right chemical environment;
—  Sufficient time;

— A susceptible material.

Therefore, solutions were sought to either prevent or reduce the propensity to PCI/SCC failures, both as new
pellet and/or cladding materials that would be less prone to the SCC mechanism, or operating strategies to preclude
the critical operational parameters leading to PCI/SCC failures.

The proposed preventing or mitigating solutions were based on the above mentioned PCI/SCC failure theory
and by correlating the experimental data. That is, ways to reduce the stress level in the cladding or prevent
simultaneous release of the aggressive fission products were investigated. For example, two main ideas gained
more attraction for application to BWR fuel, namely, a cladding inner soft liner (called also barrier) made of pure
or very low alloying elements’ concentration Zr and a ‘soft’ doped pellet [20].

Eventually the liner concept was adopted in production and it was considered that the PCI/SCC issue was
resolved from the engineering point of view, by late 1970s, early 1980s. Other measures were taken as well in
operation and fabrication.

Therefore, the main factors contributing to PCI/SCC ‘resolution’ can be summarized as follows:

—  Improved understanding and modelling work resulting from laboratory and power ramp tests;
— Adoption of power plant operational measures to prevent PCI/SCC failures;



—  Better control of fuel fabrication variants e.g. fuel dimensional stability against densification;
—  Development of cladding with PCI/SCC barriers, notably the sponge Zr liner for BWR fuel rods and graphite
coating for CANDU fuel rods, followed by specific liner variants by all vendors.

3.1.4. Different PCI/SCC variants and current understanding

Nevertheless, PCI/SCC failures still occurred and operating guidelines were proposed for fuel with either
liner or non-liner cladding. These operating recommendations amount to restrictions on power ascension during
the power ramp, depending on irradiation history and burnup of the ramped fuel rods. The implementation of
operating guidelines and/or the liner cladding greatly reduced the number of fuel failures by PCI/SCC. However,
as mentioned above, spikes of fuel failures still occurred for which all indications were pointing towards a
PCI/SCC failure type.

Investigation of some of these failures showed a variant of the PCI/SCC mechanism, in which the stress is
generated by the bending of the unsupported arch of cladding over the missing pellet surface (MPS) due to a
circumferential chip at pellet end; this MPS assisted PCI/SCC failure mode has been called ‘non-classical PCI” or
PCI-MPS [21]. The solution to this new failure mode consisted in tightening the operating guidelines as a first
response, followed by refining manufacturing with tighter specifications for MPS and enhanced pellet inspection
plans in order to prevent to the maximum possible level, MPS chips larger than a critical width. The above
mentioned actions taken in engineering and manufacturing proved to be effective, as duty related, PCI-MPS
failures were very sporadic afterwards.

The research has continued to this day, although at a slower pace, after the engineering solutions mentioned
above were implemented in operation. Full understanding of the process is still lacking, in almost all aspects of
the SCC process. Early failures and related research indicated that SCC is the main cause of the PCI failures.
However, all the details still not yet clarified: e.g. is the aggressive chemical corrosive agent I or Cd
(or a combination of corrosive agents)? It was also determined that fuel rod chemistry is a necessary ingredient:
e.g. fresh pellets in irradiated cladding did not fail. The other main outcomes of the material test reactors and
laboratory studies include:

—  Out-of-the pile studies on fresh and irradiated cladding in I and Cd environments showed similar fractografic
features;

— Role of stress is very important: Time to failure increases as the stress decreases;

—  Very little Iodine concentration can still lead to SCC,;

—  Cladding texture was determined as an important cladding related parameter from experimental observations,
but also surface finish and residual surface stress;

—  Pellet stoichiometry is an important factor with beneficial effects if hyperstoichiometric [22].

3.2. PREVIOUS TAEA MEETINGS AND INTERNATIONAL STUDIES IN 1970S —-1980S

A series of international specialists’ meetings or technical meetings have been organized by IAEA during
the late 1970s and 1980s with emphasis on PCI/SCC [1, 3, 5] and with emphasis on effects on fuel of power
ramping, cycling and load following [2, 4, 6]. General conclusions obtained from these meetings included:

—  Experimental results obtained in research reactors and models based on them demonstrated that power
ramping, cycling and load following could be performed in power reactors under normal operating
conditions;

—  Extensive experience of power ramping, cycling and load following operations in commercial reactors were
available, and indicated clearly that there is no adverse impact on fuel;

—  The results yielded by high burnup programmes showed no negative consequence on pellet-clad interaction.
This needs to be confirmed and further extended to the higher burnups that utilities are aiming for in the near
future;

—  There exist some grey area in fully understanding the basic phenomena on PCI/SCC. In order to get even
more economical and flexible operating conditions, continuation of experimental work is necessary;

—  The PCI/SCC subject should be dealt with in a meeting which will cover both reactor system operation and
fuel performance under power cycling and ramping conditions.



The outcomes of the extensive international R&D programmes on PCI/SCC since the 1970s have led to the

following achievements:

313%

An important PCI/SCC database has been established, including ramp tests, separate effects tests and plant
data [23-27], to support both mechanistic and statistical data evaluations;

Appropriate PCI/SCC operational limits or strategy on power changes and power ramp rates [28-31] have
been determined and applied to maintain low probability of fuel cladding failures caused by PCI/SCC;
Various empirical PCI/SCC design limits (technological limits or failure thresholds [32, 33] based on stress
or strain energy density) have been determined based on simulation of the ramp tests with fuel rod
performance analysis codes;

Various fuel rod analysis codes and methods [9, 10, 32—39] have been developed for verification of the
PCI/SCC design margins or assessment of the PCI/SCC risks;

Alternative PCI/SCC remedy (or resistant) fuels, such as the liners or doped pellets [40, 41] have been
developed (in particular for BWRs);

Online PCI/SCC monitoring and surveillance systems [42, 43] have been developed and implemented in
order to prevent the PCI/SCC failures.

OECD-NEA WORKSHOP IN LUCCA, ITALY, 2016

The OECD-NEA’s workshop on Pellet-Cladding Interaction (PCI) in Water Cooled Reactors held in Lucca,

Italy, 22—-24 June 2016 [44] provided an overall review of knowledge and directions for future R&D activities on
PCI/SCC. The IAEA’s technical meeting held in Aix-en-provence on 8-11 October 2019 was an extended forum
from the OECD-NEA workshop at Lucca, focusing on methodologies applicable to support the flexible operation
of nuclear power plants.

Regarding the role of cladding design to prevent PCI/SCC, the workshop drew the following conclusions:

Liner at the cladding inside surface remains an interesting mitigation option, in particular for BWR fuel rod
designs;

Texture controlled claddings shows improved resistance to PCI/SCC failure;

Cladding design (i.e. manufacturing process, heat treatment, etc.) and related mechanical properties (i.e. low
stress creep and high stress relaxation properties) seem to be more effective than cladding material chemistry
with respect to the mitigation of PCI/SCC.

Regarding the role of fuel pellet design on PCI/SCC mitigation, the workshop drew the following

conclusions:

Available power ramp experiments show that UO2 pellets with additives exhibit improved PCI/SCC
resistance. Nevertheless, the actual intrinsic physical mechanisms activated during a power transient, remain
unclear or uncertain. Experts claim that additives help trapping the corrosive species within the fuel matrix
and therefore delay their action on the cladding inner surface. However, it has been shown, through various
experimental programmes, that even very low concentrations of aggressive species in the pellet-clad gap, are
sufficient to generate SCC.

In this perspective, the mitigation role of oxygen, which is released in the pellet-clad gap during the transient,
might be important. There is some evidence that additive fuel releases more oxygen in the gap than standard
UO; fuel, such enabling the formation of a protective oxidized layer and a reduced risk for SCC.

As regards modelling and simulation tools, the workshop drew the conclusion that the conventional 1.5-

dimensional (1.5D) and new 3-dimensional (3D) codes remain complementary. That is,

The 1.5D codes are still used as reference tools for most of the industrial applications (mainly due to
calculation time constraints that prevent fuel core designers to use 3D tools to assess core-wide PCI/SCC
margins, the number of calculations being very important);

Although 3D modelling is largely progressing to simulate various specific phenomena in the fuel and
cladding during a power maneuvering operation, multi-scale modeling is not ready for as a predictive tool to
assess PCI/SCC failure risk.

As for the design verification methodology, the workshop drew the following conclusions:
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The PCI/SCC failure thresholds are based on a series of power ramp tests that accounts for fuel
pellets/cladding materials combined with fuel rod design, and a validated 1.5D fuel performance code to
analyse the tests. Then, this threshold is used in established methodologies, together with the the same 1.5D
fuel performance code to define operational guidelines in nuclear power plants in specific countries;

This kind of methodologies have been successfully applied to various fuel core designs and management
schemes; however, they remain complex and time consuming. Most European licensees expressed a strong
interest in developing simpler and faster PCI/SCC risk assessment tools.



4.1.

4. PCI/SCC RELATED LICENSING CONSIDERATIONS
IAEA SAFETY STANDARDS

The TAEA Safety Standards, Specific Safety Requirements series No. SSR-2/1 (Rev.1), Safety of Nuclear

Power Plants: Design [45] states that “Fuel elements and assemblies for the nuclear power plant shall be designed
to maintain their structural integrity, and to withstand satisfactorily the anticipated radiation levels and other
conditions in the reactor core, in combination with all the processes of deterioration that could occur in operational
states” (Requirement 43).

To meet this safety requirement in terms of PCI/SCC, the recently published IAEA Safety Standards

SSG-52 (Specific Safety Guide on Design of the Reactor Core for Nuclear Power Plants [46]) recommends that:

(Para. 3.48) “Stress corrosion cracking induced by pellet—cladding interaction in the presence of corrosive

fission products should be prevented”.

(Para. 3.61) “The design should ensure that the likehood of stress corrosion cracking in the fuel cladding is

minimized in normal operation and anticipated operational occurrences”.

(Para. 3.62) “Stress corrosion cracking of the fuel cladding should be prevented by implementing adequate

design methods such as those given in the following examples:

e Reduce tensile stresses in the fuel cladding by restricting rates of power change (allowing for the
cladding stresses to relax) or by delaying the time at which the pellet—cladding gap closes (this can be
achieved by increasing the initial fill gas pressure in the fuel rod or by optimizing the creep properties
of the cladding),

e Reduce the corrosive effects of the fission products (e.g. iodine, cadmium, caesium) generated by the
pellet by using a liner (for boiling water reactors) or a graphite coating (for pressurized heavy water
reactors) that is less susceptible to the corrosive effects on the inner surface of the cladding. This liner
can also even out local stress concentrations in the cladding,

e Reduce the availability of corrosive fission products at the pellet—cladding interface by using additive
fuels that are able to better retain the corrosive fission gas products within the fuel matrix,

e Reduce local power peaking factors (and thus changes in local linear heat generation rates) through core
design techniques”.

(Para. 3.63) “The power ramp failure threshold should be established, if applicable, in test reactors by means
of power ramp tests for each type of fuel or cladding. The data collected should cover the entire burnup
range”.

(Para. 3.64) “Fuel performance analysis codes can be used to analyse and interpret the data from power ramp
tests and to determine a failure threshold. The parameter used to define this threshold is usually the maximum
cladding stress but the strain energy density can also be used. These same fuel performance analysis codes
can be used to assess risk factors that cause this type of stress corrosion cracking of fuel rods in the reactor
core and to define adequate guidelines to avoid it”.

(Para. 3.153) “The reactor core analysis should verify that the core fuel loading pattern will meet fuel design
limits for all applicable plant states”.

(Para. 3.158) “The effects of operating conditions such as load following, power cycling, reactor startup and
refuelling manoeuvring should, whenever specified, be superimposed onto the power level distributions and
temperature histories to evaluate the potential effects of thermal cycling on fuel rod thermomechanical
responses, such as the buildup of pressure due to fission gas release to the pellet—cladding gap and fuel
cladding fatigue”.

These recommendations will provide Member States with guidance to avoid PCI/SCC issues in the reactor

core design and operation.
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4.2. LICENSING APPLICATION PRACTICES WITH RESPECT TO PCI/SCC IN SOME MEMBER
STATES

In most countries, the PCI/SCC risk of failure during normal operation and AOO conditions is not included
in the safety analysis report, and therefore its treatment in licensing applications is somewhat different from
country to country, with industry self-regulating itself in the case PCI/SCC is not specifically required in licensing.
With regards to a tolerable coolant radioactivity level, any nuclear power plant can accommodate a small number
of fuel rod failures at one time in the core during operation. Radioactivity limits specified in the operation technical
specification document, particularly with regards to '3'I concentration level in the primary coolant system, permits
plant operation with a limited number of fuel failures.

The current U.S. Nuclear Regulatory Committee (US NRC) does not have specific requirements to prevent
PCI/SCC failures; however, the following two limits are applied to prevent fuel failures including those caused by
PCI/SCC or PCMI [13] during AOOs or Condition II transient conditions (although it is recognized that the two
limits do not fully inhibit PCI/SCC occurrence):

—  The uniform strain (elastic and inelastic) in the cladding has to be less than 1%;
—  Fuel melting has to be avoided.

US NRC considers that PCI/SCC during AOOs has a low safety impact because PCI/SCC failure has low
probability of occurrence during AOOs, owing to the magnitude and duration of the power transient being limited:
the maximum power level in an AOO is capped by automatic trip set points and the AOO excursion duration is
limited by operator’s reasonably quick response time [47].

Practices on PCI/SCC in France, Belgium and Germany are described in the paper presented by Zhang at the
technical meeting (see Session I of Annex II), which is summarized below:

— In France, a regulatory requirement exists for the licensee to demonstrate that no fuel failures are caused by
PCI/SCC for all the operational states in the reactor core. Operational limits need to be established taking
account of load following, extended operation at low power and rates of the power changes. To comply with
these requirements, French fuel industry has developed ‘analytical PCI verification methodologies’
[10, 36].

—  Belgium’s practice on PCI/SCC is overall similar to US practice, except for submitting to the regulator a PCI
technological limit and PCI verification methodology for certain nuclear power plants. Unlike France, there
is no need to carry out cyclic PCI verification.

— In Germany, there exists a regulatory requirement [48], which states “The loadings (i.e. increase in power
output) resulting from normal operations and AOOs shall be limited such that the integrity of the fuel rod is
ensured, and the pertinent PCI criteria shall be derived using experimental results (e.g. ramp tests in test
reactors and/or operational experience)”. The German industry has developed PCI rules for BWRs and
PWRs [28-31] and implemented the automated PCI surveillance and protection system in PWRs [42, 43].
Similar but less restrictive requirements have been followed in other OECD countries like Finland, Sweden,

Switzerland and the United Kingdom [49].

12



5. PCI/SCC IMPLEMENTATION IN REACTOR CORE DESIGN AND OPERATION
5.1. OVERVIEW

The extensive R&D programmes during 1970s—1990s have led to significant achievements in reducing the
PCI/SCC failures at the expense of constraints on the core design and operation. Since then, the fuel community
has continued conducting R&D programmes to reduce the conservatism embedded in these constraints on the core
design and operation, and consequently to allow for relaxation of these constraints without affecting the PCI
performance. A number of papers related to this area have been presented, followed by intensive discussions at
the technical meeting held in Aix-en-Provence, 8—11 October 2019.

5.2. REACTOR OPERATION GUIDELINES

The PCI phenomenon has been extensively investigated after occurrence of a significant number of PCI/SCC
failures in the 1970s. In order to improve nuclear fuel reliability, fuel vendors have introduced ‘fuel operational
limits’ imposed on power manoeuvring and rate of power ascension and provided ‘fuel operating guidelines’ to
prevent PCI/SCC or PCMI.

The fuel operating guidelines specify prescribed preconditioning, limitations of operating time at reduced
power, ramp rates and hold times at the ramped power for different operating modes. Note that start-up conditions
after handling of the fuel assemblies could render the fuel more susceptible to PCI/SCC.

These operating guidelines are valid for a specific plant design and a specific fuel design. More PCI/SCC
failures have occurred in BWRs mainly due to the frequent use of control blades to compensate for changes in
reactivity with burnup and for power variations as needed by load following. This causes significant and localized
distortions of the axial power distribution of the nearby fuel rods. Therefore, operating procedures were required
for BWRs to impose limits on the rate of power increase at start-up after refuelling or after the exchange of the
control rod sequence, as well as for the speed of withdrawal of the control rod in the high power regions when the
fuel is not preconditioned.

These operating procedures played an important role in mitigating PCI/SCC failures in BWRs, along with
fuel design changes, such as the introduction of the zirconium liner (or barrier) on the clad inner surface and the
changing from of 8x8 fuel array to 9x9 and 10x10 fuel, significantly reduced the occurrence of PCI/SCC fuel
failures in BWRs. The operating procedures were also implemented in PWRs. However, because the PCI/SCC
limits for PWRs practically do not restrict load following operation, there was never an incentive to use cladding
with liner in PWR fuel. It has been shown that the doped pellets could further improve the PCI resistance.

The paper presented by Paulin (see Session I of Annex II) described the main aspects of PCI/SCC
management and feedback from operation experience of EDF PWRs. It also showed examples of industrial needs
regarding manoeuvrability and operation at intermediate power. The main operational constraints related to
PCI/SCC at EDF are:

— The potential reduction of manoeuvrability, if the margins between the normal operation conditions
(including load following and frequency control) and the thresholds of the alarms are not sufficient;

—  The limitation of ERPO durations below the minimal requirements;

—  The compatibility with core variability needs.

To ensure the stability of the European electrical grid, which is compromised by the growing part of
intermittent renewable sources in some of the countries, it is important to propose innovative PCI/SCC resistant
fuel concepts and advanced online monitoring/protections systems.

The paper presented by Arimescu (see Session I of Annex II) provided a review of international power ramp
programmes as a basis for BWR operating guidelines. The safe operation of fuel assemblies in BWRs is assured
by following the operating guidelines that have been developed over time as a set of rules regarding fuel rod power
increases that are permissible during BWR manoeuvres. The basis for the operating guidelines has evolved, from
the theoretical point of view, in accordance with the advances in our knowledge of fuel behaviour. Nevertheless,
the formulation of the guidelines strongly relies on the experimental body of information acquired from the
international power ramp programmes that have been performed in material test reactors, coupled with the
experience feedback from fuel operation in power reactors.
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Specifically, the paper presented by Arimescu (see Session I of Annex II) provided an outline of the format
of the operating guidelines proposed by different organizations and summarized the different safe operating
thresholds and assumptions of the guidelines. Then, he reviewed the international power ramp programmes and
analysed the results of the international power ramp programmes with respect to fuel rod design vintage as the fuel
design and characteristics have evolved over time. The PCI/SCC mitigation at slow ramps is of interest, which is
a main component of the operating guidelines. Some remarks were also made in the paper regarding the advanced
fuel types currently under development or in the phase of being introduced in operation, from the point of view of
enhancing reliability during operation in BWRs.

5.3. PCI SURVEILLANCE AND PROTECTION SYSTEM

Siemens KWU proposed a PCI/SCC surveillance and protection method for plant operation, based on the
RSST (power Range, Step, Speed and Time) approach. The RSST method is intended to safely prevent fuel
failures after deduction of adequate safety margins [29, 42].

The PCI/SCC operating limits similar to the above concepts have been implemented as the automatic
surveillance and protection in the monitoring systems installed in some German PWRs and also adapted in the N4
series of 1400 MW(e) class PWRs (developed by France) and European PWRs (or called EPRs). The paper
presented by Daniel and co-authors (see Session I of Annex II) described the Framatome’s gliding threshold
methodology considered for European PWRs.

5.4. IMPACT ON REACTOR CORE AND FUEL DESIGN

In response to the regulatory requirements, the nuclear fuel industry has addressed PCI/SCC and PCMI issues
through improvements in the fuel design, fuel manufacturing, and reactor core design and operation. The risk for
PCI/SCC failures has been effectively reduced via modification to both fuel pellet and cladding designs, rigorous
quality control of fuel pellets, improved core design and operations, and a combination of any of these.

Although PCI/SCC is not considered as a safety issue in most countries, the fuel vendors and the operators
have developed methodologies to verify the PCI/SCC design margins, in order to assure sufficient operational
margins to facilitate reactor operation. While the PCI design verification methodologies are efficient to reduce the
PCI/SCC risks, a balance is needed between more detailed analysis methods, which may lead to higher margins
and a longer calculation time, and simplified methods which are fast but may lead to smaller margins (due to
conservative approaches).

The paper presented by Matias and Doncel (see Session I of Annex II) described the ENUSA’s PCI design
verification methodology to evaluate flexible operation in PWRs, especially the ERPO. The ENUSA’s
methodology includes the cladding effective (Von Misses) stress, calculated by the fuel rod thermal mechanical
analysis code (TREQ), and a technological limit driven on basis of experimental ramp tests. The evaluation is
performed for a broad variety of conditioning powers that cover all the real situations in the core. The PCI/SCC
margin loss is determined, taking into account the difference between the maximum effective cladding stress
during the Condition II transient event after an ERPO and the PCI technological limit. This methodology is used
to determine the maximum allowable duration of ERPO immediately after which a return to full power operation
is possible.

The paper presented by Daniel and co-authors (see Session I of Annex II) described the Framatome’s PCI
methodologies that are used to study ‘enhanced’ manoeuvrability in PWRs. The ‘allowable power’ methodology
is used for a quick assessment of the PCI/SCC margins. The principle of the allowable power methodology consists
of quantifying the PCI/SCC margins by comparing limiting Condition II transient power distributions (from the
transient neutronic calculation) with the allowable LHGR for each axial node of the core (from the decoupled
thermal mechanical calculation). Bounding assumptions for the transient boundary conditions and power ramp
simulations induce a greater degree of conservatism, and the 3D calculations for different Condition II transient
scenarios lead to considerable computational effort. This methodology has been applied for fuel rod design for
each new fuel product to demonstrate an acceptably low risk of PCI/SCC failure. Indeed, the resulting PCI/SCC
margins are rather large for the improved fuel products with M5 cladding. During the loading pattern verification,
therefore, the PCI/SCC margins are only verified to ensure the fuel reliability.

The paper presented by Sperlich and co-authors (see Session I of Annex II) described German operating
conditions and experience on PCI loads in BWR and PWR. German nuclear power plants were explicitly designed
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for various flexible operation modes such as primary frequency control, secondary control by plant operator or
remote controlled by load dispatcher and classical load following operation mode. In recent years, there has been
an increase to demand such flexible operation modes for electricity grid stabilization purpose due to an increase
of volatile and heavy renewable energy production. In addition, there have been economically driven
considerations in case of low or even negative prices on the spot market. A comparison to baseload cases from
BWR and PWR is discussed with respect to PCI relevant loads and operation feedback. These load cases include
startup conditions for BWR and PWR, impact of (continuous) load following operation and different control rod
operating strategies for BWRs.

The paper presented by Bernard and co-authors (see Session I of Annex II) described the EDF’s verification
methodology for the flexible operation of nuclear power plants which is used to justify specific operational
conditions in French PWRs. In France, the regulator requires the operator (EDF) to demonstrate that no PCI/SCC
induced fuel failure would occur during any type of AOOs. Since nuclear energy source is a large fraction of the
total energy mix in France, the French nuclear power plants have to be as flexible as possible to accommodate
intensive power changes related to frequency control requirements and daily load following. To deal with potential
operational events, French nuclear power plants require that the safety demonstration covers ERPO periods as long
as (or greater than) 30 days. In order to optimize the long term electricity production at the whole fleet scale, the
operator has set up a series of core reload patterns for each fuel management scheme (i.e. one for each nuclear
power plant type of the French fleet). PCI/SCC studies at EDF indicated that the PCI/SCC failure would be
prevented by two means:

—  Adjustment of the reactor protection thresholds;
—  Definition of the PCI operational technical specifications.

PCI/SCC analyses were performed for the whole core, considering each operating mode of the reactor. A
PCI/SCC failure criterion, called ‘technological limit’, needs to be determined based on experimental power ramp
tests. Two types of design verification methodologies are devoted to PCI/SCC:

— A specific methodology called MIR (renovated PCI method, from the French ‘Méthodologie IPG Rénovée’),
which was developed in cooperation with FRAMATOME, is based on neutronics (3D kinetics calculations)
and thermal mechanical calculations;

—  Since the MIR methodology is time consuming and focuses on a single reference fuel reload pattern (one for
each type of fuel management scheme), an alternative methodology has been developed recently to deal with
variable fuel reload patterns and to reduce the calculations time. The main changes include statics neutronic
calculations instead of kinetics calculations and decoupled neutronic and thermal mechanical calculations.

For a same reload pattern, the latter simplifications reduce the computation time but lead to smaller
manoeuvrability margins. This approach is well suited to assess the impact of core patterns variability on PCI/SCC
margins and to perform sensitivity analysis.

A comparable, simple and quick methodology was proposed by Zhang [50]. A specific loading pattern
PCI/PCMI risk assessment (LPPRA) tool has been developed and implemented in the current core design and
safety evaluation process. The PCI/PCMI risk is assessed in advance during the loading patterns design process,
based on the core neutronic calculation results using the Tractebel’s 3D code package. This assessment is based
on the simple guidelines and correlations which are either provided directly by the fuel vendors or developed by
the operator (Tractebel) using the vendors’ fuel design verification results. The PCI/SCC margin is defined as “the
difference between the predicted allowable power and the predicted maximum transient power provided by the
fuel vendor” [50]. The LPPRA allows quick assessment of the PCI/SCC margin based on the conditioning power
and burnup of the fuel rod, which are calculated for the specific loading pattern, without both time consuming
neutronic transient calculations and detailed fuel rod thermal mechanical calculations. To enhance the reliability
of the assessment tool, the correlations are continuously calibrated and updated on the basis of the fuel vendors’
cycle specific PCI design verification results. The correlations have been adapted to cope with the requested plant
operational flexibility like extended power modulations [50].
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5.5. DISCUSSIONS AND RECOMMENDATIONS FOR FUTURE WORK

It has been shown that significant progress was made for the last decades in reducing the PCI/SCC failures
during reactor operation. The IAEA survey on PWR fuel failures worldwide in 1994-2006 is shown in Fig. 2: the
fractional failures by PCI/SCC was only 0.1% [51].
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FIG. 2. PWR fuel failure causes worldwide in 1994-2006 [51].

Recent experience revealed that PCI failure may be possible in PWR fuels with defects on the surface of the
fuel pellets [52]. The fractional fuel failures by PCI/SCC in PWRs has increased to 5.7% in 20062010, as shown
in Fig. 3 (left) [52]. Stress concentration at the location of a missing pellet surface (MPS) resulted in ‘non-classical’
PCI/SCC induced cladding failure. To avoid this phenomenon, the size and depth of defects in the pellet are
rigorously controlled through manufacturing quality control procedures. Fuel vendors have already adapted the
corresponding fuel specifications as well as manufacturing tolerances and/or more stringent inspection procedures.
This has greatly reduced the fuel failure by PCI/SCC in 2011-2015 (see Fig. 3 for PWRs and Fig. 4 for BWRs)
[52].
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FIG. 3. PWR fuel failure causes worldwide in 2006-2010 (left) and 2011-2015 (right) [52].
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FIG. 4. BWR fuel failure causes worldwide in 2006-2010 (left) and 2011-2015 (right) [52].
No PCI/SCC failures have been observed in EDF nuclear power plants over more than the 1800 reactor years

of operation for the whole French power reactor fleet, despite highly flexible power operations and rather fast start
up rates (see Paulin, Session I of Annex II). This may be attributed to the rigorous quality control during the fuel
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manufacturing process, as well as to the significant constraints imposed to plant operation by the ‘no PCI/SCC
related failure requirement’ during any type of AOOs. However, these operating constraints also result in moderate
economic losses due to some restrictions in the operational technical specifications (e.g. limited ERPO durations)
impacting the nuclear power plant capacity factor.

The current reactor operation guidelines are based on the existing power ramp database that includes various
fuel designs and test conditions. Current operational guidelines could be improved by performing ramp tests in
more prototypical and comprehensive test conditions. Unfortunately, performing additional ramp tests in the near
term is going to be difficult and expensive because of the recent shutdown of two material test reactors that were
much utilized power ramp tests (i.e. OSIRIS in 2015 and HBWR in 2018).

A ramp database is very useful to validate fuel performance analysis codes in addition to the PCI/SCC failure
thresholds determination. When the fuel rod does not fail, the test protocol is such that the maximum power is
maintained during 12 h at least. This high power plateau ‘erases’ most of the information that are essential in
validating the models which have been developed to simulate the physical phenomena occurring during the
transient phase of the experiment. To address this issue, it is necessary to complement the classical ramp database
with some specific ramps without holding time for non-failed rods, in order to ‘freeze’ the state of the fuel rod at
the critical time, namely the top of the ramp. The classical ramp test and desired ramp test (with red error) are
shown in Fig. 5. These ramps aim at better understanding the key mechanisms at work during the power ramps.
The ramp test is, of course, followed by relevant post irradiation examinations (PIEs).
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FIG. 5. Concept of ‘understanding’ ramps.

By using the models which have been validated, it becomes possible to more precisely design the test
conditions of the next phase of power ramps aiming at determining the PCI/SCC failure limit of the fuel. The
current PCI/SCC design verification methodologies also contain considerable conservatisms, mainly due to the
use of the deterministic bounding approach (e.g. combination of an AOO at the worst time during the cycle,
uncertainties implemented in the worst direction and at the bounding values, etc.).

The current PCI design verification methodologies are also complex and time consuming. They need to be
simplified to allow quick assessments of the PCI/SCC margins.

With the introduction of more PCI resistant fuel design (e.g. use of M5 or Optimized ZIRLO claddings with
doped pellets) and improved PCI design verification methodologies (see Section 8), it can be possible to better
quantify the available PCI/SCC margins and to minimize the operational constraints.

Therefore, the following recommendations can be formulated for further development, as a result of the
presentations and discussions with respect to the subject of this section:

—  Development of fast running PCI design verification tools and simplified methods (goal is to be less than
one week);

—  Implementation of cost effective PCI/SCC surveillance in the core monitoring system of existing nuclear
power plants;

—  Determination of more mechanistic PCI/SCC failure thresholds and reduction of conservatisms in fuel PCI
design verification methodologies and related operational technical specifications;

— Relaxation of operating guidelines/rules or operating constrains by PCI/SCC margin quantification using
‘best estimate plus uncertainty’ or risk informed PCI analysis methodologies.
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6. EXPERIMENTAL UNDERSTANDING OF PCI/SCC MECHANISMS
6.1. OVERVIEW

This section is intended to review recent experimental studies related to PCI/SCC based on related papers
presented at the technical meeting in October 2019. These papers either described the use of the experimental
results in I-SCC modelling, or referred to implementation of experimental findings for modelling. To that end, in
the introduction remarks, some theoretical aspects of fracture mechanics and fractography elements that have been
used in the papers contributed to this session are summarized below:

—  The fracture mechanics theory presumes the existence of an incipient crack and identifies the conditions
leading to crack propagation. Associated parameters are:
e Stress intensity (MPaVm), K (K factor);
e Fracture toughness or tenacity (MPaVm), Kc. This quantity is often written as Klc to denote Mode I
plane strain condition;
e Moduli Jm-2), G and E.

—  The crack propagation thresholds have been derived in two ways:
e Energy balance, which led to Griffith’s fracture stress and related Gc toughness, above which unstable
crack growth occurs;
e  Stress calculation at the crack tip, leading to the KIC stress intensity factor, beyond which the crack
propagates rapidly.

—  The link between the fracture variables, namely Gc and KIC, is a linear relationship, whose multiplicative
term contains the crack length and a geometrical factor. (A certain crack length is assumed as part of the
incubation/initiation stages beyond which fracture mechanics is employed to analyse crack growth.)

The above remark is prefaced by a brief summary of the generally accepted [I-SCC stages, including the
major factors that can impact the process:

— Incubation
e [-SCCis not an electrochemical process as the intergranular stress corrosion cracking (or called IGSCC)
of structural materials (steels);

—  Initiation;

—  Propagation
e  texture;
e  stress ratio;
e  hydrides.

In the subsequent sections, some progress on recent experimental studies are described based on related
papers presented and discussions at the technical meeting held in Aix-en-Provence, 8—11 October 2019.

6.2. IN-PILE AND OUT-OF-THE PILE TESTS AND ANALYSES

This subtopic was addressed in the papers presented by Novikov and co-authors (see Session II of Annex IT)
and by Advonina and co-authors (see Session III of Annex II). The main theme of these papers was the impact of
the cladding inner surface oxide layer on the PCI/SCC mechanism. To that end, out-of-the pile tests and hot cell
PIE data on irradiated fuel rods from in-reactor studies have been combined.

The out-of-the pile tests performed by the authors and reported in the paper were inspired from an earlier
study by Mattas and co-authors [53]. The SCC outcome of internally pressurized tubes with and without iodine
were used for both unirradiated and irradiated tubes made of Zr1%NDb Russian alloy and compared with similar
tests on other Zicaloy-2 and zircaloy-4 alloys. The following possible mechanisms relative to the initiation phase
of SCC were considered with respect to the oxide layer on the cladding inner surface:

(a) Diffusion of iodine through the zirconium oxide layer;
(b) Chemical interaction of fission products (including iodine and cesium iodide) with ZrO»;
(c) Mechanical cracking of zirconium oxide and diffusion of iodine along the formed cracks.
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Mechanism (a) was concluded as not operational because of very slow iodine diffusion rate through the oxide
layer. Mechanism (b) deemed important because it leads to the cracks through the oxide, in addition to the pure
mechanical cracking process of mechanism (c). In that sense, cladding irradiated in a material test reactor without
fuel pellets lacks the impact of mechanism (b) and therefore studies on such empty cladding tubes irradiated in a
material test reactor are not fully relevant for PCI/SCC as they do not contain the initiation phase of SCC. The
main conclusions of the studies on Zr-1%Nb and comparison with previous studies for other Zr alloys that were
drawn in the paper are:

—  The initiation of SCC process in a fuel rod cladding requires overcoming the barrier — ZrO, layer on the
cladding inner surface;

—  The SCC mechanism begins as a result of cracking of the ZrO, layer as a combined result of structural
changes in zirconium oxide during its growth and the action of high energy particles of fission products and
stresses;

—  The loss of the protective properties of the oxide layer on the cladding inner surface is the main factor in
triggering the stress corrosion mechanism, leading to a drop in SCC threshold stresses with an increase in
fuel burnup.

6.3. SEPARATE EFFECT TESTS ON UNIRRADIATED AND IRRADIATED MATERIALS

The paper presented by Hanlon and co-authors (see Session II of Annex II) included summaries of several
out-reactor PCI testing campaigns in a variety of environments, which included C-ring compression, tube internal
pressurization, mandrel testing, uniaxial tension and fracture mechanics testing. Additionally, new experimental
observations of basal plane pseudo-cleavage and twinning near I-SCC cracks were provided in the context of the
current literature in an effort to enhance PCI/SCC mechanistic understanding. Based on the review of out-reactor
PCI/SCC testing, as well as the compact tension specimen results presented in this study, the following conclusions
were reached:

—  Observations from both the radial-longitudinal (R-L) and transverse-radial (T-R) specimen suggest that I-
SCC cracks tend to follow basal planes and that no pitting occurs under the conditions used in this study;

— Large grains, low iodine partial pressures and low stress intensities allow for high confidence in determining
the I-SCC crack path;

—  Texture has a dramatic effect on the extent of out of plane cracking, also referred to as ‘tangential cracking’;

— A higher twin density is observed near the I-SCC crack in the R-L specimen than the T-R specimen, likely
because more c-axes were aligned with the stress direction in the R-L orientation. Much less twinning was
observed away from the crack;

— A need exists to better understand crack initiation, the basal pseudo cleavage growth mechanism, I-SCC
crack tip deformation, and the effects of radiation damage on PCI morphology and mechanisms.

The atmosphere of SCC testing apparatus in the Canada Nuclear Laboratories was gaseous iodine, which
was controlled separately during the tests. One interesting observation was with respect to surface pits, which
have been proposed in the past as pre-requisite crack incubation sites. However, a couple of studies in the past
seemed to indicate that surface pitting developed after the SCC cracking occurred and therefore, it was an after-
effect and not a cause of SCC. This was summarized as follow:

— The role of pitting on in-service PCI initiation is unclear; at high iodine partial pressures pitting occurs
regardless of stress, strain, or temperature, while PCI is also possible at low concentrations without a pre-
machined stress riser where no pitting was observed. In the study reported in the paper there was no evidence
of pitting, which supports the idea that pitting is not necessary for SCC cracking.

A question was raised regarding the iodine gaseous atmosphere, which was indicated in the test summary
table of the paper as iodine pressure in Pa (I partial pressure), while many literature studies report it as surface
concentration. It was commented that iodine partial pressure is a more meaningful parameter, considering the set
of reactions between iodine and Zr metal surface.

In that respect, previous considerations were evoked, whereby, of the different Zr iodides that can be formed,
the tetraiodide, Zrl4 is the most aggressive gaseous active species. In the past, it was noted that the formation of
Zrl4 requires a certain amount of time and this could be the main (probably not the only one) reason for the
observed SCC incubation time. During the compact tension specimen tests with online control of the K stress
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intensity factor, an incubation time (time until crack propagation velocity accelerates as measured by the potential
drop over the sample) was noticed anytime K was decreased; however, further studies are needed to discriminate
between the chemical (e.g. Zrl4) and mechanical (crack opening/closing effects) factors, which are contributing to
the observed incubation times.

One of the findings of the microscopy studies was related to the mechanical behaviour around the crack,
namely twining was observed within a few grains of the crack than away from the crack. Similar observations
have been made recently via 3D Electron Back Scattered Diffraction misorientation analysis in a companion study
to the one reported in the paper. It was shown that twinning can lead to crack arrest in a grain otherwise well
oriented for basal plane cracking. This observation can explain the typical branched appearance of SCC cracks,
in that blunting occurs along some propagating directions, because of twining and the crack branches off in a
different direction.

An important contribution of the state-of-the-art microscopy investigation that was reported in the paper was
a more comprehensive confirmation of the previously observed feature that SCC transgranular cracking occurs
along (or very close to) basal planes. The 3D Electron Back Scattered Diffraction based investigation used in the
study reported in the paper, provides far greater statistical significance by analysing a cracked volume containing
nearly 1000 grains. Two figures in the paper were used to illustrate this feature: one showed evidence of tangential
cracking in a T-R oriented specimen, while another one demonstrated that this cracking is again predominantly
along the basal planes, with cracking in nearly every grain occurring along the basal plane. These observations
provide conclusive evidence that texture affects the crack direction and morphology.

In the end of the Q&A period, it was suggested to continue the studies with a parametric test matrix, in order
to explore the synergies between chemistry and mechanics and to gain more insights into crack incubation and
initiation.

The paper presented by Le Boulch and co-authors (see Session IT of Annex II) included first the experimental
part: The I-SCC behaviour of cold-worked stress-relieved (CWSR) zircaloy-4 was explored by internal pressure
tests with both inert and iodine gases. I-SCC susceptibility was explored in the tests on both unirradiated and
irradiated cladding tubes. Rates of crack propagation were investigated from tests on pre-cracked tubes. Parametric
internal pressure tests on unirradiated CWSR zircaloy-4 samples at different temperatures between 320°C and
380°C indicated an apparent threshold stress below which no I-SCC occurred, in the sense of very long failure
times recorded in the internally pressurized tests.

The second part of the paper presented by Le Boulch and co-authors (see Session II of Annex II) presented
the theoretical part of the paper, which consisted of a I-SCC model based on a combination of Kachanov’s damage
law with Miller’s stress threshold and which was incorporated in the CAST3M finite element code. The approach
presented is of the Kic variant of fracture mechanics and was derived from internal pressure tests on pre-cracked
samples.

The experimentally determined stress threshold is about 240 MPa on unirradiated CWSR zircaloy-4. This
value is close to the stress threshold of 300 MPa exhibited in [25] on un-irradiated CWSR zircaloy-4. The stress
threshold is about 150 MPa on irradiated CWSR zircaloy-4.

The Kachanov’s model, used in post-treatment of finite element calculations, was used to model I-SCC
initiation. A set of parameters was identified, from inner pressure tests under iodine vapor, for both unirradiated
and irradiated CWSR zircaloy-4 and the model properly simulated both I-SCC initiation and I-SCC tenacity ‘Kscc’
for irradiated CWSR zircaloy-4. However, I-SCC propagation rates were underestimated with that set of
parameters. In order to better evaluate the I-SCC propagation rates, some parameters need to be re-evaluated, or a
specific mechanism needs to be added to the modelling of the propagation of I-SCC cracks.

During the paper discussion period, one theme was the duration and physical/chemical mechanisms related
to initiation (modelled in the paper by a material damage model) and incubation (not modelled in the paper). In
that respect, a link can be made to the ALCYONE paper presented by Sercombe and co-authors (see Session II1
of Annex II), in which the implementation of the model presented by Le Boulch and co-authors (see Session II of
Annex II) was described; part of that implementation was with a model parameter related to crack incubation,
namely a certain incubated crack depth. As mentioned in the introductory remarks, any fracture mechanics
approach quantifies crack propagation and requires a pre-existing ‘incubated’ crack — therefore, the modelling
requires an assumption about the length of this pre-requisite crack.
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The paper presented by Alvarez and co-authors? [54] described the summary of the findings of the extensive
programme of mandrel tests:

—  The mandrel testing technique accurately simulates the local stress at pellet cracking and local concentration
of iodine;

—  PIE confirms that fuel cladding tested by means of mandrel testing and in-pile PCI failed rods show similar
crack pattern and fracture appearance;

— Ttis hard to compare the strain to failure in a ramp tests with the strain to failure in mandrel testing, since the
mandrel testing measures total strain to failure at test temperature, which has not been measured in R2 or
Halden power ramps;

—  The residual strain measured at room temperature cannot be compared since the ceramic parts inside the
cladding (insert + sleeve) in the mandrel tests are permanently deformed during the tests, while the pellet
expansion recedes during cool down during an in-reactor ramp tests;

—  Parametric studies confirm that the temperature effect and effect of having a liner can be confirmed
qualitatively in the mandrel tests;

—  The ability to study the effect of single vs multiple step ramping and the ranking of different cladding types
in the mandrel tests is still under examination.

There was a discussion on crack propagation whether fluting requires plastic deformation or iodine causes
the crack propagation. Although fluting is often mentioned in connection with SCC fractography, it is not clear
the role of iodine in crack propagation; in that respect, a similar ambiguous fluting feature is described in
Annex [.

Another aspect of the microscopy investigations of the cracked surfaces is the observation of an inverted
sequence of intergranular and intragranular (transgranular) cracking modes in the mandrel test samples, in that the
former mode was detected in the latter stages of crack propagation, while the bulk of the literature data
(see Appendix I, too) found intergranular cracking to occur at the crack outset and be followed by transgranular
cracking along basal planes, mainly. The appearance of transgranular, indicative of large plastic deformation,
appearance at the initial part of the crack, was questioned from the perspective of the mandrel test simulating more
closely a nonclassical SCC mechanism, similar to the MPS-PCI failures observed in some commercial fuel rod
failures. This suggestion was based on the geometry of the zirconia sleeve that has a number of slits at the outer
rim, which resemble more a pellet chip (MPS) and are considerably wider than regular pellet cracks.

A paper presented by Nindiyasari and co-authors (see Session II of Annex II) focused on the mechanical
aspect of the PCI, namely the frictional contact at an interface between the pellet and the cladding, which creates
a shear stress that induces stress concentration in the cladding over opening pellet cracks during a power ramp.
Actually, experimentally determined interface properties (interface shear stress) are needed as an input to models
of hoop stresses in the cladding during PCMI failures. In this regard, a test fixture was developed for the
characterization of pellet-cladding interface properties using the miniature tensile test machine in the hot cell
laboratory.

6.4. MITIGATION BY MATERIAL IMPROVEMENTS.

In the paper presented by Jadernds and co-authors (see Session II of Annex II), it was highlighted at the
outset that the Studsvik ramp database points to fuels with additives/dopants having a PCI benefit, but it is unclear
why they behave better. Therefore, hot cell PIE studies have been performed in order to gain more insights into
doped fuel beneficial PCI mechanisms and the following main findings were summarized (taken from the
presentation by Jadernés):

(a) “Cswas measured in the Al/Cr and Al/Si additive phases mainly in the center regions of the fuel (T>1300°C)
using scanning electron microscope/wavelength dispersive spectroscopy. lodine was measured in the Al-Si
additive phases using transmission electron microscopy”;

2 ALVAREZ, A-M., TEJLAND, P., MAGNUSSON, P., “Out-of-Pile Simulations of Iodine Assisted PCI Failure and the
Effect of Ramp profiles”, Paper presented at Technical Meeting on Progress on Pellet-Cladding Interaction and Stress
Corrosion Cracking: Experimentation, Modelling and Methodologies to Support the Flexible Operation of Nuclear Power
Plant, Aix-en-Provence, France, 8-11 October 2019. This paper is not included in the proceedings in Annex II of this
publication. However, relevant information can be found in [54].
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(b) “However, out-of-pile experiments (Mandrel testing) suggest very little iodine release is needed to produce
PCI cracking (ppm levels of the available inventory)”;

(c) “Al-Si additive fuel is better at retaining volatile, potentially aggressive, elements within the fuel”;

(d) “Same comment as above. However, the dynamical behavior may be different and change the
chemistry/stress timing. (Not measured, just hypothetical)”;

(e) “Gd homogenization during the ramp test possibly releases oxygen to the fuel free volume. It could help
mitigate PCI”;

(f) “Cr migrates towards the hot pellet center forming Ba-Cr-Zr and possibly U and O containing precipitates.
This could help mitigate PCI by dissociation, releasing oxygen, during high temperature transients. This
statement is partly supported by thermodynamic calculations”;

(g) “Important note: No macroscopic difference between the different fuel types could be observed but this could
potentially be due to the relatively low temperature that these rodlets saw in-reactor”.

The above summarized results of the hot cell PIE on doped/additive fuel rods after undergoing a power ramp,
point towards a possible PCI beneficial mechanism of cladding inner surface oxidation process, which is enhanced
in the case of doped fuel. Compelling evidence of cracks that have been initiated and arrested (blunted crack tip)
by oxidation in the cladding of Gd fuel rods was illustrated in the presentation.

A discussion was followed on whether O migration to the cladding inner surface occurs through pellet or
through gas phase. Although different views were expressed, the advantage of doped fuels is the same for either
O migration process.

Another discussion was on the role played by the cladding inner surface oxide film, whether oxide cracks
that exist prior to power ramp promote SCC. The answer in principle to this question is based on the interplay of
kinetics of the oxidation and cracking processes, so that enhanced oxygen availability in doped fuels generally
promotes the passivation effect of the oxide and hampers to a certain degree the propagation of SCC cracks.

6.5. RECOMMENDATIONS FOR FUTURE WORK

Several papers presented at the technical meeting in October 2019 either confirmed some of the
assumptions/hypotheses made in the past or provided some new data on the behaviour of doped/additive fuels,
which are in focus lately. Some grey areas that were not clarified or even not touched were pointed out through
discussions at the technical meeting. These are listed below as recommendations for further development:

—  More experimental study of the incubation/initiation phase is necessary, because the mechanism of chemical
attack by iodine (van Arkel or other process) is not known — only a good knowledge of this aspect would
allow a proper modelling (refer to assumption adopted in ALCYONE for length of incubated SCC crack);

— The role of oxygen and cladding inside oxide layer requires more experimental studies; in that respect, the
chemical interaction between oxygen and Csl or Zr iodides needs to be confirmed experimentally, as
currently only thermodynamic calculations are available;

—  The mitigating effect of slow ramps deserves more studies in order to fully understand the mitigating factors.
The combination of experimental data and code calculations indicated that slow ramp benefit is not only a
mechanical factor and that chemistry also plays an important role;

—  One aspect that was seldom touched upon in past studies is the cumulative SCC damage in repeated power
ramps. This issue is clearly linked to load following, flexible power operations, especially for BWRs in
which local power transients occur frequently by control rods manoeuvring. The question is whether a crack
that was initiated during a power ramp but did not propagate through the cladding wall is more prone to
resume propagation during a subsequent power ramp. In the past, one international power ramp programme
looked at the impact of a power ramp on subsequent steady-state normal power operation and concluded no
adverse effects occurred, but no reported study of multiple power ramps was published. In lieu of test reactor
power ramps, separate effects tests using the most relevant techniques out-of-the pile should investigate this
potential cumulative SCC damage.
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7. IMPROVEMENT OF PCI/SCC MODELLING AND SIMULATION
7.1. OVERVIEW

The following topics need to be fully addressed and modelled in order that a comprehensive modelling of
PCI/SCC is possible:

—  Multi-dimensional thermomechanical analysis;

— Irradiation history dependent nonlinear behaviour of the constitutive materials (pellet and claddings under
thermal, mechanical and neutron irradiation loadings);

—  Pellet-cladding interface behaviour;

—  Gaseous swelling and release;

—  Corrosive species speciation;

—  Cladding stress corrosion cracking behaviour in iodine environment;

—  Impact of coupling of physics phenomena such as neutronics and thermalhydraulics.

Although advanced codes such as BISON (see the paper presented by Pastore and co-authors, Session I1I of
Annex II) and ALCYONE (see the paper presented by Sercombe and co-authors, Session III of Annex IT) already
include many of these features and predict rather well many of the measured parameters obtained from the PIE
after ramps (e.g. external increase of diameter, primary and secondary ridges), their capability for accurate
prediction of the I-SCC cladding failure in power ramp is not fully satisfactory.

Recommendations on PCI/SCC modelling were outlined at the PCI workshop organized by the OECD-NEA
in Lucca in 2016 (see also Section 3.3) as follows:

—  Continue the efforts for developing multidimensional and multi-physics approaches;

—  Continue the efforts on thermochemistry and modelling for prediction of the availability of corrosive species;

—  Address the questions of verification & validation by using benchmarking and on purpose designed separate
effect experiments.

Moreover, it was recommended to investigate the approaches for uncertainties evaluation. Synthesis of this
section implicitly refers to these recommendations.

7.2. PHENOMENOLOGICAL MODELS
7.2.1. Time dependent behaviour of the cladding and pellet material

A PCI prone situation is driven by the power increase with the associated temperature escalation in the fuel
pellet which induces inhomogeneous thermal expansion of the pellets and also generates fission products resulting
in corrosive volatile species (SCC) and possible gaseous swelling if the high power is maintained long enough (in
addition to the thermal expansion). When the pellet-cladding contact is well established, the strain driven loading
induced by the pellet expansion generates local stresses at the inner surface of the cladding. After reaching the
terminal power level in the cycling power, the cladding strain remains practically constant and hence the cladding
goes into a ‘stress relaxation” mode (if the gaseous swelling of the pellet occurring during the terminal power
plateau is not too strong).

The elaboration of visco-elastic and visco-plastic constitutive equations for the cladding, which enables to
account for response of a complex loading path including some inversions of the stress state, hardening relaxation
sequences during the transient and recovery phenomena, has been for a long time the goal of various experimental
investigations. It is still the topic under development, which aims at the implementation into fuel codes of more
sophisticated new models based on recent experimental results.

The paper presented by Peltonen and co-authors (see Session IIT of Annex II) described models based on
serial or parallel arrangements of classical rheology models (e.g. Kelvin, Maxwell). The development aimed at
accounting for primary creep, its recovery in case of load reversal and stress relaxation situations. Several in-pile
experiments in the Halden reactor, involving instrumented fuel rod segments subject to specific complex loading
paths, were used to evaluate the adequacy of the model. In addition, complex separate effect tests including
consecutive stress relaxation sequences were used, as well. The authors underline that this type of modelling is
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needed for evaluation of the stress in the cladding under strain controlled loadings, but in the end convey the
message that model validation for accurate predictive simulation still represents a challenge.

One must keep in mind that the right form of the constitutive equations for the cladding depends strongly on
the availability of various kinds of separate effect tests, which are necessary in order to determine the respective
model parameters (especially the internal parameters accounting for history dependent effects). The PIE after
integral experiments (in-pile power ramps) gives only the final residual diameter strain profile.

With regards to the role played by the fuel pellet, it is widely acknowledged that thermal expansion and
gaseous swelling are the key parameter to account for when analysing PCI. Nevertheless, pellet viscosity together
with its cracking behaviour may impact significantly the local stress concentration in the cladding, leading to stress
and strain redistributions. The BISON paper presented by Pastore (see Session III of Annex II) showed an example
of the benefit brought by the introduction of a softening feature in the pellet model to improve a simulation of
some of the international fuel performance experiments (IFPE) datasets.

7.2.2. Irradiation effects

The neutron irradiation induces microstructural evolutions that impact the deformation behaviour of the
cladding and the pellet. Cladding irradiation growth, cladding irradiation creep and pellet densification and gaseous
swelling are, with thermal expansion, responsible for the conditioning/deconditioning kinetics and magnitude of
the fuel rods. As such, these parameters govern the initial thermal mechanical state of the fuel rod prior to the
transient (i.e. ‘initial PCI status’). These relevant models are largely incorporated in the fuel performance codes
used to simulate PCI.

The recent improvements of PCI/SCC modelling rely on neutronics calculations to estimate the amount of
gaseous fission product inventory in the pellet and in the pellet-clad gap. It may also be associated with
thermochemistry tools in order to predict the amount of corrosive products which is going to be available at the
pellet/cladding interface.

7.2.3. Thermochemistry

Recently developed thermochemistry models showed promising results. They have been implemented to
evaluate the availability of corrosive products at the inner surface of the cladding. Several organizations
investigated thermochemistry-related phenomena, developed specific models and implemented them in advanced
fuel performance codes such as ALCYONE (see the paper presented by Sercombe and co-authors, Session III of
Annex II).

The VTT developed stand-alone models featuring thermochemistry capabilities to analyse the radiolysis of
Csl. The results show the calculated theoretical concentration of the species including iodine as a function of the
stoichiometry (O/U ratio) and the temperature (see the paper presented by Peltonen and co-authors, Session III of
Annex II). It is concluded that hydrogen iodide is thermodynamically the most favoured species at low temperature
with potential detrimental impact on SCC phenomena.

7.2.4. Cladding SCC failure model

Important progress was presented with the implementation of SCC failure models in advanced multi-
dimensional fuel performance codes:

—  The influence of temperature on the rate of crack propagation, implemented in ALCYONE (see the paper
presented by Sercombe and co-authors, Session III of Annex II);

—  The cumulative damage index, implemented in BISON (see the paper presented by Pastore and co-authors,
Session III of Annex II) which is envisaged to be applied to PCI (it is implemented in other codes);

—  The comprehensive simulation of the I-SCC crack initiation and propagation using finite element method
analysis and the Katchanov Katchanov-Miller model (see the paper presented by Le Boulch and co-authors,
Session II of Annex II) with promissing preliminary results of implementation in ALCYONE 3D code.

Significant efforts have been made to investigate and model the local boundary conditions and the physical
parameters leading to I-SCC with the hope of simulating actual ramp tests. Further progress is expected from
model upgrades to account for the impact of the concentration of corrosive species (poor or lack thereof) on the
SCC model parameter.
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7.3. COMPUTER CODE DEVELOPMENTS
7.3.1. General features

At the technical meeting held in Aix-en-provence in October 2019, some general features have been
identified which could lead to improvements of the PCI/SCC modelling toward a more predictive simulation of
the power ramps. To that end the advanced models presented at the technical meeting have been used to simulate
a fuel rod which was submitted to a power transient which occurred after a particular power history, situation that
potentially involves a risk of PCI/SCC failure.

7.3.1.1  Generalization of thermal mechanical multi-dimensional approach

The PCI/SCC is a local phenomenon initiated in the cladding zone subject to higher stress/strain
concentration such as the zone located at pellet-pellet interface, in front of a radial macro crack of the pellet (triple
point) or the zone of the cladding affected near the boundary of an MPS. Thus, 3D modelling appears to be well
suited to properly simulate the loading condition for PCI/SCC.

Several approaches were presented, based on in-house developed codes, or commercial and open source
finite element method software, which have been applied in conjunction with various types of material constitutive
equations. However, the generic finite element software simulation of the fuel rod is approximative with respect
to pellet behaviour and a relevant 3D modelling approach needs to be associated with the implementation of the
relevant models for pellet, cladding and pellet-to-cladding interface.

7.3.1.2  Pellet-clad interface contact modelling

The Coulomb friction model with unilateral contact is the more widely used. The friction coefficient is
adjusted posteriori in order to give a better agreement with the PIE diameter measurements, because it is not
possible to directly evaluate this coefficient. Alternative approaches were presented, such as the introduction of
cohesive zone elements (see the paper presented by Scolaro and co-authors, Session IIT of Annex II), or the penalty
model (see the paper presented by Le Boulch and co-authors, Session II of Annex II). The potential advantage or
drawback of these approaches remains to be quantified and validated.

Improvements to the following fuel codes have been presented and are summarized below.

7.3.2. ALCYONE (CEA, France)

The status of further developing the ALCYONE code to simulate the fuel behaviour during a power ramp is
described in the paper presented by Sercombe and co-authors (see session III of Annex IT). This code is considered
as the French reference analytical calculational tool enabling a comprehensive modelling of PCI in various
transient regimes. The mechanism of the I-SCC is reviewed, and the main features of the 3D mechanical scheme
and the boundary conditions are briefly described (symmetry, unilateral contact, and Coulomb friction sliding
contact at the pellet-clad interface).

The SCC model as implemented in ALCYONE accounts for the initiation and propagation phases in terms
of temperature and stress, assuming that iodine is available in sufficient quantity and that there are pre-existing
micro cracks in the internal oxide layer. The model parameters have been derived from laboratory experiments on
fresh or irradiated cladding tubes in iodine environment. The SCC model is executed in conjunction with
ALCYONE-3D simulation using the calculated local stresses and temperature at the triple point. Model predictions
were validated mainly on a set of power ramp experiments in the OSIRIS reactor.

Possible reasons for overpredicting the SCC propagation rate for some power ramp tests were discussed —
one of them being identified as the possible lack of corrosive species compared to the laboratory tests. Potential
improvement in the ALCYONE code was presented to implement a chemical criterion based on the iodine partial
pressure and a threshold giving the probability of initiation flaws under hoop stress using the Weibull theory.
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7.3.3. BISON (INL, USA)

The paper presented by Pastore and co-authors (see Session III of Annex II) provided an overview of the
BISON fuel performance code and its capability for SCC prediction. Presentation included the recent
improvements with a focus on the assessment through IFPE database. The simulated fuel rod experiments are
related to PCI and PCMI situations in LWRs. BISON, developed by Idaho National Laboratory, is a modern, fuel
performance code using multidimensional finite element method, enabling to simulate several types of fuels and
geometries (i.e. LWR fuel rods, tristructural-isotropic (or TRISO) fuel, metallic fuels). Benefits of the recent
improvements were evidenced by the simulation of particular experiments, with and without the above-mentioned
improvements.

Taking into account the softening effect of fuel cracking on the pellet behaviour (instead of using an elastic
approximation), the influence of relocation and recovery, and the gaseous swelling during the transient,
significantly improves the prediction of the diameter changes when simulating PCMI fuel rod experiments. The
3D capabilities for MPS impact analysis are illustrated with the impact on local strains and stresses in the cladding
and on local temperatures of the gas released during a transient. This 3D MPS model was used to design a dedicated
MPS experiment of the Halden reactor project. In the paper presented by Pastore and co-authors (see Session III
of Annex II), a detailed discussion on the simulation of the IFA-629.4 power ramp experiment, based on the
comparison of measured and predicted axial elongations of the rod, is described with several hypotheses on the
pellet behaviour and on the pellet-clad interface friction coefficient. Only qualitative lessons may be derived
because PIE results on external diameter profiles are not available. A failure criterion for the cladding based on a
cumulative damage index was benchmarked on creep to rupture laboratory tests of internally pressurized tubes
with iodine inside the tubes. The cumulative damage index model was then tuned by simulating power ramp
experiments of the IFPE database. A probability of failure is assessed from the value of the cumulative damage
index.

The multi-dimensional capabilities of BISON for addressing MPS impact was presented also by the paper
of Peltonen and co-authors (see Session III of Annex II). A 2D R-Z mechanical scheme was used to evaluate local
stresses and temperature on pellet and cladding.

7.3.4. DIONISIO 3.0 (CNEA, Argentina)

A 3-D finite element scheme in which the pellet-clad interface is modelled with the cohesive zone method,
has been incorporated in the DIONISIO 3.0 fuel performance code (see the paper presented by Goldberg and Soba,
Session III of Annex II). The new 3D method is compared with the unilateral contact approach based on Lagrange
multipliers in 2D axisymmetric configurations with contact interfaces (treated examples are: SiC fibre and matrix,
flat punch test, heating central mandrel in ceramic tube). The 3D cohesive zone method-based approach allows
evaluating the effect of geometrical defects and of relative tangential displacements between the contact surfaces.
The authors pointed out the importance of the time step control in the explicit resolution scheme in order to avoid
inconsistent interpenetration of the contact surfaces. Beyond the selected test emulating PCI conditions, the
simulation of some irradiation results with DIONISIO 3.0 were presented with a satisfactory prediction of the
cladding deformation with the ridges due to the bamboo effect.

7.3.5. OFFBEAT (EPFL, Switzerland)

Motivated by the feedback experience of some fuel failures observed in nuclear power plants and by the
limited capability of the standard 1.5D fuel performance codes for interpreting complex and multidimensional
situations such as PCI, the novel code OFFBEAT (OpenFOAM Fuel Behaviour Analysis Tool) was developed
(see the paper presented by Scolaro and co-authors, Session III of Annex II). The approach uses the C** open
source library OpenFOAM, a toolbox for engineering application offering interesting potential for addressing
multi-physics and multidimensional problems. OFFBEAT takes into account thermal expansion, densification,
relocation and irradiation-induced strains. In particular, the development has been focused on the implementation
of history dependent and non-linear material properties, such as plasticity and creep for the zircaloy cladding, with
models derived from von Misses theory and from the Limbick and Anderson model, respectively. The pellet-
cladding contact model is based on the penalty method and has been verified against the punch test results. The
approach is in an early stage of development (2-3 years) but several examples of application to test cases or
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benchmark illustrate the OFFBEAT capability to address MPS and inter-pellet cladding ridges calculation
including creep effect. Development perspectives are sketched toward the goal of simulating PCMI scenarios
(e.g. fuel cracking model, frictional contact forces). Future plans include the coupling with the TRANSURANUS
code to calculate the initial conditions and the coupling with reactor physics Monte Carlo tools for a more accurate
transient calculation. The latter is already in an exploratory phase with the coupling between OFFBEAT and the
Serpent reactor physics analysis code. The need for validation data specific to multidimensional simulations,
including separate effects tests, is underlined. The presentation illustrates the potential of an approach based on
open source advanced tools as an alternative to the classical advanced fuel performance codes.

7.3.6. START-3A (VNIIM, Russian Federation)

This Russian fuel performance code was not presented in direct relation with PCI modelling, but a fuel
performance code also be used for designing complex experiments carried out in the MIR reactor and devoted to
the study on impact of the transient rate on the release of fission products and the gaseous swelling (see the paper
authored by Avdonina and co-workers, Session III of Session II).

7.4. VERIFICATION, VALIDATION AND APPLICABLE DOMAINS
7.4.1. Global experiments (in-pile power ramps)

Following the shutdown of the HBWR in Halden in 2018, there is a lack of alternative test reactors with
experience in performing power ramp experiments that could immediately fill the gap due to HBWR shut down.
Waiting for potential successor facilities to produce new results, the global validation of fuel performance codes
relies on the existing data preserved in databases, both publicly available and also in vendor proprietary domain.

7.4.2. Databases related to PCI/SCC

The TAEA and OECD-NEA jointly manage the international experimental database called IFPE. The
activities consist mainly in collecting and maintaining in-pile integral tests data involving PCMI or PCI/SCC
situations, in specific databases. The OECD-NEA is actively promoting benchmarks of fuel performance codes
among the Member States. Recently, the OECD-NEA supported the Halden reactor project initiative aiming at
preserving in a database (to be transferred eventually in the NEA databank) all the experimental results of the
Halden reactor project over the last 50 years.

The OECD-NEA presented the framework for in-pile fuel and material irradiation experiments (or called
FIDES) initiative aiming at launching fuel experiments in the remaining tests facilities (e.g. BR2, CABRI, TREAT,
etc.) (see the paper presented by Costa and co-authors, Session III of Annex II). The objective of this project is to
make sure that the nuclear community will be able to access experimental capacities on the long term, in particular
after the HBWR shutdown.

7.4.3. MIR reactor

A paper presented by Avdonina and co-authors (see Session III of Session II) described an original
experiment in the MIR material test reactor focused on the gaseous swelling and gaseous release during a power
transient of recent fuel rod design with thinner cladding and large grain UO; pellets without central hole. The
experimental device with a rotating Hafnium screen that could be moved quickly, allowed performing during the
same irradiation sequence a fast power ramp and a slow power ramp on similar fuel rods originating from the same
fuel assembly (irradiated to a burnup of 44 GW-d/tU). Seven rods were tested, three of them subjected to a fast
power ramp (~25 kW/m/min), after a conditioning phase and followed by a slow ramp (1 kW/m/min), while the
other ones being subjected only to a slow ramp. One of the rods was refabricated and instrumented with a
thermocouple, but the pressurization was compromised by a small leak.

The fuel performance code START-3A was used to analyse the experiment, especially the evaluation of the
centreline temperatures (around 200°C at the centreline). The fission gas release was measured for each rod. PIE
with diameter measurements and ceramographies were presented.

In terms of cladding diameter increases, no influence of the ramp rate (fast or slow) was observed, with a
value of ~1.3% hoop strain being measured for all the rods. In terms of fission gas release, the author indicated
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that there was no significant impact of the ramp rate, the differences observed being easily explained by the
differences in the times spent at high temperature. The destructive examinations showed the evolution of the
microstructure due to the power ramp with a central zone with larges pores but did not exhibit significant
differences between the rods subjected to fast and slow ramps, respectively.

7.4.4. Benchmarking

Code benchmarking and shared international data bases were widely promoted as a way to consolidate the
validation of fuel performance code for the international community.

The TAEA organized several international benchmarking exercises on different aspects of fuel modelling
(e.g. FUMEX 1I [55], FUMEX-III [56], FUMAC [57]). More recently, the OECD-NEA under the action of its
Nuclear Science Committee has launched an international benchmark on PCMI (see the paper presented by Costa
and co-authors, Session I1I of Annex II) with the goal of stimulating the improvement of the nuclear fuel modelling.
The status of the PCMI benchmark carried out within the Expert Group on Reactor Fuel Performance was briefly
presented. The scope of the benchmark was to compare the predictions of the fuel performance codes, on the one
hand through hypothetical cases (purpose to understand the reasons for the differences in results as due to different
hypotheses) and on the other hand, by direct comparison with the measurements performed during real
experiments. Some results were presented elsewhere [58]. The necessity of updating the interface of the simulation
tools with the databases was underlined and the OECD-NEA started a project with this objective (DATIF). The
preservation of the Halden experiments with the constitution of a legacy database within the Halden reactor project
with the support of OECD-NEA for long term preservation was also mentioned. A second benchmark focused on
the methodologies for validation of coupled physics phenomena was also mentioned.

7.5. UNCERTAINTY QUANTIFICATION

The topic of uncertainties is not directly addressed in the current practices as presented above in relation to
the improvement of simulation codes by various organizations. Among the many reasons for the difficulty to
progress in this direction, it can be cited the experimental approach for direct characterization the PCI/SCC
threshold which would require many experiments in the same conditions on similar specimens. The multi-rods
loop in the MIR reactor is an example of such a simultaneous transient experiment. The theoretical approach is
very involved, with a great number of parameters not directly measurable with complex impact and therefore
difficult to reach a conclusion with the described high level of confidence.

7.6. RECOMMENDATIONS FOR FUTURE WORK

The following recommendations can be formulated for further development, as a result of the presentations
and discussions with respect to the subject of this section:

— Investigate in priority the phenomena related to promising perspectives (corrosive species characterization
and impact on the cladding SCC failure model);

—  Promote high performance computing for reference 3D calculations (e.g. work in-progress at Idaho National
Laboratory within the consortium for the advanced simulation of light water reactors framework). High
power computing could be useful also to deal with time consuming PCI/SCC verification methodologies;

—  Develop specific experiments and test conditions in order to confirm that the key parameters, which has been
identified with advanced numerical simulations, assuming different hypothesis and value of these key
parameters, are relevant;

—  Properties that are not accessible through separate effect tests can be derived from computational material
science. This approach is often developed independently, based on scientific motivation. The connection via
multiscale modelling with application needs to be encouraged;

— Create an expert group for producing a dedicated state-of-the art report and recommendations on the
uncertainty analysis and quantification.
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8. OPTIMIZATION OF PCI/SCC DESIGN VERIFICATION METHODOLOGIES
8.1. OVERVIEW

As far as load following and ERPO are concerned, the PCI/SCC key features need to be explicitly included
in the licensing process for any type of fuel design via regulations by the regulators or industry self-regulation,
depending on rules of specific countries.

The application experience has been shown that PCI/SCC design verification methodologies are quite
complex and time consuming if all operational cases are to be taken into account. These PCI/SCC methodologies
require up-to-date fuel performance codes (to assess fuel dependent PCI/SCC failure thresholds) along with
validated neutronic calculation tools (to determine the maximum power transient to be applied locally) in order to
determine the resulting margins to failure of each fuel rod in the core, at each axial elevation and at each time step
in the fuel reload cycle. This may impose constraints on the design and operation of the reactor core.

To address these various issues, it is important to optimize PCI/SCC methodologies and the overall licensing
process.

One option is to use ‘high power computing’ based on fuel rod codes with simplified but physically sound
models, which can efficiently take a large number of calculations and thus can make it possible to cover all limiting
cases without losing too much margins due to codes’ uncertainties. This option is also amenable to include
statistical approaches and uncertainties analyses.

Another option is to use advanced modelling to identify the key phenomena occurring during a PCI/SCC
event and develop physics based model to predict PCI/SCC failure. Unfortunately, this objective is difficult to
reach in the near future due to the lack of knowledge on the initial state of the fuel rod and the local stress initiating.

In the subsequent sections, the available toolbox, an example of the improved PCI/SCC design verification
methodologies and recommendations for future work are described.

8.2. AVAILABLE TOOLBOX TO ADDRESS IN-REACTOR PCI/SCC RELATED ISSUES
8.2.1. Extensive power ramps database covering the critical burnup range

To define a PCI/SCC failure threshold, which is fuel design and pellet/cladding material dependant, a
comprehensive experimental power ramp data base is required together with a validated fuel performance code to
interpret the ramp test results. A minimum of 10 to 15 ramp tests are typically necessary depending on the degree
of novelty of the fuel to be licensed.

Since the shutdown of test reactors, for example, R2 (Studsvik, 2005), SILOE and OSIRIS (CEA, 2018) and
HBWR (Halden, 2018), the likelihood of performing a large number of ramp tests is lower than ever. There are
opportunities in a few still functioning test reactors, but the number of ramp tests per year is limited. In JHR (Jules
Horowitz Reactor), which is still under construction, a specific test rig has been developed (ADELINE ramp test
loop) to address this issue. However, JHR is not going to be operational before 2024.

Under these circumstances, the fuel rod code that has been validated on the results of existing in-reactor
power ramps can be used to produce supplementary ‘digital ramp test’ data via interpolation of existing irradiation
data sets (i.e. the data-driven technology).

8.2.2. Creep and relaxation separate effect tests

Mechanical tests are well suited to determine the cladding properties under relevant test conditions, i.e. strain
driven loading prototypical of PCMI and to validate the cladding mechanical models implemented in the fuel
performance codes.

The cladding creep law at low stress levels and under irradiation is crucial to better assess the pellet-clad gap
closure kinetics prior to the power ramp. Indeed, the pre-ramp gap size has a direct impact on the cladding stress
during the power transient, as the gap closes mainly due to pellet thermal expansion being larger than that of the
cladding.

The cladding stress relaxation law at high stress level is also important, in order to better assess the stress
evolution, in terms of magnitude and kinetics, during the power ramp.
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The mechanical properties of the fuel pellet are important as well in order to characterize the initial state of
the fuel rod (e.g. gap closure) and the fuel rod behaviour in transient e.g. pellet creep that relaxes the pellet-cladding
contact pressure.

As an example, the paper presented by Demyanov and co-authors (see Session IV of Annex II) described the
particular behaviour of (U-Gd)O> fuel rods, which exhibit an early closure of the pellet-clad gap in the fuel cycle
due to less fuel densification than UO, fuel. However, this feature was compensated by the lower linear heat rate
of the (U-Gd)O; fuel rod.

The fuel rod code that has been validated on the results of existing in-reactor power ramps can be used to
produce supplementary ‘digital ramp test’ data on the radial gap closure by taking account of creep and relaxation
effects.

8.2.3. SCC out-of-the pile separate effect tests

For decades, researchers have strived to develop out-of-the pile separate effects test rigs capable to simulate
the in-pile ramp conditions, such as mandrel tests with controlled atmosphere.

The idea behind these initiatives was to identify the key parameters at work during a PCI/SCC event and,
eventually, to reduce the number of costly in-pile power ramp tests to be performed to determine a robust PCI/SCC
failure threshold. This approach would allow to study the cladding susceptibility to SCC in terms of various
parameters such as corrosive species concentration, oxygen content, cladding stress levels, temperature level, etc.
However, it was concluded that none of the various out of-the pile test devices that have been designed and utilized
were able to fully and adequately reproduce the in-pile conditions and behaviour. Nevertheless, the out-of-the pile
tests have confirmed some trends and dependencies at a qualitative level, for example, various cladding types have
more or less the same susceptibility to SCC if the texture is the same. The PCI/SCC performance of a specific fuel
is equally related to its fuel pellet behaviour and to the cladding mechanical properties (i.e. low stress creep and
high stress relaxation properties above mentioned), and the out-of-the pile rigs developed have focused on cladding
behaviour.

Even if a deterministic SCC model can be derived from these separate effect tests, the model cannot be
implemented directly in a ‘fuel core design approach’ because it requires as input variable the actual local stresses
in the cladding (by the fragmented fuel pellets), which cannot be realistically quantified in every single fuel rods
of the core because of the still prohibitive computational burden.

In order to quantify the role of corrosive species in the simulation of SCC initiation and propagation in the
local zone of the stress concentration, multi-scale modelling is necessary.

8.2.4. Advanced modelling

Advanced multi-scale and/or multi-physics modelling are necessary to identify the key phenomena occurring
during a PCI/SCC event (i.e. pellet thermal chemistry, clad SCC models).

The ultimate goal of these advanced tools is to replace in-pile power ramps with digital power ramps.
Unfortunately this objective is difficult to reach in the near future, for the reasons mentioned earlier: (1) the initial
state of the fuel rod (i.e. cracking pattern of the fuel stack, fuel pellet-clad gap size, fission product diffusion
kinetics, etc.) is not precisely known for all pellets of all the fuel rods with the required level of details and (2) the
local stress initiating the SCC mechanisms cannot be yet accurately quantified.

Nevertheless, these tools are well suited to assess the additional risk of failure of fuel with surface flaws e.g.
fuel rods with pellets exhibiting MPS, as compared to standard fuel containing pellets without any detectable
surface flaws. Such an assessment is interesting but utilizing it in operational guidelines requires a realistically
accurate estimate of the number and the magnitude of the fuel rods containing flawed pellets in the whole reactor
core. It would be too conservative to assume that all the fuel rods of the core exhibit MPS. Such an approach would
result in a significant loss of PCI/SCC margin, which would be largely unjustified considering the poor safety
significance of the additional risk of failure of a limited number of defective fuels rods. It has been shown that
MPS occurrence could be prevented in manufacturing with a high level of confidence.

Advanced modelling tools are also expected to be useful to better explain why certain fuel concepts are more
resistant to PCI/SCC than other (e.g. MOX fuel, doped fuel versus standard UO;). Along this line, deterministic
multi-physics tools could help researchers to develop faster new solutions of PCI/SCC free fuel concepts.
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The remaining mechanistic features that need to be further investigated to better simulate the phenomena
occurring in the fuel pellet, in the pellet-clad gap, at the pellet-clad interface or in the cladding, during normal and
AOQOs conditions, include the following items:

— Quantify the possible SCC beneficial effect of the oxygen potential variations and oxygen thermal diffusion
in the fuel and oxygen availability at the pellet-clad interface;

— Quantify the impact of the peripheral fuel stack cracking patterns on the cladding stress;

— Assess the impact of incipient cracks in the inner side corrosion layer on SCC susceptibility;

— Quantify fission products retention in additive fuels in normal and AOOs conditions

— Quantify the effect of various dopants on high temperature fuel creep;

—  Confirm the best ramp testing protocol enabling the determination of a reliable PCI failure threshold (single
ramp test vs stair case ramp test).

8.3. IMPROVED PCI/SCC CORE DESIGN VERIFICATION METHODOLOGIES

As an example of PCI/SCC design verification methodologies evolution, the approaches developed by EDF
for flexible operation of nuclear power plants were presented by Bernard and co-authors (see Session I of Annex
IT). Unlike other countries, French Nuclear Safety Authority requests licensees to demonstrate that fuel would not
fail by PCI/SCC during any AOO conditions. Because of the large share of nuclear energy in the French electricity
mix, the French nuclear power plants need to be able to operate in flexible operation regime, including frequency
control and daily load following. In addition, to deal with potential operational events, the nuclear power plants
operators require at least 30 days of ERPO. Finally, in order to optimize the electricity production on the whole
fleet scale, EDF sets up various core patterns for each nuclear power plant type.

These specific operational conditions have to be justified with an appropriate approach, based on the
following two measures:

—  Adjustment of the reactor protection thresholds;
—  Definition of the PCI related the operational technical specifications.

To fulfil these conditions, specific PCI/SCC analyses are performed to cover each operating mode of the
reactor. The study relates to the full core, yet PCI/SCC failure risk is local. Two types of approaches are devoted
to PCI studies. First, a specific methodology called MIR (Renovated PCI Method, from the French ‘Méthodologie
IPG Rénovée’) has been developed in cooperation with FRAMATOME (see the paper presented by Daniel and
co-authors, Session I of Annex II). This methodology is based on neutronics 3D kinetics calculations and thermal-
mechanical calculations. Since the MIR method is computationally demanding, taking a long time and focused on
a single reference reload pattern, a new approach has been developed to deal with various core patterns and to
reduce the calculation time. The main changes are:

— Static neutronic calculations instead of kinetic calculations;
—  Decoupled calculations between neutronic and thermal mechanics.

For a given reload pattern, these simplifications reduce the computation time but lead to smaller
manoeuvrability margins. This approach is well suited to assess the impact of core patterns variability on PCI/SCC
margins and to perform sensitivity analysis. Similarly, an enhanced methodology ‘allowable power’ methodology
has been developed (see the paper presented by Daniel and co-authors, Session I of Annex II).

In some cases, licensees see a benefit in mixing 1D and 3D models to quantify more precisely the available
in-core PCI/SCC margins (see the paper presented by Ding and co-authors, Session IV of Annex II). Based on the
analysis of the PCI/SCC related mechanisms, 1D models and 3D models are proposed to simulate the overall and
the local fuel behaviour respectively, during a power ramp transient. The 3D simulation enables quantifying the
critical stress appearing locally in the cladding (e.g. considering specific fuel stack cracking patterns or the
presence of MPS). This critical stress is then used in an approach combining 1D calculations with 3D calculations
to quantify more precisely (i) the PCI margins available in each fuel rod of a fuel core during an AOO event and
(i1) maximum allowable ERPO durations. The authors acknowledge that dealing with a local critical stress is not
fully convincing, but it helps showing the PCI/SCC margins trends. They suggest connecting the 1D approach
with a core monitoring system and to work on the cladding crack initiation mechanisms.
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8.4. DISCUSSION AND RECOMMENDATIONS FOR FUTURE WORK

Advanced investigations and hypothesis, based on pellet thermal chemistry and SCC models (which still
need to be confirmed and validated), are not intended to be used directly in an industrial ‘design approach’; in
particular, they are not aiming at defining SCC/PCI failure limits.

On the other hand, the thermal mechanical hypothesis used in ‘PCI/SCC design verification methodologies’
(in which full availability of corrosive products is conservatively assumed) does not appear to be called into
question by the scenarios based on thermal chemistry hypotheses.

The multi-physics approaches are intended to improve the mechanistic understanding of all the phenomena
involved in a PCI/SCC event and to propose innovative solutions to develop PCI/SCC resistant fuels concepts
(e.g. doped fuel in which the radial transport of corrosive products is delayed, cladding with inner liner, cladding
with improved creep and relaxation properties, etc.) or to anticipate PCI licensing processes of Advanced
Technology Fuels (e.g. SiC fuel, uranium-nitride fuel, etc.).

Regarding the design methodologies aiming at defining PCI/SCC related operational limits and PCI risk
assessment guidance for flexible operation, licensees have developed a variety of methodologies. These
methodologies are more or less comprehensive but rely on similar principles. The trend is to simplify the
approaches to reduce the calculation time and improve the coverage level of the variable reload patterns.
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9. CONCLUSIONS

Flexible operation and related power changes may impact fuel integrity through effects on the thermal
mechanical performance of the fuel rod. As such, PCI/SCC failure risk needs to be assessed by considering
additional AOO related to flexible operation.

The safety significance of PCI/SCC failures is not very high in light water reactors because SCC cracks are
initially relatively small and hence do not generate prohibitively large radioactivity spikes; in the pressurized water
reactor core, SCC primary cracks do not usually degenerate into major degradations of the cladding, while in
boiling water reactor core secondary degradation is prevented by power suppression of the defective fuel. The
main consequence of a PCI/SCC failure is a radiological pollution of the primary circuit (which is monitored and
constrained by the standard radio-chemical limitations of the plant). In this aspect, the consequences of a small
number of PCI/SCC failures can be easily managed by the purification system of the nuclear power plant.

For some AOOs that affect the fuel and reactor core with low PCI/SCC margins, however, the number of
PCI/SCC failures can be higher, and a significant radiological source-term may be generated. Taking into account
such situations, the licensees need to investigate PCI/SCC key features to assess the actual PCI/SCC margins for
each fuel rod of the reactor core.

The key features (parameters) to deal with when assessing PCI/SCC failure margins are well identified, i.e.

—  Pellet-cladding gap size evolutions;

—  Fuel rod conditioning levels;

— Linear heat generation rates (LHGR) and power variations (ALHGR);
—  Ramp rate;

—  Cladding strain;

—  Cladding stress and/or strain or energy density, etc.

However, individually, none of these key features (parameters) can quantify the PCI/SCC margins to failure
and more elaborated thresholds are needed. For example, LHGR itself is insufficient to properly discriminate failed
and non-failed fuel rods within a power ramp database.

Experimental programmes and their analysis have been focused on identifying the key phenomena at work
during a power ramp transient, the goal being to characterize the cladding failure risk as accurately as possible to
minimize unjustified and costly conservatisms.

Current PCI/SCC related research programmes tend to bridge separate effects tests, mechanistic models and
semi-integral experiments. These programmes have been successful in providing valuable outcomes regarding
specific phenomena at play during power transients e.g.

— Quantification of enhanced failure risk in presence of missing pellet surfaces;

—  Modelling of crack initiation and growth in presence of iodine;

— Quantification of fission products migration in various fuel concepts;

— Identification of cladding creep/relaxation mechanical properties for accurate assessment of the pellet-
cladding gap closure evolution;

—  Stress relaxation kinetics at ramp terminal level (RTL).

These programmes also include developing new investigation techniques that will help improve our
understanding of PCI/SCC phenomena.

For the last decades, there have been a very large number of experimental investigations worldwide and the
coordinated development of refined multi-physic models. Nevertheless, it appears that it is still not possible to
precisely predict the PCI/SCC failure threshold of a given fuel concept. This is likely due to the complexity of
some of the mechanisms involved in the PCI/SCC process e.g. fuel pellet cracking pattern which determine the
local stress at the pellet-clad interface. From these aspects, it is obvious that:

— In-pile power ramp databases covering an appropriate burnup range are still necessary;
—  PCI/SCC failure threshold (i.e. technological limit) derived from the analysis of this database includes some
intrinsic conservatism which is difficult to reduce while designing a whole fuel core.

The nuclear fuel community has made significant efforts to develop and validate multi-scale mechanistic
analysis codes as an alternative solution to address the above challenges.
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The current PCI/SCC design verification methodologies using such complex multi-scale codes have been
successful, whilst they contain considerable conservatisms, in particular, due to the use of the deterministic
bounding approach (e.g. combination of the AOOs at the worst time in cycle and power ramp, consideration of the
uncertainties in the worst direction, etc.). They should be simplified to allow quick assessment of PCI/SCC
margins, which pursues better understanding of PCI/SCC mechanisms.

In terms of understanding of SCC mechanisms, it is worthwhile to note that the effect of texture and the role
of oxygen and cladding inside oxide layer were confirmed by experimental studies in the technical meeting in
2019. On the other hand, it remains a challenge to explain why some fuel concepts (e.g. MOX fuel or additives
fuel) are more PCI/SCC resistant than standard UO; fuel, which needs more studies.

As stated, the trend is to simplify the PCI/SCC design verification methodologies to reduce the calculation
time and improve their coverage level of the variable reload patterns.

Today, conventional 1.5D and advanced multi-physics 3D codes remain complementary. Since the 3D are
too complex to be used for designing a whole fuel core (implying hundreds of thousands of calculations to cover
all cases), their outcomes are successfully implemented, in a simplified way, in the 1.5D tools used in the industrial
design approaches. The 1.5D codes are basically used for industrial applications because they exhibit calculation
times compatible with the large number of calculations requested to design a whole fuel core. PCI/SCC failure
prevention risk in normal and AOO conditions is efficiently integrated in operational rules, based on mastered
methodologies that include these 1.5D fuel performance codes in combination with the predetermined PCI/SCC
technological failure limit.

The current empirical reactor operation guidelines are based on the existing power ramp database with
various fuel designs and test conditions. They may be improved by more realistic guidelines based on power ramp
database with specific fuel designs and more representative test conditions. With the shutdown of several material
test reactors, it seems rather difficult and extremely expensive to perform additional power ramp tests.

With the introduction of more PCI resistant fuel design (e.g. use of M5 or Optimized ZIRLO claddings, and
doped pellets) and improved PCI design verification methodologies, it would be possible to better quantify the
PCI/SCC margins, such as to allow relaxation of the operating constraints.

Consequently, it is clear that further progress regarding PCI/SCC issues has to involve the determination of
a robust and reliable PCI/SCC failure threshold. The evaluation parameter(s) to be used is still a matter of debate
and may depend on the fuel concept e.g. stress for zircaloy-4 and ZIRLO/Optimized ZIRLO; strain energy density
for M5, damage index for SiC, etc. These parameters are not directly measured but are derived from interpretation
of experimental measurements by analytical tools.

To strengthen the analytical capabilities for experimental investigations, the following items need to be
implemented:

— In-pile power ramp tests with new fuel designs need to be performed in well-defined test conditions. The
LHGR has to be measured as accurately as possible, using redundant systems and accounting for all potential
experimental artifacts (e.g. gamma heating, shielding effect, etc.). The initial thermal-mechanical condition
of the test fuel rod before the ramp (e.g. gap size, conditioning power) has to be carefully characterized.

—  Out-of-the pile separate effect tests are well suited to investigate specific features. Their use in determining
a PCI/SCC failure threshold to be incorporated in a fuel performance analysis code needs to be elaborated
with local model at a relevant scale.

—  Development of 3D models needs to be continued, which is useful to evaluate local effects (e.g. MPS effects)
and to confirm the relevance of the simplified models of the 1.5D fuel performance codes.

— In-pile and out-of-the pile separate effect tests can facilitate the validation of advanced multi-physics models.
In order to couple thermal mechanical and thermal chemistry features of the fuel, dedicated experiments need
to be developed (e.g. to identify the carrier species of the cladding corrosive agent (e.g. Te, Cs or Zrl4); to
assess fission products and oxygen thermal migration during a power transient; to characterize the irradiation
creep of the fuel, etc.).

—  The uncertainties of codes’ prediction need to be accounted for in the PCI/SCC design verification
methodologies.

34



(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

REFERENCES

INTERNATIONAL ATOMIC ENERGY AGENCY, Proceedings of Specialists’ Meeting on Pellet-Cladding Interaction
in Water Reactors, Vienna, June 1977, Report No. IWGFPT, IAEA, Vienna (1979).

INTERNATIONAL ATOMIC ENERGY AGENCY, Proceedings of Specialists’ Meeting on Power Ramping and Power
Cycling of Water Reactor Fuel and Its Significance to Fuel Behaviour, Arles, France, 14-18 May 1979, Report No.
IWGFPT/5, IAEA, Vienna (1980).

INTERNATIONAL ATOMIC ENERGY AGENCY, Proceedings of Specialists’ Meeting on Pellet-Cladding Interaction
in Water Reactors, Riso National Laboratory, Denmark, 22-26 September 1980, Report No. IWGFPT/8, IAEA, Vienna
(1981).

INTERNATIONAL ATOMIC ENERGY AGENCY, Proceedings of Specialists’ Meeting on Power Ramping and Power
Cycling of Water Reactor Fuel and Its Significance to Fuel Behaviour, Petten, 8-9 September 1982, Report No.
IWGFPT/14, IAEA, Vienna (1983).

INTERNATIONAL ATOMIC ENERGY AGENCY, Proceedings of Specialists’ Meeting on Pellet-Cladding Interaction
in Water Reactors, Seattle. USA, 3—5 October 1983, Report No. IWGFPT/18, IAEA, Vienna (1984).
INTERNATIONAL ATOMIC ENERGY AGENCY, Proceedings of Technical Committee Meeting on Power Ramping,
Cycling and Load Following Behaviour of Water Reactor Fuel, Lyon, France, 18-21 May 1987, Report No. IWGFPT/28,
IAEA, Vienna (1988).

INTERNATIONAL ATOMIC ENERGY AGENCY, lodine Induced Stress Corrosion Cracking of Zircaloy Fuel
Cladding Materials, IAEA-TECDOC-1185, IAEA, Vienna (2000).

INTERNATIONAL ATOMIC ENERGY AGENCY, Non-Baseload Operation in Nuclear Power Plants: Load Following
and Frequency Control Modes of Flexible Operation, Nuclear Energy Series No. NP-T-3.23, IAEA, Vienna (2018).
BEGUIN, S., “PCI-Related Constraints on EDF PWRs and Associated Challenges”, Seminar Proceedings on in Pellet-
Clad Interaction in Water Reactor Fuels, Aix-en-Provence, France, 9-11 March 2004, NEA Series No. NEA-6004,
OECD-NEA (2005).

BARBIE, L., TKEITH, T., RAUTENBERG, M., WAECKEL, N., “Safety Requirements for Pellet-Clad Interaction in
France — New approach Developed by EDF”, Workshop Proceedings on Pellet-Clad Interaction (PCI) in Water-Cooled
Reactors, Lucca, Italy, 22-24 June 2016, NEA Working Group on Fuel Safety (WGFS), Report No.
NEA/CSNI/R(2018)9, OECD-NEA (2018).

GOLDSTEIN, L., SHEPPARD, K.D., “A Survey of Load Following Experience in US Light Water Reactors”, Power
Ramping, Cycling and Load Following Behaviour of Water Reactor Fuels, IWGFPT/28/24, IAEA, Vienna (1988).
CARTER, T.J., FEHRENBACH, P.J., The Load Following Capability of CANDU Fuel, Atomic Energy of Canada
Limited (AECL) Report, AECL-7096, Chalk River, Canada (1983).

UNITED STATES NUCLEAR REGULATORY COMMISSION, “Fuel System Design”, Standard Review Plan for the
review of Safety Analysis Reports for Nuclear Power Plants: LWR Edition — Reactor, Section 4.2, Revision 3, NUREG-
800 Chapter 4, US NRC (2007).

O'DONNELL, W.J., LANGER, B.F., Fatigue Design Basis for Zircaloy Components, Nuclear Science and Engineering
20 (1964) 1-12.

COX, B., Pellet-Clad Interaction (PCI) Failures of Zirconium Alloy Fuel Cladding — A Review, Journal of Nuclear
Materials 172 (1989) p249.

MCDONALD, S.G., et al., “A Statistical Analysis of Pellet-Clad Interaction Failures in Water Reactor Fuel,”
Proceedings of Specialists’ Meeting on Pellet-Cladding Interaction in Water Reactors, Riso National Laboratory,
Denmark, 22-26 September 1980, Report No. IWGFPT/8, IAEA, Vienna (1981).

SIPUSH, P.J., KAISER, R.S., “The Effect of Power Change on the PCI Failure Threshold,” Proceedings of Specialists’
Meeting on Power Ramping and Power Cycling of Water Reactor Fuel and Its Significance to Fuel Behaviour, Petten,
8-9 September 1982, Report No. IWGFPT/14, IAEA, Vienna (1983).

NOBREGA, B.N,, KING, J.S., WAS, G.S., WISNER, S.B., Improvements in the Design and Analysis of the Segmented
Expanding Mandrel Test, Journal of Nuclear Materials 131 (1985) 99-104.

COLEMAN, C.E., “Simulation of Interaction between Cracked UO2 Fuel and Zircaloy Cladding,” Proceedings of
International Conference on Physical Metallurgy of Reactor Fuel Elements, The Metals Society, London, U.K. (1974)
pp- 302-307.

ROWLAND, T.C., DAVIES, J.H.,, THOMPSON, J.R., ROSENBAUM, H.S., “Statistical Analysis of Power Ramp PCI
Test Data”, Proceedings of Specialists’ Meeting on Pellet-Cladding Interaction in Water Reactors, Seattle. USA, 3-5
October 1983, Report No. IWGFPT/18, IAEA, Vienna (1984).

POWERS, C. et al, “Hot Cell Examination Results of Non-Classical PCI Failures at La Salle,” Paper presented at the
International LWR Fuel Performance Meeting, Kyoto, Oct. 2—6, 2005.

DAVIES, J.H., HOSHI, E.V., ZIMMERMAN, D.L., Ramp Test Behaviour of High O/U Fuel, J Nuclear Maters 270
(1999) 87-95.

35



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

36

VOGL, W., RUYTER, I, MARKGRAF, J., “The Petten Ramp Test Programme of Kraftwerk
Union/Kernforschungsanlage (KWU/KFA) during the Years 1976 to 19817, Proceedings of Specialists’ Meeting on
Power Ramping and Power Cycling of Water Reactor Fuel and Its Significance to Fuel Behaviour, Petten, 8-9 September
1982, Report No. IWGFPT/14, IAEA, Vienna (1983).

MOGARD, H., KJAER-PEDERSEN, N., A Review of Studsvik’s International Power Ramp Test Projects, STUDSVIK-
8S/6, Studsvik, Sweden (1985).

TSUKUDA, Y., et al., “Performance of Advanced Fuel Materials for High Burnup”, Paper presented at the Int. Conf.
Top Fuel, Wiirzburg, European Nuclear Society (2003).

NONON Ch., et al, “Differential PCI Behaviour of PWR Fuel Rods under Transient Conditions,” Paper presented at the
International Meeting on LWR Fuel Performance, Orlando FL, USA, Sept 19-22, 2004.

KILLEEN, J., TURNBULL, J. A. et al, “Experimental data on PCI and PCMI within the IFPE Database”, Seminar
Proceedings on Pellet-clad Interaction in Water Reactor Fuels, Aix-en-Provence, France, 9—11 March 2004, NEA Report
No. 6004, OECD (2005).

VON JAN, R., WUNDERLICH, F., HOLZER, R., “Power Ramping/Cycling Experience and Operational
Recommendations in KWU Power Plants”, Proceedings of Specialists’ Meeting on Power Ramping and Power Cycling
of Water Reactor Fuel and Its Significance to Fuel Behaviour, Arles, France, 14-18 May 1979, Report No. IWGFPT/S5,
IAEA, Vienna (1980).

VON JAN, R., HERING, W., “Experience and Plans with PCI Protection in KWU LWR Plants”, Proceedings of
Specialists’ Meeting on Pellet-Cladding Interaction in Water Reactors, Riso National Laboratory, Denmark, 22-26
September 1980, Report No. IWGFPT/8, IAEA, Vienna (1981).

VON JAN, R., WUNDERLICH, F., GARTNER, M., Fuel Performance Aspects for Load Following Operation of Light
Water Reactors, Kerntechnik 48 [3] (1986).

VON JAN, R., “Strategy and Experience of PCI Protection and Load Following Operation in KWU LWR Plant”,
Proceedings of Technical Committee Meeting on Power Ramping, Cycling and Load Following Behaviour of Water
Reactor Fuel, Lyon, France, 18-21 May 1987, Report No. IWGFPT/28, IAEA, Vienna (1988).

SHEA, J.H., “The Development of an Empirical PCI Criterion for Siemens Fuel to be Loaded into Sizewell B”,
Proceedings of a Technical Committee Meeting on Nuclear Fuel Behaviour Modelling at High Burnup and Its
Experimental Support, Windermere, United Kingdom, 19-23 June 2000, TECDOC Series No. IAEA-TECDOC-1233,
IAEA, Vienna (2000).

DONCEL, N., MUNOZ-REJA, C. “PCI Analysis During ERPO with Thermal-Mechanical TREQ Code”, Workshop
Proceedings on Pellet-Clad Interaction (PCI) in Water-Cooled Reactors, Lucca, Italy, 22—24 June 2016, NEA Working
Group on Fuel Safety (WGFS), Report No. NEA/CSNI/R(2018)9, OECD-NEA (2018).

JULIEN B, et al., “Performance of Advanced Fuel Product under PCI Conditions”, Paper presented at the International
Meeting on LWR Fuel Performance, Orlando FL, USA, Sept 19-22, 2004.

BILLAUX, M., “Modelling Pellet-Cladding Mechanical Interaction and Application to BWR Manoeuvring”, Paper
presented at International Meeting on LWR Fuel Performance, Orlando FL, USA, Sept 19-22, 2004.

DANIEL, L., ANDRE-POYAUD, G., SCHUH, K.D., SAUTEREAU, A., PAUL, T., ROYERE, C., “AREVA NP’s PCI
Methodologies for PWR Enhanced Plant Manoeuvrability”, Workshop Proceedings on Pellet-Clad Interaction (PCI) in
Water-Cooled Reactors, Lucca, Italy, 22-24 June 2016, NEA Working Group on Fuel Safety (WGFS), Report No.
NEA/CSNI/R(2018)9, OECD-NEA (2018).

ALESHIN, Y. et al., “The Effect of Pellet and Local Power Variations on PCI Margin,” Paper presented at Top Fuel
2010 Conference, Paper 041, Orlando, Florida, September 26-29, 2010.

PARAMONOV, D., “PCI Risk Assessment Model,” Proceedings of the 18th International Conference on Nuclear
Engineering (ICONE18), May 17-21, 2010, Xi’an, China, ASME (2010).

SELTBORG, P. et al., “Westinghouse’s PCI Methodology with Operating Guidelines Derived from Enhanced Statistical
Treatment of Power Ramp Tests”, paper presented at Top Fuel 2015 Conference, Zurich, Switzerland, 13—17 September
2015.

DELAFOY, Ch., BLANPAIN, P., et al., “Advanced PWR Fuels for High Burnup Extension and PCI Constraint
Elimination”, Proceedings of Technical Meeting on Advanced Fuel Pellet Materials and Designs for Water Cooled
Reactors, Brussels, 20-24 October 2003, IAEA-TECDOC-1416, IAEA, Vienna (2003).

BACKMAN, K., HALLSTADIUS, L., RONNBERG, G., “Westinghouse Advanced Doped Pellet — Characteristics and
Irradiation Behaviour”, Proceedings of a Technical Meeting on Advanced Fuel Pellet Materials and Designs for Water
Cooled Reactors, Villigen, 23-26 November 2009, IAEA-TECDOC-1654, IAEA, Vienna (2010).

VON JAN, R., HERING, W., “Practical Experience with PCI Protection in KWU LWR Plants”, Proceedings of
Specialists’ Meeting on Power Ramping and Power Cycling of Water Reactor Fuel and Its Significance to Fuel
Behaviour, Arles, France, 14-18 May 1979, Report No. IWGFPT/5, IAEA, Vienna (1980).

KUHN, A. and KLAUS, P., Improving Automated Load Flexibility of Nuclear Power Plants with ALFC, VDB Power
Tech 5 (2015).



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

ORGANISATION FOR ECONOMIC COOPERATION AND DEVELOPMENT (OECD) — NUCLEAR ENERGY
AGENCY (NEA), Workshop Proceedings on Pellet-Clad Interaction (PCI) in Water-Cooled Reactors, Lucca, Italy, 22—
24 June 2016, NEA Working Group on Fuel Safety (WGFS), Report No. NEA/CSNI/R(2018)9, OECD-NEA (2018).
INTERNATIONAL ATOMIC ENERGY AGENCY, Safety of Nuclear Power Plant: Design, IAEA Safety Standards,
Specific Safety Requirements Series No. SSR-2/1 (Rev.1), IAEA, Vienna (2016).

INTERNATIONAL ATOMIC ENERGY AGENCY, Design of the Reactor Core for Nuclear Power Plants, IAEA Safety
Standards, Specific Safety Guides Series No. SSG-52, IAEA, Vienna (2019).

UNITED STATES NUCLEAR REGULATORY COMMISSION, “Official Transcript of Proceedings of ACRS
Materials”, Metallurgy and Reactor Fuels Subcommittee Meeting, US NRC, 3 March 2009.

NUCLEAR SAFETY STANDARDS COMMISSION (KTA), Design of Reactor Cores of Pressurized Water and Boiling
Water Reactors; Part 3: Mechanical and Thermal Design, KTA Safety Standard, 3101.3 (2015).

ORGANISATION FOR ECONOMIC COOPERATION AND DEVELOPMENT (OECD) — NUCLEAR ENERGY
AGENCY (NEA), Fuel Safety Criteria in NEA Member Countries — Compilation of Responses Received from Member
Countries, Report No. NEA/CSNI/R(2003)10, OECD-NEA, Paris (2003).

ZHANG, J., DETHIOUX, A., UMIDOVA, Z., DRIEU, T., SCHNEIDESCH, C., “Development and Applications of a
Loading Pattern PCI Risk Assessment Tool for Flexible Core Design”, Workshop Proceedings on Pellet-Clad Interaction
(PCI) in Water-Cooled Reactors, NEA Working Group on Fuel Safety (WGFS), Lucca, Italy, 22-24 June 2016, Report
No. NEA/CSNI/R(2018)9, OECD-NEA (2018).

INTERNATIONAL ATOMIC ENERGY AGENCY, Review of Fuel Failures in Water Cooled Reactors, Nuclear Energy
Series No. NF-T-2.1, IAEA, Vienna (2010).

INTERNATIONAL ATOMIC ENERGY AGENCY, Review of Fuel Failures in Water Cooled Reactors (2006-2015),
Nuclear Energy Series No. NF-T-2.5, [AEA, Vienna (2019).

MATTAS, R.F., YAGGEE, F.L. NEIMARK, L.A., “Effect of Zirconium Oxide on the Stress-Corrosion Susceptibility
of Irradiated Zircaloy Cladding”, Proceedings of the Fifth International Conference on Zirconium in Nuclear Industry —
Boston, USA, August 4-7, 1980, ASTM-STP 754 (1980) p158.

ALVAREZ, A-M., JADERNAS, D., SCIP III - Task 2.1: Mandrel Tests, STUDSVIK/N-19/126, SCIP 111-262 (to be
published).

INTERNATIONAL ATOMIC ENERGY AGENCY, Fuel Modelling at Extended Burnup (FUMEX-II), IAEA-
TECDOC-1687, IAEA, Vienna (2012).

INTERNATIONAL ATOMIC ENERGY AGENCY, Improvement of Computer Codes Used for Fuel Behaviour
Simulation (FUMEX-III), IAEA-TECDOC-1697, IAEA, Vienna (2013).

INTERNATIONAL ATOMIC ENERGY AGENCY, Fuel Modelling in Accident Conditions (FUMAC) - Final Report
of'a Coordinated Research Project, IAEA TECDOC-1889, IAEA, Vienna (2019).

DOSTAL, M., ROSSITER, G., DETHIOUX, A., ZHANG, J., et al. "OECD/NEA Benchmark on Pellet-Clad Mechanical
Interaction Modelling with Fuel Performance Codes: Impact of Number of Radial Pellet Cracks and Pellet-Clad Friction
Coefficient," ENS Trans. Top Fuel 2018, Prague, Czech Republic, 30 September — 4 October 2018.

37



38



ANNEX I: A SUMMARY OF I-SCC MECHANISMS

The stress corrosion cracking (SCC) of zircaloy cladding has been studied for a long time since late 1960s,
and thus a number of theories and parameters have been proposed for use in the mechanistic understanding of the
SCC behaviour of zirconium alloys. Some are consistent and supplementary to each other whilst some are
inconsistent and contradictory to each other. Since this publication is intended to deal with the up-to-date evolution
of understanding the SCC behaviour of Zr cladding, it is necessary to define first a basis on which an incremental
progress in the technology area can be evaluated. For this purpose, a review of the state of the art understanding
of the SCC behaviour of Zr alloys has been extracted from the IAEA-TECDOC-1185 publication [I-1] and
summarized in this Annex. Thus, a significant part of this Annex is reproduced from the IAEA-TECDOC-1185
publication [I-1].

I-1. I-SCC MECHANISMS OF ZIRCONIUM ALLOYS

Pellet-cladding interaction failures of zircaloy clad UO, fuel were first discovered during the testing of high
powered fuel at General Electric Vallecitos in 1963 [I-2], and research showing that stress corrosion cracking by
iodine was a probable explanation was published by Hermann Rosenbaum in 1965 [I-3, I-4]. For a number of years
after that PCI failures were infrequent and were observed in a few loop tests where significant uprating of fuel
occurred. It became evident that an epidemic of failures was starting when on-load refuelling in the CANDU-
prototype reactors NPD and Douglas Point started in 1969, and the situation became serious with the start-up of
Pickering-1 (the first CANDU full-scale plant) in 1971. As a result of this a crash programme to develop a cure
was instituted by the Atomic Energy of Canada Limited, and the graphite coating was tested and adopted for all
new fuel by the end of 1972 [I-5].

Similarly, the early occurrence of boiling water reactor (BWR) fuel failures led to the development of another
type of solution: a thin inner liner of low oxygen, soft pure zirconium was metallurgically bonded to the bulk of
the cladding. The aim of this solution was to reduce the initiation rate of inner cracks by having a soft material and
to reduce the stress level by improvement of the sliding of the UO, fragments on the inner surface of the cladding.
This solution was indeed implemented and currently almost all the fuel assemblies delivered for BWR reloads are
provided with "liner fuel" [I-6]. The improvement in reducing the failure rate is evident as it allowed the attainment
of a failure rate below 107 [I-7].

In addition, although PCI type failures are rarely if ever reported in pressurized water reactor (PWR) fuel
during normal operation, new safety requirements include consideration of this possibility. This led to extensive
R&D work in this area. Its aim was to acquire a better understanding of the mechanisms involved in this failure
mode and to develop new fuel cladding with improved resistance to I-SCC under some accident conditions
[I-8, I-9]. The same requirements led to comparable R&D work performed on Zr-1-%Nb Russian cladding alloy
[I-10 - 1-13].

Among the conditions controlling the fuel cladding behaviour, several parameters have been observed to
have major contributions.

— The maximum power is often considered as a criterion for failure. Starting at a high power at beginning of
life, in the presence of a large initial gap and fresh fission product free fuel, the maximum power sustainable
reduces to reach a stable value above a burn up of about 20 GW-d/t. The answer to the question of whether
or not this failure limit may increase again at high burnup is still pending [I-8];

— A closer analysis of the conditions causing PCI failures allowed the introduction of other factors. Among
these the power increase between the stable conditions before the power ramp and the maximum power
reached. The process responsible for failure requires a consideration of the dynamic thermal mechanical
equilibrium between cladding and pellet. Indeed, the stress state in the cladding during the transient is
controlled by the contact conditions between pellet and cladding. This is termed ‘conditioning’ and focuses
on the fact that the stress state of the cladding is relevant to the PCI failure mechanisms;

—  The third factor is linked with the power change rate. Several experiments have been performed with very
slow power changes. Maximum power levels well above the standard values were obtained without failure.
Detailed thermal mechanical analysis were able to show that during slow power ramping the cladding and
the pellet will creep, reducing the stress state of the former [I-14].
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All these observations are in agreement with a mechanism based on stress corrosion, where stresses are
induced by thermal mechanical interaction between pellet and cladding due to thermal expansion and the corrosive
species being a fission product.

Various reviews have led to the conclusion that a compound of iodine should be the chemical species
involved. Indeed, it has a relatively high fission yield, is known, as is any halogen, to react with the IV B elements
and experimental [-SCC has similar fracture surfaces to the those obtained during PCI test failures. However, it
remains unclear whether iodine itself, or some compound resulting from reaction with zirconium, is the actual
active species.

I-1.1. Relation between pellet-cladding interaction (PCI) and iodine-induced stress corrosion cracking (I-
SCC)

The first question requiring an answer relates to the exact chemical species involved in the I-SCC during PCI
failure. It is well known [I-15] that iodine has a significant fission yield (}*’I and 1, considered as stable sum to
1.25% in thermal reactors), but it is exceeded by Caesium (the 133, 135 and 137 isotopes have a total yield of
more than 18.5%). Thus, it is expected that any iodine released will be trapped by a larger amount of caesium.
Nevertheless, the highly radiolytic environment in the gap, due to fission product recoils, continuously generates
radical species like iodine atoms or ions, that will be able to react with any material instead of remaining trapped
on other chemical compounds. Computations performed initially for breeder fuel and later extended to water
reactor fuel have proven the possibility of a raise in the iodine partial pressure to 3x1071° atm., high enough to
induce an I-SCC phenomenon [I-16]. Experiments using gamma irradiation in order to induce radiolysis lead to
the same conclusions [I-17]. Thus, the question of the availability of iodine is no longer valid and I-SCC is clearly
a mechanism of high importance with respect to PCI failures.

The state of our understanding of PCI cracking in connection with I-SCC, can be summarized as follows:

—  There was a degree of certainty that the culprit was iodine or an iodine compound and not a caesium/cadmium
mixture, based on detailed fractography of the fuel failures [I-18];

— It had been established that, provided the fuel remained in a high power position for no more than half an
hour, the probability of failures was small. Much higher failure frequencies occurred if the residence time at
high power was between a half and two to three hours, and all the failures that were likely to occur had
happened during this period [I-19];

— This apparent ‘incubation period’ was also observed in laboratory testing and was thought to be a real
phenomenon associated with the SCC cracking process [1-20];

—  The graphite coating was shown to both lubricate the UO2/zircaloy interface and to absorb the iodine in the
form of a carbon stabilized zirconium iodide complex [I-21]. There remain some doubts about the precise
chemical form in which the effect of the iodine is neutralized in the presence of a graphite coating;

—  The observation of very rapid fuel failures (<1 minute) in some Swedish ramp tests cast doubt on the actual
cause of the ‘incubation period’ [I-22], although ‘pre-soaking’ the fuel before ramping appeared to be
necessary in order to obtain the very rapid failures;

—  Tests in the laboratory using a cam-driven stressing system that could apply loads for very brief (<10
seconds) periods showed that it was necessary to allow the chemistry within the fuel cladding to come to
equilibrium for about 30 minutes before it was possible to initiate a crack by a single <10 s stress pulse. It
was clear from this work that getting the chemistry right was the essential feature of the ‘incubation period’,
and that I2 vapour was not the key aggressive species [1-23];

—  Unfortunately, funding to pursue these chemical studies to establish the form of the key species (e.g. Zrl4,
Zr13 or others) was never forthcoming.

I-1.2. Three-stages of I-SCC

It is possible to distinguish three distinct stages in the cracking process. The experimental conditions and the
mechanisms operating during each of these stages will be discussed under the following headings:

—  The incubation period;
—  Crack initiation;
—  Crack propagation through the tube wall.
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I-1.2.1. The incubation period

Whatever the method used for studying iodine-induced SCC of zircaloys, there appears to be an initial period
when no crack-like features can be found in the highly stressed regions of smooth specimens. The length of the
incubation period varies with the test method and the testing conditions, but is always there, even for pre-cracked
specimens, although it may be short in this instance.

The evidence obtained at Chalk River [I-23] suggested that I, vapour was not the most aggressive species
and that chemical changes occurred in the environment (during the incubation period) without which a crack could
not be initiated upon loading the specimen. The species being produced chemically during this period were never
identified, so there is no advantage to speculation on what they might be. The more aggressive nature of Zrly as
the active species is still not enough to demonstrate that this is the key species. It appears that ‘incubation times’
are still observed when adding Zrl4 to the system, so further chemical modification of this species may be occurring
during this period. The possibility that the process may be autocatalytic, with some minor alloying element or
impurity as the catalyst cannot be eliminated on current evidence.

A possible explanation of the incubation time may be linked with the time necessary for the chemical
environment to react with the protective oxide layer always present on any Zr alloy sample and to weaken it. After
this chemical reaction the SCC process will occur by interaction between the iodine bearing environment and the
base metal. In this respect, the possibility of cracking fuel rod cladding during very short power transients [1-22]
can be explained by the local absence of any oxide layer on the inner wall of the cladding, due to dissolution of
the oxide layer in the base metal, during any pre-conditioning treatment. It should be noted that the fractography
of the cracks initiated during very short power ramp transients has never been published.

1-1.2.2. Crack initiation

If the specimen has been equilibrated at temperature in a static iodine environment (without external stresses)
for long enough (20-30 minutes) then a short (<10 s) stress pulse to beyond the yield stress can initiate cracks in
an initially smooth specimen. These cracks were found to be completely trans-granular in nature and were often
only one or two grains deep [[-23, I-24]. It appeared that the number of these initiation sites could be related to the
frequency of basal poles in the circumferential direction [I-24].

The number of such initiation sites, for any one batch of cladding, was greatly increased (by a factor >10),
however, by the presence of trace impurities of organic iodides [I-25]. Thus, it is clear that not all suitably oriented
basal planes crack in the absence of these agents. Since the density of basal poles increases rapidly for all batches
as one moves from the circumferential towards the radial direction, it may be that the effect of the organic iodides
is merely to reduce the normal stress necessary to obtain pseudo-cleavage. Thus, for a given set of experimental
conditions, a much larger number of basal planes would see a resolved stress high enough to cause pseudo-
cleavage. Since we have only a speculative understanding of the mechanism of pseudo-cleavage, it is not possible
to be more rigorous about the above effects.

In other types of test, intergranular initiation can be quite common. The extent of intergranular cracking is
greater in statically loaded tests; with thick walled cladding rather than the 0.4 mm wall thickness CANDU
cladding; and particularly for iodine solutions in organic solvents some of which give almost completely
intergranular features [[-26]. Both inter-granular initiation and propagation are thought to result from removal of
material from the grain boundaries - specimens lose weight during cracking. In iodine vapour the mechanism is
thought to be a version of the van Arkel process [I-20], whereas in organic solutions grain boundary dissolution
(not necessarily electrochemical since the solutions are usually non-electrolytes) is thought to be the mechanism
[1-26, I-27]. Crack initiation at fractured hydrides is relatively uncommon and was peculiar to one or two batches
of early CANDU cladding [I-28], and to tests at elevated temperature with excessive moisture in the container
(e.g. initial in-reactor tests in CsI) [1-29].

1-1.2.3. Initiation mechanisms

Due to the limited number of slip systems activated in Zr alloys (prismatic and to a limited extent pyramidal),
the strain compatibility from grain to grain during straining (the Taylor problem) is of high concern. Indeed, the
five independent slip systems are not available in zirconium alloys. Therefore, some experimenters have tried to
correlate the occurrence of crack initiation at a grain boundary with the crystallographic orientations of the two
adjacent grains. Kubo [I-30] found that a crack may occur when dislocations pile-up at a grain boundary, while
the grain on the other side has no easy slip system for relaxing the stresses induced by this family of dislocations.
In addition, he found that large Fe-bearing precipitates enhanced the formation of an intergranular crack.
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Detailed experiments performed in CEA Grenoble [[-31] aimed at finding a quantitative relation between
grain to grain misorientation and intergranular crack nucleation. It was found that, in Zry-4, the density of
intergranular cracks increased with local strain. Examination of the locations of the incipient intergranular cracks
after slow tensile tests in iodine vapour at 350°C led to the conclusion that the major parameter controlling the
position of the crack was not the grain to grain misorientation, but the orientation of the grain boundary plane with
respect to the maximum tensile stress orientation: the more normal to the tensile stresses, the higher the probability
for a crack to nucleate at this grain boundary.

In laboratory tests performed in iodine vapour on non-irradiated materials, and in methanol/I, solutions on
irradiated materials, close to the free surface, the intergranular crack grows to a depth of not more than 100 pm.
By analysis of the depth of these cracks, an average intergranular crack growth rate can be calculated. It increases
from 5 nm/sec at 300 MPa to 20 nm/sec at 400 MPa [1-32]. The transition between the intergranular cracking mode
and the pseudo-cleavage mode occurs when the stress intensity factor at the crack tip exceeds a critical value for
trans-granular SCC to proceed.

Similar work has been undertaken in the case of the Russian Zr-1% Nb alloy [I-12, 1-13]. A careful
examination of the inner surfaces of the cladding allowed the characterization of the intergranular cracks: a
minimum plastic strain was required for the formation of the intergranular cracks. Similarly, to the zircaloys, an
increase in number of cracks with strain was found and their orientation density was higher when they were
perpendicular to the tensile stresses. Cross sections permitted the description of the shape in depth of the
intergranular cracks. It was found that increasing the stress level above the critical value for initiation did not
change the mean crack length. The surface density was increased mostly due to the nucleation of new small size
micro-cracks. Surface crack widening occurred faster than its increase in depth.

During irradiation, the fission fragments recoil from the original nucleus with energies in the range of 60-80
MeV. Due to their masses and to the density of the fuel and of the cladding, the typical ranges for these ions are
between 6 and 8 pm. Thus, the inner cladding surface is slowly doped with the fission products throughout their
ranges. The computation of the amount of fission products within the cladding gives a value of about 5% foreign
atoms at the inner surface, declining to zero at a depth corresponding to the fission product range [I-33]. Most of
these are deposited in the oxide formed on this surface which can be from 1-2 um up to 10 pm as a function of the
burn up. The extensive damage induced by these recoils (well above 100 dpa), as well as the chemical doping
corresponding to it, has been considered as a possible cause for the formation of a brittle surface layer that could
ease the initiation step of the I-SCC process. Several experimenters have analyzed in detail the consequences of
such a surface irradiation on the susceptibility to I-SCC. Using different ions for the irradiation of the inner surface
of Zr alloys plates or cladding, it was found that no significant cracking can be induced by this process [I-34]. The
reason may be due either to the limited impact of the rather low level of the implanted iodine (about 120 ppm for
two PWR cycles), or to the iodine having a very low diffusion coefficient in Zr [I-23, I-35], so that it cannot reach
the grain boundaries [1-33].

1-1.2.4. Crack propagation through the tube wall

It is generally agreed that the cracks at the initiation sites grow until the stress intensity at the crack tip
exceeds a critical value named Ky.scc. After then, a faster crack propagation process takes over. The trans-granular
pseudo-cleavage process occurs only on (or very close to) basal planes [I-36]. If very few of these planes lie in the
crack propagation plane, then a large number of uncracked grains will be left behind the propagating crack front.
These residual webs then fail either by ductile tearing on the prism planes (to give the characteristic fluting
features), or by the slower intergranular corrosion process. Fluting is generally restricted to residual webs that are
only one (or a few) grains thick [I-37]. If the trans-granular cracking is widely dispersed and the residual webs
represent a large fraction of the crack area, then high stresses will be needed to fail the specimen and a mainly
normal ductile fracture will occur by void nucleation and growth.

The mechanism of the trans-granular pseudo-cleavage process is not well understood. By elimination, it has
been suggested that an adsorption-induced reduction in bond-strength at the crack tip is operating. A computation
of the surface energy and its modification due to iodine adsorption shows a much higher reduction of basal plane
surface energy, compared to other planes. Thus, the pseudo-cleavage may be enhanced by the lowering of the
surface energy of the <c> planes, making a favourable energy balance for crack propagation on these planes [I-
38]. Other possible mechanisms can be eliminated since no electrochemical processes are possible in iodine
vapour; cracking occurs in a hydrogen free system and when all internal hydrogen must be in solution (and hydride
cracking is distinguishable fractographically) [1-39].
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The shapes of the velocity versus stress intensity curves that are obtained using different experimental
techniques and conditions can be very different and, if the velocity does not fall rapidly at low Kj, this can cause
difficulties in establishing Kiscc. Measured values for Kiscc seem to differ significantly for results obtained on
sheet and tubing, the latter usually giving significantly lower values (3 — 6 MPa- m'""?) whereas the former often
give values of 10—15 MPa-m™"2. It has been shown that these differences can be explained by the specimen texture
and/or state of stress [1-40].

Using fatigue pre-cracking of cladding tubes, it was possible to measure the I-SCC crack growth rate of
cladding tubes under iodine vapour between 300 and 400 °C [1-40 — [-42]. In the case of Zry-4, crack growth rates
and Ki.scc values have been measured and gave a minimum stress intensity factor for crack growth of 3.5 MPa-m-
12 depending of material conditions, and an average crack growth rate of about 1 um/sec at K values
corresponding to the plateau of the da/dt-K; curves [I-43]. Similar experiments on Russian Zr-1% Nb cladding
gave good [-SCC resistance, probably due to the weak recrystallized state of the Zr matrix at 350°C: Ki.scc = 4.8
MPa-m™"?, crack growth rate at plateau = 3.9x10"* mm/sec.

I-1.3. Tubing degradation after wall penetration

Once a PCI crack has penetrated the tubing wall then the subsequent degradation of the tubing depends upon
the test conditions. Fuel failed in service in a water cooled reactor will flood with water immediately after
penetration of the wall occurs, stopping the PCI cracking process. Thus, the initial penetration of the outer wall
may be very short (1-2 mm) and oxidation of the crack surfaces often effectively plugs the crack so that only a
limited volume of water enters the fuel pin. Therefore, primary PCI failures usually show secondary hydriding
degradation quickly at some point well removed from the initial PCI crack, provided the fuel-clad gap is closed.
The secondary hydriding will then be the most obvious feature of the failed pin. The primary PCI failure may not
grow any further but will develop "rabbit ears" by ductile deformation at the ends of the arrested crack. It will
appear as an "X-mark" on the outer cladding surface.

1-1.4. Effects of irradiation

Whether the susceptibility of tubing to iodine-induced SCC can be related to the tube texture appears to
depend on the method of testing. When using split-ring tests with a fixed deflection no clear correlation of
susceptibility and texture was evident [[-20], whereas for pressurised tube tests [[-44] and compressed tube tests
[1-23], a relationship between texture and susceptibility does appear to be present. Once the tubing is irradiated,
however, all batches of tubing appear to become susceptible to cracking, and this susceptibility develops at
irradiation doses lower than those necessary for a saturation of the irradiation induced changes in mechanical
properties. No clearly established mechanism for this effect has been established, but it obviously cannot just be
related to the increased ability to sustain a high stress intensity at the crack tip without blunting, since it occurs
before major irradiation hardening of the matrix is evident [I-45]. Dislocation channelling in irradiated cladding
was suggested as a possible explanation, but no unequivocal evidence for this was found.

There is no evidence for any changes in crack velocity during irradiation, but specimens tested after
irradiation by the pressurised tube technique show reduced times to failure. This does not necessarily imply an
increased crack velocity but may be explained by the irradiation induced hardening of the zirconium matrix.

Testing performed on pre-irradiated materials usually shows a higher resistance to I-SCC for the pre-
irradiated case, when expressed in terms of time to failure in an iodine environment. This seems to be clearly an
effect of the irradiation hardening induced by the <a> dislocation loops. Indeed, the lifetime at a given stress under
iodine is much longer for pre-irradiated alloys, than for unirradiated ones; but the reductions in life, compared to
the tests performed on un-irradiated materials, are similar for irradiated and unirradiated alloys. For zircaloy-4 the
reduction in Kj.scc was really significant, dropping from 3.2 to 1.5 MPa-m™2 [1-46].

In BOR-60, the Zr-1% Nb alloy were irradiated at a temperature of 325-345 °C, up to a fluence of 0.45 to
0.90x10%2 n/cm?. The stress corrosion testing (in the time to failure mode) was performed both with and without
iodine for up to 40 hours over a stress range of 200 to 520 MPa. The analysis of the results indicated the following
points:

—  The rupture mode, as revealed by fractography, is the same for unirradiated and irradiated material;

—  Compared to unirradiated material, the reduction of time to failure due to iodine is higher for irradiated
material;

—  Under iodine, the life time of irradiated materials is higher compared to unirradiated ones.
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[-2. SUMMARY OF THE RESULTS OF THE CRP ON I-SCC OF ZIRCONIUM ALLOYS

This section is summarized the results performed during the Coordinated Research Project (CRP) on Stress
Corrosion Cracking of Zirconium Alloy Fuel Cladding during 1994-1999 [I-1]. The purpose of this CRP was to
provide basic data on I-SCC using a matrix of different temperature and iodine levels. The major variables
influencing SCC in Zr alloys are metallurgical state (including composition, orientation, thermo-mechanical
treatment, texture and cold work), environment (composition, concentration and temperature) and stress. It was
not feasible to investigate the effects of all these variables within the scope and timescale of the programme. The
test programme was thus focused on determining the dependency of SCC propagation rate on temperature, iodine
concentration and stress within the range of available materials. The following summarizes the results from the
CRP in terms of the main experimental variables.

1-2.1. Effect of temperature

The test matrix included tests at three temperatures: 300, 350 and 400°C. The results from the laboratories
do not show a clear, consistent effect of temperature on the threshold stress intensity factor or the crack propagation
rate in the Stage II region. The three laboratories found Kiscc to decrease with increasing temperature. And the
results also showed the Stage II crack propagation rate to increase with temperature. Scatter in a laboratory results
masked any temperature effect in their tests. Temperature would be expected to influence SCC due to its effect on
the mechanical properties of the material and on the diffusion rate of iodine. This would be expected to produce a
reduction in Krscc and increase in Stage II crack propagation rate as found in most of these tests.

1-2.2. Effect of material condition

Five materials were tested from two manufacturers. These were recrystallised zircaloy-2 (Zry-2) and
zircaloy-4 (Zry-4) and stress-relief annealed Zry-4. By determining X-ray pole figures, each was shown to have a
similar texture, so any effect on I-SCC would be expected to arise due to the effect on the mechanical properties
and grain shape of the different heat treatments. The results from the two laboratories were consistent with this,
with both finding a higher Kiscc for recrystallised materials compared to the stress relief annealed zircaloy. The
other two laboratories were inconclusive in this respect.

1-2.3. Effect of iodine partial pressure

Iodine pressure was studied in the range 100 to 10 000 Pa I,. The two laboratories found no effect of iodine
pressure on Kiscc. A laboratory on stress relieved Zry-4 and another laboratory on recrystallised Zry-2 indicated
an increase in Stage II crack growth rate with increasing iodine concentration. These results are consistent with
literature observations of a threshold iodine concentration and with crack propagation being diffusion controlled,
so that a higher external iodine concentration will produce more rapid diffusion of iodine to the crack tip and hence
higher crack propagation rates. This latter effect has also been shown to saturate once sufficient iodine is present.
The supervisory group believe that the iodine replenishment rate in the test chambers varied markedly between
laboratories, so that the true iodine concentrations in each test were unlikely to be consistent between laboratories.

1-2.4. Effect of texture

The CRP was extended in order to capitalise on the improvements in test facilities and experimental
technique of the laboratories, both from the advice provided to them by the supervisory group, and from their
increased experience in performing the tests. All previous tests in the CRP were performed on specimens in the T-
L orientation, so the additional series of tests were to generate crack growth data in the opposite, L-T orientation.
From texture considerations, SCC was expected to be more difficult in the L-T specimens, producing a higher K.
scc. This was found to be the case by the two laboratories. For another laboratory, in the L-T oriented specimens,
the velocity increased gradually without achieving the plateau region with similar behaviour as for creep until
rupture occurred. Thus, Ki.scc of the L-T specimens couldn’t be drawn.

I-2.5. Fractography

One important aspect of any experimental programme on iodine SCC of zirconium alloys is the fractography
of the crack surfaces produced. The features to be expected are by now well known, and the extent to which they
are observed can be very helpful in understanding the test results. The features that would be expected are:

—  Trans-granular pseudo-cleavage on the basal planes of suitably oriented zirconium grains;
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Prismatic slip on the planes of the zirconium hexagonal prism surfaces, giving rise to the very characteristic
feature termed "fluting" because of the similarity of its appearance to that of a fluted pillar;

— Intergranular separation along the grain boundaries to reveal the characteristic grain shape of the metal;

— Some ductile tearing of residual webs in the fracture surface.

By the end of the CRP most laboratories were obtaining good fractographs showing the above features. One
interesting general observation was the infrequency of fluting in these tests. The fracture surfaces obtained were a
mixture of trans-granular cleavage facets and grain boundary surfaces, with few fluting features, or their complete
absence. Since the textures of these sheets were such that there should have been many grains in the crack
propagation plane oriented for prismatic slip, rather than basal cleavage, the absence of fluting suggests that
intergranular separation proved to be easier than prismatic slip as a crack propagation mechanism for the material
used in this programme.
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Abstract

This review paper summarizes the perspectives of flexible power operations in Belgium, the pellet-clad interaction (PCI)
assisted by stress corrosion cracking (SCC) phenomena and the previous international R&D activities, the PCI/SCC design
bases and licensing requirements, the impacts of PCI/SCC on the reactor operation procedures/guidelines, reload core & fuel
design and safety evaluation, as well as the expectations from this IAEA technical meeting on PCI/SCC.

1. INTRODUCTION

During plant operation or under Condition II transients, the fuel rod could be failed due to pellet-clad
interaction (PCI) assisted by stress corrosion cracking (SCC) [1]. This PCI/SCC failure is a combination of
complicated effect of high stresses in the cladding due to power ramps, aggressive fission product environment
(e.g. iodine, cadmium, caesium), and locally highly strained or stressed regions at cladding defects [2]. It is
different from the pellet-clad mechanical interaction (PCMI) failure due to power ramps and pellet cracks or
missing pellet surfaces (MPS) [3, 4], or due to cladding embrittlement by in-reactor hydriding at high burnup levels
under very rapid power transients (e.g. design base accidents such as reactivity initiated accidents or RIAs) [5].

The TAEA Safety Standard on the Design of the Reactor Core, SSG-52 recommends that “the design should
prevent fuel failures due to PCMI and PCI/SCC in normal operation and anticipated operational occurrences” [6].
For this purpose, various PCI related design limits have been determined by the fuel vendors based on the ramp
tests, various codes and methods have been developed for verification of the PCI margins (or evaluation of the
PCl risks), appropriate operational limits have been determined and applied by the utilities on power changes and
power ramp rates. It has been shown that the PCI/SCC failure risk has been effectively and significantly reduced
by improvements in fuel design, manufacturing, core design and operation [7, 8].

In recent years, however, large scale deployment of intermittent renewable energy sources worldwide has
introduced significant and irregular variations in the power supply, and it has become increasingly difficult to it
manage electricity supply and demand. Therefore, as requested by the grid operators, the utilities have to operate
some of their nuclear power plants (NPPs) in a flexible power operation (FPO) mode, such as daily load following,
frequency control, extended power modulations (EPMs), or extended reduced power operation (ERPO) [9, 10].
The FPOs have significant impacts or constraints on the core operation and fuel performance, core design and
safety evaluation process, mainly due to the PCI/SCC concerns [10]. For example, in Belgium, in order to ensure
the reliability of the fuel during FPOs, the core design and safety evaluation process has been improved on the
verification of the PCI/SCC aspects, either by verification of the Condition II transient power limit or by
verification of specific PCI margin [11, 12].

This review paper summarizes the perspectives of FPOs in Belgium (§2), the PCI/SCC phenomena and the
previous international R&D activities (§3), the PCI/SCC design bases and licensing requirements (§4), the impacts
of PCI/SCC on the reactor operation procedures/guidelines, reload core design and safety evaluation (§5), as well
as the expectations from this IAEA technical meeting (§6).

2. PERSPECTIVES OF FLEXIBLE POWER OPERATION IN BELGIUM

In Belgium, the nuclear power plants have been initially designed to operate at full power, as they were
supposed at the construction time (1970s — 1980s) to provide a base load power capacity. However, they are
capable of providing some flexible services to the grid [11].

The ideal FPO would be to adapt the power automatically to the grid demand. This operational mode, known
as load following, has been implemented in France [14] and Germany [15] plants, but excluded explicitly in the
original safety case and is therefore not considered as an FPO option for the Belgian NPPs [11].

The first FPO provided by the Belgian NPPs is the frequency control support [11]. The power plants will
adapt their power output to stabilize the frequency of the grid. In most Belgian power plants this is performed by
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derating the power plant to 97.5% RTP. This allows the power plant to increase the power to sustain the grid when
the frequency becomes too low. For example, at Doel 4 and Tihange 3, an asymmetric system of frequency control
has been installed. These plants operate at 100% RTP all the time and will decrease their electrical power when
required by the grid. Therefore, they only provide FPO service in case the frequency of the grid becomes too high.

The feasibility of power modulations has been studies for the Belgian NPPs [11]. It was considered that
power modulations would only be acceptable if they were controlled by the operators in the control room and well
prepared. In this case the power change pattern (power level, duration and power ramps) is defined and fixed
before performing the power change. This allows the operator to prepare and check the status of the plant before
performing the power manoeuvre. A power modulation is requested by the grid dispatch at least 2 hours in advance
and is manually executed by the NPP operator. The operator can decide not to perform the requested power
modulation if, for example, this could have a negative impact on nuclear safety.

The first step was the application of limited modulations (< 6 per cycle). In this case the power would only
be reduced up to 75% RTP and for a very limited time up to 6 hours. The frequency of occurrence was limited to
only several times a year. However, this limited flexibility was considered insufficient to give an answer to the
future needs of the grid. Therefore, extended power modulations (EMPs) have been proposed, as illustrated
in Fig. 1.

The EPMs would request reducing the power from 100% RTP down to 75 or 50% RTP, maintaining at lower
power up to 72 hours before reaching again full power and stabilizing full power for at least 72 hours before the
next power modulation. The frequency of EPMs was limited to 30 times per fuel cycle (Belgian NPPs have cycle
lengths of 12 and 18 months). To reduce the PCI risk, the power change rate is limited to lower than 1% RTP/min
(rather than the commonly recommended rate of 5% RTP/min), and a power modulation will be allowed only
when the nominal boron concentration of the cycle is well above 200 ppm and no leaking fuel rods have been
identified in the core.

The extended reduced power operation (ERPO or ELPO) is defined as operation at a reduced power level P,
less than or equal to maximum available power during the ‘natural’ cycle and the stretch-out (typically 20 — 85%
RTP) during at least a continuous period of 72 hours. In Belgium, to prevent PCI problems and most particularly
to cover unknown phenomena, the number of cumulative total days of ERPO (< 85% RTP) is limited to 4 weeks
per cycle, stretch-out included. The operation in hot shutdown conditions is not considered as ERPO [13]. Specific
justifications or demonstrations should be made if exceptionally longer ERPO (e.g. duration > 28 days) occur due
to unavailable equipment or extreme climate, and in certain cases, a reconditioning at intermediate power level
between P, and RTP may be needed.

FIG.1. Extended power modulation (EPM) (reproduced courtesy of Flachet and Zhang, et al. [11]).
3. THE PCI/SCC PHENOMENA AND THE PREVIOUS INTERNATIONAL R&D ACTIVITIES

3.1. The PCI/SCC phenomena

The fuel loaded in an NPP has a circumferential gap between the surface of the fuel pellets and the inner
surface of the cladding tube at cold state. On the first power increase following reactor start-up, this gap is gradually
reduced due to the pellet thermal expansion and cladding creep. Due to the radial temperature gradient, the fuel
pellets fragment into cracks, and the gap is further reduced as the pellet fragments relocate outwards radially. As
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irradiation continues, cladding creeps down, the gap closes, and the pellet fragments move closer. This gap closure
occurs roughly in the range of 10-20 GW-d/tU for most claddings. Any increase in power at any stage after the
gap closure can lead to the expansion of the pellets due to thermal expansion and fission product swelling. The
cladding expands outward due to elastic deformation and subsequently plastic strain and creep. This phenomenon
is usually termed pellet-clad mechanical interaction (PCMI).

If the pellet temperature is sufficiently high, corrosive fission products (e.g. iodine) are released, brittle cracks
may be initiated at the inner surface by irradiation-assisted stress corrosion cracking (SCC) if the cladding hoop
stress becomes sufficiently large. If the large hoop stress is maintained, the PCI cracks would grow outwards and
the cladding may eventually fail. This failure is usually referred to as PCI/SCC, or simply PCI [2].

It is thus clear that four conditions must occur simultaneously to induce a PCI failure (as shown in Fig. 2): a
high tensile stress induced by the power ramp, aggressive fission products released if the fuel pellet temperature
becomes large enough during the power ramp, the existence of a sensitive material with cracks, and a sufficient
time for the cracks to develop.

During extended reduced power operation (ERPO), for example, the thermal contraction of the fuel pellets
causes re-opening the pellet-cladding gap or the gaps between the pellet fragments after a power reduction. If the
reduced power operation is maintained long enough, the fuel cladding will creep down and close the gaps again.
The fuel element is then considered as re-conditioned at this lower power level. When the reactor core goes back
to full power later on, tensile stresses will appear in the cladding. Those residual stresses will increase the
susceptibility to PCI/SCC.

It is therefore important to understand the PCI/SCC mechanisms, to develop codes and method to assess the
PCI/SCC risks, and to provide operating guidelines and improved fuel design to prevent the PCI/SCC risks.

Sensitive Material:
Zr and Zr-base alloys

FIG.2. Schematic view of the sufficient conditions for PCI/SCC (reproduced courtesy of ANT International [2]).

3.2. Outcomes of the previous international R&D activities on PCI/SCC

A series of international specialist or technical meetings have been held by TAEA during late 1970s and
1980s on the PCI [16-18], power ramping, cycling and load following [19-21], followed by specific technical
meetings during 1990s and 2000s on fuel behaviour testing and modelling [22,23], fuel chemistry and failures
analyses [24-26], and advanced fuel design [27, 28].

It was concluded at the last IAEA Technical Committee Meeting in Lyon, France, on 18-21 May 1987 [21],
that:

—  “Experimental results obtained in research reactors and models based on them have demonstrated that power
ramping, cycling and load following could be performed in power reactors under normal operating
conditions”;

—  “Over the last few years, a large number of such operations have been performed in commercial power plants
so that at present extensive experience is available. It shows clearly that there is no adverse impact on fuel”;
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“The results yielded by high burnup programmes showed no negative consequence on pellet-clad interaction.
This will have to be confirmed and further extended to the higher burn- ups that utilities are aiming for in
the near future”;

“However, some of the basic phenomena are not completely understood or linked and in order to get even
more economical and flexible operating conditions, continuation of experimental work is felt to be necessary,
especially on the items mentioned in the recommendations for each session”;

“No other specific meeting on this subject is recommended in the future. The subject should be rather dealt
with either in a future topical meeting on fuel behaviour or in a more general meeting which will cover both
reactor system operation and fuel behaviour under cycling and ramping conditions”.

Recently, two international seminars on PCI have been held by OECD/NEA in 2004 [29] and 2016 [30]. The

most recent OECD-NEA workshop in Lucca, Italy, 22-24 June 2016 [30] arrived at the following conclusions:

“Liner fuel remains of interest to fuel designers”;

“Texture controlled cladding shows improved resistance to (SCC-)PCI failure”;

“Cladding design seems to be more effective than cladding material (alloy) with respect to the mitigation of
the SCC driven by PC(M)I”;

“Available experiments and analyses on pellet additive effects do not fully explain all aspects of the potential
PCI benefits”;

“There is some evidence that additives trap aggressive species in the fuel. However, it has been shown
through multiple experimental programmes that very low concentrations of aggressive species are sufficient
to drive PCI”;

“The role of oxygen liberation seems important. There is some evidence that additives release oxygen to the
gap and that this serves to oxidise and protect cladding ID cracks”;

“The 1.5D (fuel rod) codes still form the basis of industrial applications as a result of run time constraints.
Although 3D modelling is largely progressing to address specific phenomena that are mandatory for PCI,
multi-scale modelling is not yet used as a predictive tool to evaluate the PCI failure risk”;

“PCI risk prevention is efficiently integrated in operational rules based on mastered methodologies that
include these 1.5D fuel-performance codes in combination with technological limits. However, although
they have proven to be practicable for the design, evaluation methods remain complex and time consuming.
Operators expressed their strong interest in simpler and faster PCI risk assessment tools”.

In summary, the outcomes of the extensive international R&D programmes on PCI since 1970s have led to

the following achievements:

An important PCI database has been established, including ramp tests, separate effects tests and plant data
[31-35], to support both mechanistic and statistical data evaluations;

Appropriate PCI operational limits or strategy on power changes and power ramp rates [36—39] have been
determined and applied to maintain low probability of fuel cladding failures caused by PCI;

Various empirical PCI design limits (technological limits or failure thresholds) [40-43], based on stress or
strain energy density, have been determined based on simulation of the ramp tests with fuel rod codes;
Various fuel rod codes and methods [40—49] have been developed for verification of the PCI design margins
or assessment of the PCI risks;

Alternative PCI remedy (or resistant) fuels, such as the liners or doped pellets [50, 51], have been developed
(in particular for BWRs);

Online PCI monitoring and surveillance systems [52, 53] has been developed and implemented in order to
prevent the PCI failures.

As a consequence, the fuel failures due to PCI/SCC has been significantly reduced, in particular for PWR.

Figure 3 shows PWR fuel failure causes worldwide in 1994 — 2006, and the percentage of fuel failures due to
PCI/SCC is only 0.1% [7].

However, recent experience shows that PCI failure may be possible in PWR fuels with defects on the fuel

pellet surfaces [3, 4], and that the percentage of fuel failures due to PCI/SCC for PWR has been increased to 5.7%
for 2006-2010, as shown in Fig. 4 (left) [8]. This unconventional PCI failure is caused by the localized stress
concentration at the location of a missing pellet surface (MPS). Fuel vendors have adapted the fuel specifications
for the pellet manufacturing tolerances on the size and depth of the defects and applied more stringent fuel pellet
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quality inspection procedures and/or devices. This has greatly reduced the fuel failure due to PCI/SCC in 2011 —
2015 (see Fig. 4 right) [8].
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FIG. 3. PWR fuel failure causes worldwide in 1994-2006 (reproduced courtesy of the IAEA [7]).
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FIG.4. PWR fuel failure causes worldwide in 2006-2010 (left) and 2011-2015 (right) (reproduced courtesy of the IAEA [8]).

Note that the recent perspectives on FPOs attracted again the interests of international R&D activities in PCI
[9, 10].

4. THE PCI DESIGN BASIS AND LICENSING REQUIREMENTS

Regarding to the PCI/SCC prevention in core and fuel design and operation, the recently revised IAEA safety
standard SSG-52 on design of the reactor core [6] recommends that:

—  (Para. 3.48) “Stress corrosion cracking induced by pellet—cladding interaction in the presence of corrosive
fission products should be prevented”;

—  (Para. 3.61) “The design should ensure that the likehood of stress corrosion cracking in the fuel cladding is
minimized in normal operation and anticipated operational occurrences”;

—  (Para. 3.62) “Stress corrosion cracking of the fuel cladding should be prevented by implementing adequate
design methods such as those given in the following examples:

e Reduce tensile stresses in the fuel cladding by restricting rates of power change (allowing for the
cladding stresses to relax) or by delaying the time at which the pellet—cladding gap closes (this can be
achieved by increasing the initial fill gas pressure in the fuel rod or by optimizing the creep properties
of the cladding),

e Reduce the corrosive effects of the fission products (e.g. iodine, cadmium, caesium) generated by the
pellet by using a liner (for boiling water reactors) or a graphite coating (for pressurized heavy water
reactors) that is less susceptible to the corrosive effects on the inner surface of the cladding. This liner
can also even out local stress concentrations in the cladding,
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e Reduce the availability of corrosive fission products at the pellet—cladding interface by using additive
fuels that are able to better retain the corrosive fission gas products within the fuel matrix,

e Reduce local power peaking factors (and thus changes in local linear heat generation rates) through core
design techniques”.

—  (Para. 3.63) “The power-ramp failure threshold should be established, if applicable, in test reactors by means
of power ramp tests for each type of fuel or cladding. The data collected should cover the entire burnup
range”;

— (Para. 3.64) “Fuel performance analysis codes can be used to analyse and interpret the data from power-ramp
tests and to determine a failure threshold. The parameter used to define this threshold is usually the maximum
cladding stress, but the strain energy density can also be used. These same fuel performance analysis codes
can be used to assess risk factors that cause this type of stress corrosion cracking of fuel rods in the reactor
core and to define adequate guidelines to avoid it”;

—  (Para. 3.153) “The reactor core analysis should verify that the core fuel loading pattern will meet fuel design
limits for all applicable plant states”;

—  (Para. 3.158) “The effects of operating conditions such as load following, power cycling, reactor startup and
refuelling manoeuvring should, whenever specified, be superimposed onto the power level distributions and
temperature histories to evaluate the potential effects of thermal cycling on fuel rod thermomechanical
responses, such as the buildup of pressure due to fission gas release to the pellet—cladding gap and fuel
cladding fatigue”.

However, PCI is not considered as a safety issue in all countries, and the requirements are quite different
[55, 56]. Indeed, each NPP design and the OTS limits (particularly the primary coolant system I-131 concentration
level) will allow plant operation with a limited number of fuel failures including PCI.

The current US NRC regulation does not put any specific requirements for fuel failures induced by PCI, but
two design criteria under Anticipated Operational Occurrences (AOOQOs) or Condition II transients can be
considered as relevant to PCI/PCMI failures [57]:

—  The uniform strain (elastic and inelastic) in the cladding should be less than 1%;
—  Fuel melting should be avoided.

It has been observed by some members of the advisory committee on reactor safeguards (ACRS) that
although respecting this strain limit may preclude some PCI and PCMI failures, it will neither preclude the
PCI/SCC failures that occur at low strains nor the highly localized strain-driven failures introduced by MPS on the
outer fuel diameter. The ACRS members recommended that "reliance on the PCMI cladding strain criteria to
protect fuel from PCI fuel from stress corrosion failures during AOOs should be discontinued. New criteria
appropriate to the PCI stress corrosion mechanism should be developed based on peak nodal powers, hold times,
and cladding strains that can be produced during AOOs."

However, the US NRC staff considers that PCI/SCC has low safety significance, and PCI/SCC failure has
low probability of occurrence, because the magnitude and duration of the power excursion are limited: the
maximum power level must remain below automatic trip set points, and the duration below timing for reasonable
Operator response [60]. Later in 2014 [61], the US NRC staff screened Chapter 15 AOOs for PCI susceptibility
and selected potential AOOs, considering the “limiting combination of initial conditions and assumptions to either
delay or avoid reactor trip(s) or maximize the over-shoot of the trip setpoint (to maximize power).” The staff also
provided FRAPCON-3.4 fuel performance analyses of the inadvertent opening of turbine admission valve
transients. The staff asserted that 250 MPa represented a PCI threshold below which PCI failures would not occur
on PWR fuel. This threshold was derived from the staff’s preliminary analysis of the SCIP data. The staff
concluded that the “due to design features and operating restrictions, PWRs are not susceptible to PCI/SCC
cladding failure during normal operation. This conclusion is backed by operating experience” [61].

Finally, the ACRS decided in 2013 that the PCI/SCC is not an immediate concern, and there is no need to
require specific evaluation of PCI/SCC for PWRs during AOOs. Nevertheless, the US nuclear industry has taken
initiatives to reduce the PCI risk by applying administrative measures according to PCI Operating and
Manoeuvring Rules (PCIOMR) for BWRs, and enhancing the PCI risk assessment for PWRs, in order to improve
the fuel reliability [47-49, 62].

In France, since the load follow operation was implemented in nearly all French NPPs in the 1980s, the
French nuclear safety authority (ASN) requires EDF to demonstrate that PCI/SCC will not lead to fuel rod failures
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even under condition II transients [56]. These requirements led to the definition of the so-called PCI technological
limit based on the power ramp tests at different burnup levels, and the development of analytical PCI design
verification methods based on detailed neutronic transient calculations and thermal mechanical calculations, in co-
operation between EDF and the Fuel Vendors [45, 46].

In Germany, the recent revision of the safety standards KTA-3101.3 [63] requires that the loadings (i.e.
increase in power output) resulting from nominal operation and AOOs shall be limited such that the tightness of
the fuel rod is ensured, and the pertinent PCI criteria shall be derived using experimental results (e.g. ramp tests
in test reactors and/or operational experience). The industry (e.g. former Siemens-KWU and Framatome) has
developed PCI operating and manoeuvring rules for BWRs and PWRs [36—39] and implemented the automated
PCI surveillance and protection system in PWRs, based on the maximum local LHGR for the core upper and the
core lower half [52, 53].

Similar but less restricting requirements have been followed in other OECD countries like Finland, Sweden,
Switzerland and the United Kingdom [56].

The Belgian reactor safety regulations followed generally the US NRC rules. However, during major plant
modification projects (e.g. power uprate and steam generator replacement) or fuel design changes, the similar PCI
technological limit and verification methodology by fuel vendors as in France and Germany (e.g. the former
Siemens-KWU, AREVA, or Framatome) were accepted for applications to certain Belgian NPPs with their fuels
[56], although the Belgian NPPs are not in load follow operation. On the contrary to France practice, there is no
requirement to perform cycle specific PCI verification.

5. THE IMPACT OF PCI ON REACTOR OPERATION PROCEDURES/GUIDELINES

The following mitigation solutions are described in [7] to prevent PCI failures during plant operation:

—  “Restricting flexible operation early in the fuel cycle until the fuel has been properly conditioned in
accordance with fuel vendor guidance”;

—  “Following periods of extended low power operations, ensuring proper fuel reconditioning during power
ascension (e.g. accommodated power increase or power level holding periods). Fuel reconditioning promotes
cladding stress relaxation and has been shown to improve PCI resistance”;

—  “Plant manoeuvring guidelines, including power levels and ramp rate restrictions, have proven to be
effective”;

—  “In some cases, analytical models, based on stress modelling and validated against in-pile ramp tests, have
been utilized to predict cladding stress (or strain energy density) prior to the planned power manoeuvring.
The predicted stress/strain energy is then compared to an empirically based PCI failure threshold to assess
the plant evolution in terms of PCI induced cladding failure risk, demonstrating that the planned plant
evolution will not result in cladding failure”;

—  “Plant TSs may need to be updated to reflect the established fuel conditioning guidelines or safety limits to
prevent PCI induced cladding failure (e.g. power ramp limitations or analytical limits on cladding stress) and
to include power manoeuvring during flexible operation, which becomes a normal plant transient. In
particular, during periods of extended low power operations, it is possible to decondition fuel that has
previously been conditioned, thus leading to restrictions for flexible operating and manoeuvring conditions”;

—  “Cyclic LHGR variations below the conditioned LHGR profile must not lead to cladding strain or PCI
failures. A transient overshoot beyond the conditioned LHGR can potentially lead to transient fission gas
release and additional cladding stress due to PCI. It is therefore sufficient to restrict the transient overshoot
to a permissible limit”.

In order to improve nuclear fuel reliability, fuel vendors have introduced empirical fuel operational limits on
power manoeuvring and rate of power ascension and provided operating guidelines to prevent PCI/SCC or PCMI.

Siemens KWU derived operational recommendations from extensive ramp experiments and plant operating
experience [36]. Those recommendations have been widely adapted by other vendors and applied in most of the
operating NPPs. They may need to be verified and validated for any particular fuel design and using updated data
and tools.

In addition, a PCI surveillance and protection method for plant operation was proposed, based on the RSST
(power Range, Step, Speed, and Time) approach by translating their critical values into maximum or acceptable
values to prevent PCI failures, after consideration of adequate safety margins [37,52]. The PCI operating limits
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similar to the above concepts have been implemented as automatic PCI surveillance and protection in the
monitoring systems in Germany PWRs [39,53] and later on adapted for the French N4 plants and European PWR
(EPR) (shown as the gliding PCI threshold methodology [45]).

In summary, the fuel operating guidelines/rules or automatic surveillance and protection systems, together
with the fuel design improvements, have been beneficial for mitigating the PCI/SCC failures in both BWRs and
PWRs. However, they also bring negative impacts on the NPP operational performance by restrictions on the
maximum power, power ramp rates, operation time and burnup [54]. It should be also noted that the above
measures may not preclude the PCI failures for other fuel designs.

6. THE PCIIMPACT ON REACTOR CORE & FUEL DESIGN AND SAFETY EVALUATION

In response to the regulatory and operational excellence requirements, the industry has addressed PCI/PCMI
through improvements in core and fuel design, manufacturing, and operation. Fuel design approaches to prevent
failures due to PCI have focused on both pellet and cladding. Modifications to both the pellet and the cladding
design, tighten the fuel pellet quality inspection, as well as improving core design and operating have proven
effective at reducing PCI risks.

In Belgium, the PCI/PCMI aspect is treated for the reference safety analysis during major plant
modifications, or the reload fuel compatibility and safety evaluation during the introduction of new fuel design
[13].

In order to prevent any PCMI problems with the fuel, the linear heat generation rate (LHGR) in Condition II
conditions has been limited [13]. The calculated Condition II transient power level must remain below the level
which results in predicted fuel failure calculated using conservative analytical models along with conservative
assumptions and initial conditions. This is ensured by preventing fuel centre melting and hence fuel expansion
during the phase change which might rupture the fuel cladding. To preclude centre melting, a lower centreline fuel
melting temperature limit has to be considered. This fuel melting temperature reduction takes into account the
decrease of the melting temperature with the exposure, the fabrication tolerances, the model uncertainties, and an
additional safety margin has to be applied on this value. This safety margin applied to the peak linear power used
for the overpower protection system setpoints provides provision to avoid fuel rod damage (due to excessive clad
stress, clad strain, internal pressure...) occurring at linear powers lower than the limit. The Condition II transient
rod power limit is obtained by scaling upwards the Condition I rod bounding power history (BPH) limit so that by
meeting the BPH the transient rod power limit is also assured to be met. A verification is performed for each reload
cycle to confirm that the Condition I rod bounding power history limit is indeed met for all fuel rods in the core
and thus indirectly the transient rod power limit is also confirmed to be met.

In addition, for certain plants with Framatome fuels, the Belgian TSO accepted generic design verification
of a PCI failure criterion, using a qualified fuel rod code based on the PCI technological limit and considering
Condition II transients based on a reference equilibrium cycle. The currently accepted PCI/SCC limits are either
based on a critical Hoop stress limit (the formerly Siemens-KWU approach for improved Zr-4 cladding) or a
critical strain energy density limit (CSED, the formerly AREVA or Framatome approach for M5 cladding). The
method for the assessment of the PCI margins for the reference equilibrium cycle should be established in the fuel
rod design methodology report, which should be licensed before applications. One example of such approved
methodology is the Framatome’s “allowable power methodology” [45], as illustrated in Fig. 5. The methodology
has been first developed for Doel 3, and then applied to other NPPs with Framatome fuels.
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FIG.5. Schematic view of the Framatome'’s allowable power methodology (reproduced courtesy of Daniel and Andre-Poyaud,
etal. [45]).

The essential principle of the ‘allowable power’ methodology consists in quantifying the PCI margins by
comparing limiting Condition II transient power distributions (from the transient neutronic calculation) with the
allowable LHGR for each axial node of the core (from the decoupled thermal mechanical calculation). Bounding
assumptions for the transient boundary conditions and power ramp simulations induce a greater degree of
conservatism, and the 3D calculations for different Condition II transient scenarios lead to considerable
computational effort. This methodology has been applied for fuel rod design for each new fuel product to
demonstrate an acceptably low risk of PCI failure. Indeed, the resulting PCI margins are rather large for the
improved fuel products with M5 cladding. During the loading pattern verification, therefore, the PCI margins are
only verified to ensure the fuel reliability.

In order to perform the extended power modulations (EPMs) in certain nuclear power units in Belgium
without implementing hardware modifications, the impact on the fuel design has been verified by the Fuel
Vendors. Post irradiation examinations revealed that no additional effect was observed on fission gas release or
on changes in fuel microstructure due to power cycling and modulation conditions. In addition, operating
experience showed that load following operation and power cycling does not have a significant impact on the fuel
performance. Therefore, from the fuel rod design point of view, the related thermal-mechanical parameters are not
impacted by EPMs. The limited impacts on the cladding stress and strain, or the PCI margins are quantified or
verified by the Fuel Vendors.

For example, for the target plants with, the Fuel Vendor first verified that the nuclear design inputs to the
fuel rod design reports are not affected by extended power modulations, with exception of the local power changes
during Condition II overpower transients. Therefore, Condition II local power transient limits were regenerated
conservatively as input for fuel rod thermal mechanical design verification. Using the licensed fuel rod design
codes and methods, and the updated neutronic transient inputs, the impacted cladding stress and strain were shown
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to remain within the design limits. For other target plants with Framatome fuels, the Fuel Vendor has quantified
the impacts on the PCI margins, which are in general more than compensated by the available PCI margins for the
reference equilibrium cycle. It is thus concluded that all existing fuels loaded in the Belgian plants allow up
to 30 power modulations per fuel cycle [11].

The fuel design verification process for each loading pattern is adapted to cope with the requested plant
operational flexibility like extended power modulations. Since the PCI margins in the reference fuel design
verification based on an equilibrium cycle are significant with the improved fuel designs, a cycle specific PCI
verification is not requested. Moreover, the impacts of the EPMs on the PCI margins remain limited [11],
a simplified PCI verification is justified [12].

Therefore, a specific loading pattern PCI/PCMI risk assessment (LPPRA) tool has been developed and
implemented it in the current core design and safety evaluation process [12]. The PCI/PCMI risk have been
assessed in advance during the loading patterns design process based on the core neutronic calculation results
using the Tractebel’s LWP 3D code package. This assessment is based on the simple guidelines and correlations
which are either provided directly by the Fuel Vendors or developed by Tractebel using the vendors’ fuel design
verification results. The PCI margin was defined as the difference between the predicted allowable power and the
predicted maximum transient power:

PCImargin = Pau = Piran = kifi (Pin,BU) = [Piy + ky. f2(Pin, BU) + k5] (D
where

P, = kify (Py, BU) = Maximal allowable rod power before clad failure during power ramp

Piran = Py + AP = Maximum transient rod power during power ramp due to Condition II transients
with

P;, = Transient initial rod power = Condition I conditioning rod power,

AP = Py, + k,.f,(Pin, BU) + k; =Power variation during power ramp due to Condition II transients
BU = Rod burnup,

fi (Pin, BU) = correlation based on the fuel vendor’s allowable power data,

f2(Pip, BU) = correlation based on the fuel vendor’s maximum transient power data,

ki, ko, ks = calibration constants.

The LPPRA allows quick assessment of the PCI margin based on the Condition I conditioning rod power
and rod burnup calculated for the specific loading pattern, without time consuming neutronic transient calculations
and detailed fuel rod thermal mechanical calculations. To enhance the reliability of the assessment tool, the
correlations are continuously calibrated and updated on the basis of the Fuel Vendors’ cycle specific PCI
verification results. In particular, the correlations has been adapted to cope with the requested plant operational
flexibility like extended power modulations [12].

Finally, generic PCI margin assessment methodologies for justification of the exceptional extended reduced
power operation (ERPO) [43, 45] have been developed, which required the approval of the Belgian TSO.

In France, load following mode was implemented in EDF’s NPPs in 1980s. French Safety Authorities
required to include PCI/SCC in the fuel core design analysis for both normal operations and AOOs conditions in
1984. Specific PCI design methodology was developed between 1984-1994, and the first complete PCI design
analysis was implemented in 1994 [42, 46].

Currently, the PCI/SCC risk management for EDF’s NPPs is based on three levels [42, 46, 54]:

— The surveillance system: determination of the surveillance (or alarms) set-points on the monitoring
parameters (normal operation domain (ALP) and/or linear power margins, temperature regulation and power
regulation banks positions), which are adapted to operation and compatible with PCI constraints;

—  The protection system (scram or reactor trip): determination of the OPDT setpoints and/or rest functions or
high linear power thresholds on the Digital Integrated Protection System (SPIN) to stop the transients before
PCI cladding failure, in case of AOOs (Condition II transients);
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—  The Operational Technical Specifications (OTS): monitoring the PCI "credit" or K factor, based on the
operating conditions (i.e. global core power profile versus time), to ensure that the current thermo-
mechanical state of the fuel rods is compatible with safety analysis studies.

Specific PCI/SCC analyses were performed for each operating mode of the reactor, in order to determine the
set-points/thresholds and/or reset functions. Two types of methodology were developed: a specific methodology
called MIR (or RPM - Renovated PCI Method) based on 3D kinetics calculations and thermal-mechanical
calculations, and a new static (PCI with variability) approach based on statics neutronics calculations and
decoupled thermal-mechanics calculations. The former allows more realistically determine the set-
points/thresholds and/or reset functions for the reference in-core fuel management and fuel design, while the latter
allows quick verification of specific loading pattern [46].

7.  CONCLUSIONS AND PERSPECTIVES

The PCI/SCC is a very complex multi-physics phenomenon, which has been extensively studied in previous
international R&D projects during 1970s — 1980s. It was concluded that the knowledge was sufficient, and no
more specific TAEA meetings on PCI/SCC were held after 1987. The R&D has continued since 1990s, but in a
much slow pace. However, the recent trends in flexible power operations of the nuclear power plants attracted new
interests of R&D in this field.

The recently revised IAEA safety standard SSG-52 on design of the reactor core recommended detailed
measures regarding to the PCI/SCC prevention in core and fuel design and operation. However, the requirements
on PCI/SCC are quite different in different countries.

The fuel operating guidelines/rules or automatic surveillance and protection, together with the fuel design
improvements for BWRs (linear, fuel configuration) have satisfactorily resolved the PCI/SCC problem at the
expense of restricted operational performance (i.e. maximum power, power ramping and burnup) that limit
potential revenue in operation. However, the implementation of these measures does not preclude the reoccurrence
of PCI failures following other design changes in the future.

The PCI/SCC failures for PWRs were rare, except for the significant increase of PCMI failures with defects
on the surface of the fuel pellets (MPS) during 2006-2010, which were resolved by improved inspection of the
fuel pellets during the PWR fuel manufacturing. It is expected that the implementation of the doped pellets would
further improve the PCI design or operating margins.

PWR PCI fuel design verification methodologies have been developed by various fuel vendors and utilities,
which were very complicated and time consuming for the verification. A balance is needed between more detailed
analysis methods which lead to higher margins and calculation time, and simplified methods which are fast but
lead to small margins.

There seem remain the following open questions:

— Is PCI-SCC a real issue if more realistic multi-physics and multi-scale approach can be used to simulate the
neutronic transients and more mechanistic failure threshold can be established?

—  Are there any simple and reliable engineering approaches to facilitate flexible core design and operation,
while ensuring adequate design margins?

It is expected that this IAEA technical meeting will provide some answers to these questions. In particular,
it is expected this IAEA technical meeting will adopt a top-down approach, that is, focus on the impacts on reactor
operation (operating margins and constraints, procedures, best practice guidelines), the improvements in reload
core and fuel design methodologies and the licensing process.

In particular, it is expected this IAEA technical meeting will lead to a state-of-the-art review of the existing
knowledge/experiments on fuel behaviour during power modulations and/or load follows, covering the following
subjects:

— Fission gas release during power transient / reduced power operation / power cycling.

—  Clad strain during an irradiation sequence consisting of a power transient / reduced power operation / power
cycling.

—  The rate of fuel deconditioning / reconditioning as a function of prior conditioning time and power.

—  Maximum time (or number of power cycling) at reduced low power (deconditioning) and minimum time at
higher power (reconditioning).
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PCI/PCMI failure thresholds, impacts of cladding materials and operating histories.

It is also expected that a state-of-the-art review of the codes and methods development for PCI analysis

during power modulations and/or load follows can be made, covering:

Improvement of the mechanical models (relocation, gas swelling, creep, relaxation...)

Development of 2D/3D modelling (FEA for cladding/pellet, modelling of bonding...)

Definition of relevant parameter(s) to characterize the PCMI/PCI risk (global failure threshold): LHGR,
stress, strain, SED, and/or any other damage parameter ...

Practical method for power histories and condition II transient power generation

Treatment of uncertainties
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Abstract

Flexible operation (i.e. operation at reduced power, load following or frequency control) is a need for nuclear power
plants to adapt competitively to the new demands of the electrical system, mainly due to the growing importance of renewable
energy. Flexible operation affects the design of the fuel rod with many factors, among which are the changes in the distribution
of linear power density, the primary water chemistry programme or a possible increase in the time that the fuel stay in the core.
Therefore, the development of methodologies capable of studying the effects associated with this form of operation is required.
ENUSA has studied the effects of operational flexibility in the design of the fuel rod and has developed a methodology to study
the risk of PCI (pellet-cladding interaction) focused on the extended reduced power operation (ERPO).The methodology is
based on an effective stress threshold, called ‘PCI technological limit’, to discriminate between failed and intact fuel rods. For
the determination of this limit, power ramp tests conducted on 17x17 PWR fuel rods, where pellets with confirmed quality are
loaded in the advanced materials cladding, have been analyzed using a thermal mechanical fuel performance analysis code
(TREQ). For each ramp test, the cladding stress is calculated, and the ‘PCI technological limit’ is defined as the minimum
stress below which no PCI failures exist. The available PCI design margin is determined between baseload operation maximum
stress during the Condition II transient and the ‘PCI technological limit’. To evaluate the effect of an ERPO, a margin loss
related to the stress increase due to ERPO conditions is calculated. A wide set of constant power histories (conditioning powers),
covering the thermal mechanical state of the rods in the core, is simulated with TREQ code. The goal is obtaining the peak
effective stress during the Condition II transient event after an ERPO. The comparison between the design margin and the
margin loss is analyzed for each constant power history for the critical burnup range of a PCI failure. If margin loss is higher
than the available margin, the duration of the ERPO is not acceptable. ENUSA has developed this methodology to study the
allowable ERPO duration which is both robust and reliable without requiring large time-consuming calculations.

1. INTRODUCTION

Electrical power systems require a perfect coordination between generation and demand, which implies that
electricity generation by each of the power suppliers needs to be managed to match electrical demand. Due to the
significant growth of renewable energy, there is an increasing need in the nuclear power plants to improve the
plant manoeuvrability to follow the variable demand of the grid applying load follow operations [1] as the extended
reduced power operation (ERPO) in which the plant operates below nominal power for a prolonged period of time.
This operation flexibility implies power variations that can impose high stresses in nuclear fuel cladding.

At the beginning of the operation, the cladding is in a uniform compressive stress state until the gap between
with the pellet and the cladding is closed. When the gap closure occurs, the contact pressure between the pellet
and the cladding causes the cladding to go from compressive stress to increasing tensile stress until a balance
between cladding creep and fuel expansion due to swelling is reached. In this situation, local power increases can
impose additional tensile stress that can induce pellet-cladding interaction (PCI) if the pellet-cladding gap is small
or it is closed and there is fission products such as iodine acting as an aggressive environment during the power
ramp along with a sensitive material.

PCI failures are more frequent in boiling water reactors (BWRs) since power changes are more usually
controlled by control rods movements in this type of reactors. In pressurized water reactors (PWRs), boron
concentration is decreasing throughout the cycle to compensate reactivity reduction due to burnup. This causes the
number of power ramps during operation and PCI failures less common than in BWRs less. However, depending
on the gap pellet-cladding state there are reactor power increases such as a Condition II transient event (anticipated
operational occurrence) which could cause PCI failures on a PWR, although it is not clear all the dependences [2].

During an ERPO event, the return to full power after having operated at reduced power is especially critical
due to the state of the pellet-cladding gap at that moment. ENUSA has developed a specific methodology to
evaluate the PCI risk under ERPO conditions in order to provide margins for flexible operation [4].
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2. METHODOLOGY FOR PCI ANALYSIS DURING ERPO

A yield stress-based criterion is used to prevent PCI failures for the operational states including normal
operations and transient I conditions. Additionally, restrictions on the rate of power increase are also imposed to
power manoeuvres after refuelling or prolonged periods at reduced power. These limitations were successful in
preventing PCI cladding failures. Nevertheless, some experiences confirmed that cladding failure occurred in some
high energy cores caused by increased local hoop stress (due to pellet cracks or imperfections) in combination
with a critical fission product concentration.

Although fuel vendors incorporated improved manufacturing process to reduce the incidence of pellet defects
and cladding has evolved to materials with a higher capacity of stress relaxation, there is a trend in the industry
toward the use of additional experimental limits based on the behaviour of commercially irradiated rods subjected,
later on, to power ramp tests. The use of this kind of limits constitutes an additional barrier to PCI failures,
especially in non-base operating conditions as returns to power after long periods at reduced power, load follows
or power modulations. This kind of limits is especially useful to ensure fuel integrity during flexible operation [2].

Following this trend, ENUSA has developed a methodology for the calculation of PCI in ERPO conditions
consisting of comparing the maximum Von Mises stress that the cladding can reach during an ERPO operation
with the limit stress obtained from the power ramp tests. In this way, the risk to PCI can be assessed or the
maximum number of days allowed to operate at reduced power can be calculated (Fig.1).

TREQ code has been used for the simulations. TREQ is a fuel performance analysis code used for the design
of fuel rods for PWR reactor and to provide input for other codes used in the accident analyses [3]. TREQ code is
used to calculate fuel rods thermal-mechanical behaviour under normal operating conditions including transient
events. The code resolves thermal-mechanical and fission gas models that are developed based on theoretical
models and experimental or in-pile data for Zirconium alloy cladding rods with uranium and gadolinia doped
pellets. TREQ compromises between computationally intensive microscopic modelling and practical engineering
correlation approach, so it does not require large computational times.

Power

ERPO duraga'
Return to

power now >
Time or S[Op
operation!!
¢ PCl Technological Limit (MPa)

ERPOQO duration
Time

Cladding stress in class 2 transient

FIG.1. Evolution of cladding stress afier Condition II transients during ERPO.

2.1. PCI technological limit

‘PCI technological limit’ (TL) is defined as the equivalent stress value calculated in the cladding below
which there is not any rod failure due to PCI mechanism. It is calculated simulating power ramp tests (PRT)
performed in experimental reactors using TREQ code.

ENUSA and Spanish nuclear industries has been engaged since the 1990s in several irradiation and PIE
programmes [5, 6] to get a critical size database on ramp test. These efforts have produced large amount of valuable
information on in-reactor performance of fuel materials representing current and potential future fuel designs.
Among these programmes, the Segmented Fuel Rod Program (SFRP) conducted in a Spanish PWR 3 loop plant

69



has been the main data contributor to the final database on ramp tests. The SFRP comprised the design and
manufacturing of specific rods composed by seven shorter (segmented) rods welded together for operation. These
segmented rods were later on separated in the hot cells for characterization and ramp testing. The main aspect of
this project is that these rodlets did not need to be re-fabricated before they were ramped in R2 Studsvik reactor.
Therefore, internal pressure and fission gas composition remained as in the final base irradiation state.

For the development of the PCI TL, a number of the PRT from about 40 rodlets of the available database
have been selected. These rodlets have different characteristics: cladding material, fuel pellet grain sizes, power
irradiation history in the reactor (rod average power and burnup). The PRT have also some differences on its

definition in terms of terminal power, ramp rate or AP. The main features of a Power Ramp Test are shown in
Fig. 2:

technological limit related to PCI.
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Rod tested is conditioned to the power in which this rod operated in its last.
Then, a power ramp is applied to the rod. Power ramp rates and end powers pretend to simulate Condition II

transient events.

After the ramp, the power is maintained at the end power value for a while, to check if the rod fails or not.
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FIG. 2. Generic Ramp Test.

Figure 3 shows the data available for the calculation of this PCI (TL). As it can be observed, the number of
non-failed rods is larger than the failed ones, but what is more important is that there is a non-negligible number
of failed rods due to PCI phenomenon. These failed rods are the critical ones for the determination of a
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From the total database, the following rods were selected for the determination of the PCI (TL):

— All failed rods (F);

— Non-failed rods (NF), with similar characteristics than failed rods in terms of terminal power and AP, were
chosen to get quite similar results. This is the only way to determine a fine technological limit able to discern
between failed and intact rods;

— Additional rods were also selected in order to define a clear border between F and NF rods and to bound the
operative burnup range.

Each one of the selected ramped rods have been simulated with TREQ code using the fuel rod as-built
characterization information, the specific base irradiation conditions during in-reactor operation and, later on, the
ramp test conducted in the Studsvik R2 experimental reactor. The maximum effective cladding stress value (Von
Mises) predicted during the simulation is obtained for each of the selected rodlets. Finally, PCI TL is defined as
the equivalent stress value below which there is not any rod failure due to PCI mechanism, as shown in Fig. 4.
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FIG. 4. PCI Technological limit with TREQ code.
2.2. Thermal-mechanical evaluation of ERPO

The methodology to evaluate the effect of an ERPO is based on calculate the margin loss on PCI risk related
to the stress increase during the operation at reduced power (Fig. 5).

PCI(TL)

M_DESIGN ‘

Stress

Burnup

FIG. 5. PCI design margin definition.

Operation at reduced power with the control rods inserted an appropriate amount could affect the core
characteristics, such as the power and burnup distributions and peaking factors. An evaluation was made of the
impact of this operation on the nuclear inputs used in TREQ for the fuel rod design (power burndown history limit,
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fast fluence limits, axial power distributions, radial power profiles and transient rod power limits). ERPO periods
were simulated at different moments of the cycle with a two-group 3D NEM-based neutron diffusion theory code.
The results show that the core strategy is able to effectively control the core axial power distribution during the
ERPO manoeuvre and following the return to full power and subsequent full power operation. The only significant
nuclear parameter impacted immediately following return to full power is the planar radial peaking factor.

Therefore, the limited impact of the ERPO operation on the core axial and radial global and local power
distributions it is judged that the nuclear inputs for fuel rod design remain valid for the evaluated ERPO. Only the
Class II transient limits have to be recalculated due to the changes on the planar radial peaking factor.

Furthermore, the applicability of the thermal-mechanical and fission gas models to the conditions associated
to the ERPO operation has been verified with test on commercial reactors or experimental reactors as Halden. No
additional effects were observed on fission gas release or on changes in fuel microstructure due to this kind of
operation.

The next step on the methodology is to determine the PCI margin on baseload operation for the current cycle.
All rods on the core are evaluated with TREQ code to obtain the maximum effective stress at Condition II transient.
This value is compared to the PCI TL to calculate the design margin. Figure 6 shows an example of this situation.

Rod Average Power

Rod Average Burnup
FIG. 6. Schematic ERPO simulation.

The thermal-mechanical evaluation of the ERPO operation is based on analytical cases aimed to capture the
thermal-mechanical state of every rod in the core before the ERPO. Any possible power history in the core can be
represented in a simplified way by its conditioning power, that consists on maintaining the rod average power
constant for a sufficient period of time. This assumption allows to evaluate the ERPO regardless the instant where
the ERPO begins by evaluating a broad variety of constant powers (P; to Px) that cover all the real situations in
the core. The selected burnup is typically within 20 to 50 MW-d/kgU average rod burnup that is the range where
the pellet to cladding gap should be closed and where the PCI risk is greater. Figure 6 represents these powers.

For all these powers (P; to Px), two different cases are studied (Fig. 7):

—  ERPO case: Conditioning power up to the chosen burnup, instantaneous power decrease during the ERPO
specified duration, instantaneous power increase up to the initial power and, finally, a Condition II transient
event.

—  BASE case: Constant power up to the rod average burnup when the ERPO ends and a Condition II transient
event.

For both cases, the maximum effective stress reached during the Condition II transient is calculated and
compare to the PCI TL:
Mgysg = opc; (TL) — Ocrf
Mggrpo = 0pc; (TL) — Oeff
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FIG. 7. Power scheme for BASE and ERPO cases.

The margin loss is defined as the difference between these two values and represents the increase of risk to
have a PCI failure during an ERPO. Finally, margin available in an ERPO without PCI failure is calculated as the
difference between the margin loss and the design margin. If the margin loss due to an ERPO event is lower than
the design margin the analyzed ERPO duration is acceptable, while if the margin loss is higher than the design
margin, the analyzed ERPO duration is rejected and the process is repeated until an acceptable ERPO duration is
found.

Figure 8 represents an analysis with a target ERPO duration (black lines) that exceed the design margin and
a second ERPO duration (green lines) that do not exceed the limit and, therefore, is admissible.

Margin Loss during ERPO

BURNUP
—TARGET DURATION ADMISSIBLE DURATION -~ - M_DESIGN

FIG. 8. PCI Margin Loss during ERPO.

3. CONCLUSIONS

The increasing importance of renewable energy on the grid is leading the nuclear power plants to operate in
flexible modes to be able to follow the variable demand. Extended Reduced Power Operation may have
implications for PCI margins for PWR, so the assessment of the risk of PCI failure is an important challenge to
accommodate to this new situation in the electrical power system.

ENUSA has developed a technological limit based on experimental ramp tests database as well as an
associated methodology to apply this limit to assess the PCI risk on an ERPO event. An ERPO event has been
comprehensively modelled, including nuclear manoeuvre and thermal mechanical impact, showing reasonable
results. This methodology is both robust and reliable without requiring large time-consuming calculations.
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Abstract

Enhanced plant manoeuvrability is being targeted by a growing number of PWR utilities. Such operating modes have an
unfavourable impact on PCI margins and may require specific PCI-analyses. For that purpose, Framatome has developed a
portfolio of innovative PCI methodologies with a bottom line based on thermal-mechanics computations during class-II
transients. The margin to rod failure is given by the comparison of the cladding Strain Energy Density to a threshold previously
assessed on representative experimental power ramp tests. Through its portfolio benefiting of the strong points of the MIR
methodology and the alternative ‘allowable power methodology’, Framatome supports utilities for a more flexible nuclear
energy production.

1. INTRODUCTION

Since the early stage of PWR development, pellet-to-clad Interaction (PCI) has been recognized as the critical
failure mechanism of fuel rods. However, in the mid 1990s, new operating modes such as Load Follow were
introduced in France for PWRs, providing an impulse for the development of advanced approaches [1] to replace
the so called ‘(P,AP) guidelines’ which dealt with the fuel rod linear heat generation rate (LHGR) and its changes
during a class-II transient.

Framatome has thus developed the MIR methodology in the early 2000s and the alternative “allowable power
methodology” [2].

Nowadays, as the production of nuclear energy has to be more flexible, Framatome capitalizes on the strong
points of both approaches to expand its PCI methodologies portfolio. Following the description of this portfolio,
this paper describes how utilities benefit from Framatome support for enhanced flexibility purposes.

2.  DESCRIPTION OF FRAMATOME’S PCI METHODOLOGIES
2.1. PCI phenomenology and associated thermal mechanical approach

During a class-II transient, the large increase of local power in the fuel induces substantial pellet expansion
and stretching of the cladding. The cladding stresses are gradually relaxed by thermal creep. This mechanical
loading takes place in presence of an aggressive chemical environment due to the fission products released by the
fuel during the power transient (mainly iodine). The global mechanical-chemical phenomenon is referred to
‘pellet/cladding interaction assisted by stress corrosion cracking’ (PCI/SCC, named currently PCI). A
comprehensive CEA-EDF-Framatome ramp test programme has been performed to determine a mechanical
parameter discriminating failed and non-failed M5gramatome 10ds [3]. This mechanical parameter is referred to as the
strain energy density (SED) and is calculated with the COPERNIC code [4]. The boundary between failed and
intact rods is referred as ‘critical strain energy density ‘(CSED).

The SED is a combination of the strain and the stress in the cladding during the transient and it reflects the
quantity of mechanical energy stored in the cladding per volume unit during a power transient:

SED = ff 0g9degg (in MPa or J/cm?) during the transient (from A to B) €8
where:

0Ogg: tangential stress (clad inner skin),
£gg: total tangential strain (clad inner skin).
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In a PCI analysis, the transient evolution of the SED is computed with conservative assumptions and the
SED is compared to the CSED to determine PCI margins. Values below the CSED ensure absence of failure risk.

PCI margins are strongly dependent on the thermal-mechanical state before the class-II transient: reduction
of power as ELPO has a deleterious impact on the PCI behaviour, whereas the reconditioning at full power for a
certain period of time allows to progressively recover the reference conditioned state thanks to stress relaxation.

2.2. Introduction of Framatome’s PCI methodologies portfolio

Framatome’s PCI methodologies for PWR reactors aim at excluding PCI induced rod failure during class-II
transients. They are based on neutronic calculations and thermal-mechanical modelling and mainly differ on:

—  The level of sophistication of the neutronic calculations,
—  The way thermal-mechanics and neutronic calculations are linked.

The considered class-II transients are those that induce a local increase of LHGR resulting in PCI failure

—  Excessive load increase,

—  Uncontrolled rod bank withdrawal at power,
— Rod drop,

—  Uncontrolled boron dilution.

2.3. The MIR methodology

The MIR methodology (‘“Méthodologie IPG Rénovée’ in French meaning ‘upgraded PCI methodology’) is
the most accurate to estimate the PCI failure risk during class-II accidental transients and, for this reason,
constitutes the reference one.

The first step consists in calculating the power evolution of each fuel rod of the core from its first irradiation
up to the time of class-II transient occurrence with the 3D kinetic core neutronic code SMART of the SCIENCE
code package [5, 6].

In a second step, class-11 transients are simulated using coupled calculations between SMART and the system
code MANTA modelling the nuclear steam supply system (NSSS) with 1&C, protection and safety systems [7].
These simulations provide the time evolutions of both LHGR at each point of the core and maximum linear power
over the core calculated by the protection system.

The thermal-mechanical code COPERNIC calculates the evolution of the Strain Energy Density of an
MSFramatome fuel rod during the transient based on the evolution of LHGR. The PCI margin is evaluated by
comparing the SED to the CSED (see Figs 1 and 2). In case of failure, the linear power value calculated by the
protection system modelled in MANTA at the time of the failure is used to design the high linear power reactor
trip threshold.

A great number of class-II transients are simulated from class-I situations obtained by xenon oscillations to
cover all of the (Relative power, Al) operating domain; different burnup steps in the cycle are also examined.

—  First, reactor trip threshold is estimated to avoid PCI failure in case of base load operating mode only.

—  Then, PCI calculations are performed during an ELPO; in order to maintain a positive PCI margin, despite
this more penalizing operating mode, high linear power reactor trip threshold is adjusted (decreased) to
accommodate wished ELPO duration.

—  Finally, during “Reconditioning stage” following the ELPO, the power is set back to the nominal and thanks
to stress relaxation in the cladding, PCI margins are progressively restored until saturation.

The PCI margins assessment in base load, ELPO and reconditioning (see Fig. 3) allows to define Operating
Technical Specifications (OTS) for the reference core for the manoeuvrability of the plant.

Thanks to its high level of sophistication the MIR methodology allows justifying a broad manoeuvrability
of the plant.
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2.4. The allowable power methodology

Framatome has also designed an alternative 4-stage approach based on the concept of allowable power. By
decoupling the neutronic calculations of class-1I situations and the thermal-mechanics calculations and considering
bounding assumptions for the transient boundary conditions and power ramp simulations, the allowable power
methodology is an effective tool for performing cycle specific PCI analysis in a limited period of time.

The essential principle of the methodology consists in quantifying the PCI risk by comparing limiting

transient power distributions with the allowable LHGR as described below (see Fig. 4):
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FIG. 4. Flowchart of the allowable power methodology.

Stage 1: Class-I local (rod by rod) power histories based on the complete irradiation cycle in the plant are
provided from a neutronic 3D depletion calculation of the relevant cycles.

Stage 2: Fuel Rod Design Calculations - allowable linear heat generation rate (Pyjowabie)-

The fuel rod PCI behaviour in initial and transient condition is calculated with the fuel rod performance code
COPERNIC. The class-II conditions are simulated for each fuel rod by a power ramp using a prototypical
power variation rate of 100 W/cm/min independently of the actual incident kinetics. During these simulated
power ramps performed for each fuel rod and axial node, the SED values are traced locally up to the CSED
to define the corresponding allowable LHGR (Pyj10wabie)-

Stage 3: Neutronic Calculations — Class-II transient power simulation.

Limiting class-II power distributions are determined by neutronic simulations, based on 3D static
calculations performed with SMART or CASCADE [8]. Hypotheses are taken in order to obtain a bounding
static simulation of class-II states. Most limiting 3D power distributions are retained (occurring typically at
the end of the transient), and the maximal class-IT power Py3°¢ is then determined for each axial node

considering relevant neutronic uncertainties.

Stage 4: Calculation of PCI Margin.
For all fuel rods and for all axial nodes, a local PCI margin is determined as a difference of the maximum
power with respect to the allowable power, i.e. MES* = Pyiowanie — P43 . The global PCI margin is

considered as the minimum of these local margins during the cycle.

Coupling of MIR and allowable power methodologies

To cover extended flexible operations (so-called flexibility cycles), MIR methodology and allowable power

approach can be coupled through the following steps (see Fig. 5).
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FIG. 5. Flowchart of the coupled approach.

2.6. The gliding threshold methodology

Specifically retained for the EPR reactors, this methodology uses the linear power density from 72
measurements and the limitation function for the linear power density in the reactor control surveillance and
limitation (RCSL) system. This limitation function constitutes a PCI gliding threshold for each half of the core,
that follows the measured peak power density through the deconditioning rate (DR) and the increase rate (IR) in
order to maintain a limited variation of LPD (overshoot allowance or OA). This PCI gliding threshold is bounded
by a minimal and two maximal values (Min PCI limit, Max PCI limits for upper and lower half core) (see Fig. 6).
When the peak power density exceeds the gliding PCI limit, staggered actions are initiated up to a Partial Trip

(PT), whose purpose is to achieve a fast power reduction when reaching a limitation function threshold.

Step 1: Calculation of PCI margins on the reference core.

e With MIR methodology for Base Load, ELPO and reconditioning for translation in OTS

methodology.

The PCI margins for the flexibility cycles MA%5*

PcCI flex
M};"Cc,alequ of the equilibrium cycle:
local local
o IfMpg Flex = Mp¢;
local local
o I Mpci™ 1 < Mpci™,
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FIG. 6. Example of gliding PCI threshold.

A large manoeuvrability is proposed to the operators as the OTS defined for the equilibrium cycle are
extended to flexibility cycles with limited computational efforts.

The Min PCI limit, the OA and the DR are specific to the considered fuel management whereas the IR is
based on experience feedback on the current practice of power manoeuvring. The Max PCI limits are determined
in consistency with “High Linear Power Density” limitation channel to ensure that both limitation channels have
the same range of applicability.

The overall methodology is based on 3D calculations and includes the following four main
steps (see Fig. 7):

—  Generation of fuel rod conditioning power histories;

—  Determination of the parameters of the PCI limitation function based on thermal-mechanical calculations;
— Simulation of class II-transients to construct the corresponding 3D linear power distributions;

—  Verification of the performance of the limitation function through PCI margins evaluations.

With a limited computational cost, the Limitation Function provides operators an extended flexibility as it
covers several operating modes such as fixed ELPO and flexibility cycles.

2.7. Developments on-going to value the core monitoring system

To meet the increasing need for manoeuvrability, Framatome is currently developing a methodology
allowing to reduce bounding conservatisms by making the most of a Core Monitoring System (CMS). This
approach is relying on a five-step process:

—  Step 1. Definition of the PCI protection thresholds: Based on the reference core, this study is performed with
the MIR methodology.

—  Step 2. Evaluation on-line of allowable powers based on the local powers at any point of the core provided
by the CMS. The maximal local power is more precisely estimated than with the protection systems. Using
allowable power methodology and with constant progress of computational tools, this evaluation can be done
quickly and on a frequent basis.

—  Step 3. Neutronic Calculations — Class-II transient power simulation: This simulation of class-II transients
is fully consistent with the step 3 of the allowable power methodology: limiting class-II power distributions
are determined by neutronic simulations based on 3D static calculations. The maximal variations of power
during transients are evaluated at any point of the core.
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—  Step 4. Determination on-line of limiting powers for each rod and axial node by assessing the difference
between the allowable power calculated on-line and the maximal variations of power during transients.

—  Step 5. Evaluation of ELPO duration and potential relaxation of PCI protection thresholds: By comparing
the Limit Powers to the maximal Local Power estimated by the CMS, ELPO durations are evaluated. If the
ELPO durations are longer than the conservative values covering ranges of burnups and power levels
determined with the MIR methodology on the reference core, the customer has the opportunity to choose
operation at low power for an extended period of time or to raise the PCI protection thresholds hence
increasing the reactor manoeuvrability.
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FIG. 7. Flowchart of the determination of the limitation function parameters.

3. APPLICATIONS
3.1. Description of enhanced plant manoeuvrability conditions

Flexible plant operation is targeted by a growing number of utilities and, as variations from a “conditioned”
thermal-mechanical equilibrium state are unfavourable for the PCI risk, studies have to account for enhanced
manoeuvrability. The two main operating modes associated to enhanced manoeuvrability are Modulations of
Power (MP) and ELPO (see Figs 8 and 9). ELPO and MP can also be combined without overlapping:
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FIG. 9. Schematic drawing of ELPO.

Modulations of Power: Their aim is adjusting the produced energy to the anticipated demand, which
fluctuates during the day and during the week. With alternative deconditioning and reconditioning stages
with specific kinetics, the global impact of such operating mode is a decrease of the PCI margin. The
assessment of the impact of MP can be achieved by an explicit modelling of the power oscillations during
the PCI analysis for a given cycle (typically the case of a study performed with the allowable power
methodology). Or in case of the MIR methodology, through a bounding impact first determined - thanks to
parametric analysis - and then applied on the PCI margins obtained during normal operation.

ELPO: Utilities might have to operate at reduced power either for grid or for technical reasons. Typical
orders of magnitudes range for durations between a couple of days to several dozens of days or, in exceptional
cases to several months. For all cases of ELPO, the deconditioning is explicitly modelled, and the PCI
margins are assessed at the end of the ERPO. The calculations take into account also the return at full power.
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3.2. Application of the MIR methodology

The ELPO study with the MIR methodology allows justifying allowable durations ranging between several
dozens of days to one hundred or more days for some low power levels at several instants during the cycle. Figure
10 shows an example of PCI margin decreasing along with the ERPO duration; the maximum authorized duration
is defined as the time of null margin.
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FIG. 10. PCI margin evolution during an ELPO — Search of the allowable duration.

The reconditioning study, after the ELPO analysis, specifies the kinetics of the fuel reconditioning and
defines the durations when the PCI margins are restored. The evolution of the PCI margins during the ELPO and
reconditioning phase are translated in mathematical functions, which represent the kinetics of deconditioning and
reconditioning. These functions are followed on-site through a PCI parameter, depending on the ELPO level and
duration and on the reconditioning duration as well: it decreases during an ELPO, and increases during the
reconditioning stage (see Fig. 11) and shall always remain positive.
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FIG. 11. Example of on-site monitoring of the PCI parameter.
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3.3. Application of the allowable power methodology

Initially deployed on plants operating in base load mode, this method bears the capability to deal with short
ELPO and Modulations of Power.

The impact of Modulations of Power (between 50% and 100% core power) on the PCI margin is shown in
Fig. 12, the reference being the base load operation. To assess such impact, a base load case and a case with
Modulations of Power have been performed at a given burnup; the impact being obtained by subtracting minimal
PCI margin (from all the rods in the core) obtained with MP from base load margin. The upper part of the plot
shows the evolution of the core average impact (normalized with respect to impact after 30 modulations).

The figure clearly demonstrates:

— asaturation effect of the deconditioning process along with the number of power modulations (effective after
about 30 modulations),

— areconditioning process if the sequence of Modulations of Power is followed by a return to full base load
operation. A reconditioned state is reached after a certain period of time.

The allowed ELPO duration (of the order of 20 to 50 days, if justified with the Allowable Power
methodology) depends on the cycle operation (loading pattern and power history) and the combination of
Modulations and ELPO shall be taken into account when assessing the net margin. Therefore, studies for a specific
reactor are in any case needed to confirm the possibility of ELPO.

As the allowable power is suited to justify ELPO duration the order of 20 to 50 days and Modulations of
Power, this methodology provides an excellent tool to access the PCI risk without restraining plant
manoeuvrability with reduced engineering efforts.

Relative impact
of modulaiions

L=
S

LY

10 PM : éHecmd t!cnﬂg::

Phase

Relative
care powaer

Timﬁ

FIG. 12. Relative impact of modulations of power on the average core PCI margin.
4. CONCLUSIONS

Broad use of flexible operation may require specific PCI analysis and for that purpose Framatome has
developed a set of innovative methodologies addressing PCI risk in PWRs. They are based on a common thermal-
mechanical approach supported by a series of experimental ramp tests and on assessments by the fuel rod code
COPERNIC.

Based on two primary methodologies, the MIR methodology and the allowable power Methodology,
Framatome has developed a set of approaches to support utilities for a more flexible nuclear energy production.
Finally, these methodologies have also potential for evolution by optimizing the computational cost and by
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benefiting of the new generation of codes, ARCADIA code system for neutronic / thermalhydraulics [9] and

GALILEO for thermal mechanics [10].

NOMENCLATURE
CMS: Core Monitoring System
CSED: Critical Strain Energy Density
DR: Deconditioning rate
ELPO: Extended Low Power Operation
1&C: Instrumentation and Control
IR: Increase rate
LHGR: Linear Heat Generation Rate
LPD: Linear Power Density
Max PCI limits: Maximal PCI limits (upper half core and lower half core)
Min PCT limit: Minimal PCI limit
MIR: Meéthode IPG Rénovée
MP: Modulations of Power
NSSS: Nuclear Steam Supply System
OA: Overshoot Allowance
OTS: Operating Technical Specifications
PCI/SCC: Pellet-Cladding Interaction assisted by Stress Corrosion Cracking
PT: Partial Trip
RCSL: Reactor Control Surveillance and Limitation System
SED: Strain Energy Density

ARCADIA, COPERNIC, GALILEO and M5ramatome are trademarks or registered trademarks of Framatome

or its affiliates, in the USA or other countries.

[2]

[3]

[4]

[5]

[6]

[7]

(8]
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Abstract

Nuclear power plants (NPP) in Germany are explicitly designed for various flexible operation modes such as primary
frequency control, secondary control by plant operator or remote controlled by load dispatcher and classical load-follow
operation mode. Recently there has been an increase in demand of such flexible operation modes for electricity grid stabilization
purpose due to an increase of volatile and heavy renewable energy production. In addition, there have been economically driven
considerations in case of low or even negative prices on the spot market. The following paper gives an overview on the
Framatome’s experience regarding load changes during various flexible operation modes in German NPPs. A comparison to
base load cases from BWR and PWR is discussed with respect to PCI/SCC relevant loads and operation feedback. These load
cases include start-up conditions for BWR and PWR, impact of (continuous) load-follow operation and different control rod
operating strategies for BWRs.

1. INTRODUCTION: FLEXIBLE OPERATION MODES FOR LWRS, REACTIVITY AND POWER
CONTROL

Fuel rod cladding consisting of Zr alloys can exhibit a stress corrosion cracking (SCC) failure mode named
pellet cladding interaction (PCI). The basis of this failure mode is the influence of aggressive fission products on
the cladding internal surface, when stresses due to the interaction between an expanding ceramic pellet and the
metallic Zr-based cladding occur. This failure mode typically occurs in combination with the pellet-cladding gap
closure during the irradiation of the fuel rod and fast power increase causing a significant thermal expansion of
the pellet and considerable stress levels in the cladding.

In flexible operation modes as load-follow operation a series of contact and non-contact conditions between
pellet and cladding can occur due to highly varying reactor power. These conditions are supposed to imply stresses
in the cladding, which have been seen as potential source of PCI failures in the past.

Starting with the classical view on flexible operation, there are three closely linked types of reactor operation,
generally addressed as primary and secondary control and load-follow operation (including tertiary control).
Primary control acts within seconds and is used for frequency stabilization as well as secondary control within
minutes. Classical control for load-follow operation is in the order of hours or days. Primary and secondary control
is used for stabilizing the high voltage grids with fast response times, while load-follow operation mode is typically
used to cover planned variations in the power demand. This may include high demand at day times and lower at
night, power reduction on weekends as the industrial demands are lower or reduction for public holidays as
Christmas. Other constraints as tidal related constraints at coastal locations or river water temperature restrictions
can be seen as further influences. A newer source for flexible operation requirements for conventional NPPs is the
continually increasing amount of volatile renewable energy produced by solar and wind power sources influencing
the power production independent from the demand. Solar and wind power sources are more or less non-
dispatchable. Thereby, tertiary control is the special case of the short response load-follow operation mode (time
of response less than 15 minutes).

Taking into account the duration periods of the three control modes, a pre-ranking on the influence on PCI
relevant conditions can be made. Primary and secondary control is based on fast power changes with short duration
(holding times). These conditions typically have a limited influence on fuel deconditioning and lead to low stress
levels for return to higher power levels. The longer time periods of load-follow operation in with hours or days on
low power have a higher impact on the basic stress levels. Especially, an Extended Low Power Operation (ELPO)
mode for time periods in the order of weeks or months is seen as an important factor for fuel deconditioning and
high stress levels upon return to full power.

The German nuclear power plants have been designed already in the 1980s for enhanced flexible operation.
Although, till 2007 mainly base-load operation has been performed, more and more flexible operation modes are
used recently including load-follow operation, primary, secondary and tertiary control. But also, environmental
demands due to tidal influence or river water thermal limits.
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In addition to these external flexible operation requirements this paper is taking into account a slightly
broader view by influences of reactor operation itself. This includes especially the boiling water reactors (BWR)
with higher flexibility for cycle lengths, fuel shuffling limits during outages or different operating strategies.

1.1. Reactivity control

There are some basic design differences between the reactivity control in PWRs and BWRs. Neglecting the
continuous influence of burnable absorber rods, the variable PWR reactivity control is based on control rod
operation for short term and boron concentration for long term power adaptations. For BWRs, the reactivity control
by boron injection cannot be used, but the recirculation pumps can effectively regulate the core power via the
coolant flow rate in addition to the control rods (arranged within control blade cross between four fuel assemblies).
Regarding PCI, which is a local phenomenon on the pellet length scale, boron and flow rate control are global,
core related modes of reactivity control with high influence in terms of rated reactor thermal power, but limited
impact on the local pellet level. On the other hand, control rod influence has a high impact on the local power level
with pronounced axial gradients in the fuel in vicinity to the control rod tips.

In the German PWRs a small number of control rods are grouped into control rod groups called D-bank.
These “driving” control rods are directly used for fast reactor power control with no or very limited impact on the
axial core power shape. All other control rods are grouped in the L-bank (“non-driving” control rods) and can be
operated independently of the D-bank. Variations of the axial core power shape during the cycle are typically small
for PWRs.

In BWRs the control rods are grouped by default with typically four control rods in one group homologue in
each of the reactor quadrants. Contrary to PWRs, pronounced core wide axial power peaks are given in a BWR.
At beginning of cycle, the axial power peak will typically be in the lower core half, while the control rods in BWRs
are inserted from the bottom of the core. Here, some shallow insertion of a few control rod groups from the bottom
can be used for slight adaptions of the reactor axial power shape. This is not possible anymore at end of cycle,
when the axial power peak is shifted to the upper core half. However, flow rate adaption using the recirculation
pumps can be used for power adaption without influencing the axial power shape significantly in a broader range
of rated thermal reactor power depending on the limitations by the licensed coolant flow window.

1.2. Pressurized water reactors

Primary control in the German pressurized water reactors (PWR) is based on an automatic support to the
50.0 Hz power grid frequency stabilization within seconds response time. Here, the turbine controller gets an input
from the power grid frequency and acts in response to deviations from the 50.0 Hz frequency. Typical values are
in the order of 2-10% of reactor power.

Secondary control is currently performed remote controlled by load dispatcher. Within maximum of five
minutes typical power gradients in the order of 30 MW(e)/min are applied by remotely setting of the turbine
controller set point.

Finally, load-follow operation incl. tertiary control utilizes power ranges between 30-40% (minimum power
load) and 100% of rated reactor power (with the same power gradients as for secondary control) and is ordered by
the load dispatcher per telephone communication more than an hour in advance. Tertiary control can be performed
in combination with primary and secondary control.

More details on the German PWR operation with respect to flexible operating modes can be found in [1]
(Annex I) as well as in [2]. Reference [3] gives an overview on the carried-out core control optimizations and the
reached flexible capabilities in German PWRs. Possible adaptations of German measures towards enhanced
flexibility to other types of NPPs are summarized in [2]. Thereby it is important to mention, that the modernization
of the reactor control started with the aim to achieve maximal flexibility, also with respect to the core loading.

See also [4] for additional information on power cycling capacity of the German PWRs.

1.3. Boiling water reactors

BWRs are capable of load-follow operation within their coolant flow window in addition to using local
control rod groups. Besides this type of flexibility, modern European BWR operation often takes into account
different cycle lengths varying from about half year cycle length up to about 1.5 years in consecutive operation
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cycles. This operation can be seen as flexible operation compared to the usual annual or biennial fixed cycle
lengths.

Further differences between the operation of the BWRs are given in control rod manoeuvring strategies.

Mono-sequence operation in the German (and Northern Europe) BWRs utilizes fine motion (or screw drive)
control rod drives. Here, a single control rod step is in the order of 2.5¢cm for the German BWRs (and 0.5% or
1.8cm for the Northern European BWRs). Mono-sequence operation consists of one or several control rod groups
fully inserted during the cycle and withdrawn at full power, when the reactivity from burnable absorber burnup is
already released. This type of operation is typically used in conjunction with controlled cell core (CCC) type fuel
loading, where already some years burned fuel (typically third annual cycle) is loaded into the controlled cells in
order to limit the maximum power levels. However, modern neutronic designs can lead to high local power levels
even for this medium burned fuel (about 30-40 MW-d/kgU) with local power levels up to 400 W/cm.

Contrary to the mono-sequence type operation, some plants are applying sequence-exchange operation. In
this type of operation, the controlled cells are exchanged during the cycle by reducing the reactor power (with
control rod insertion and coolant flow reduction) down to approximately 60-80%, exchange of controlled cells and
return to full power with the coolant flow. For the final control rod withdrawal called all-rods-out (ARO)
manoeuvre, the same scheme is used.

This type of operation is typically performed for notch drive control rod drives with a single withdrawal step
in the order of nearly 15 cm (consistent with the core simulator axial resolution). Control rod retraction for this
comparably big step is usually restricted to conditions of reduced reactor power, i.e. prior reactor power reduction
by reduced coolant flow rate, control rod withdrawal operation and subsequent return to full power, or only single
withdrawal steps. This prevents high localized power increase from fully controlled to nearly fully uncontrolled
conditions with the risk of inducing PCI-relevant loads. For some regulation this also prevents exceeding thermal
reactor load limits even for the short time periods until the adaption of coolant flow rates would regulate the core
power.

For reactors operating in biennial cycles, the fuel assemblies on the sequence-exchange controlled cells are
of the full range from low to high burnup fuel (one up to three biennial operating cycles). For typical annual
insertion cycles some more flexibility is given, and some plants choose to use fuel assemblies in their second to
fourth annual cycle for the sequence-exchanged controlled cells.

Some German BWRs use a hybrid type of control rod operation with sequence-exchange during the cycle
and stepwise control rod withdrawal at rated thermal reactor power at the final control rod withdrawal phase. Here,
various cycles burned fuel can be operated on the controlled cells extending up to fuel assemblies operated in their
sixth annual cycle.

Based on the operational characteristic of sequence-exchange operation with local power levels varying
between 50 W/cm up to more than 300 W/cm it can be interpreted as a proto-type of load-follow operation. Hence,
experience for load-follow operation with longer time at low power is available from various BWRs. Furthermore,
the mono-sequence type of operation with low power operation in the order of 50-70 W/cm for more than 300
days is even longer than usual low power operation periods.

2. EXPERIENCE WITH FLEXIBLE REACTOR OPERATION

The German power plant operators have been demonstrating advanced, safe and reliable flexible operation
of various types.

2.1. Short periods of reduced power operation in BWRs

The existing operating experience includes power reduction in times of low demand for short time frames,
e.g. power reductions during Christmas times, weekends, and nights, which have been performed in both, PWRs
and BWRs. For the short time period of reduced power during Christmas a small impact can be seen (Fig. 1) for
the axial power distribution upon return to full power in the BWRs. Slightly higher local power levels than
expected from operation without power reduction are reached. This local overshoot is in the order of 40 W/cm and
well within acceptable regions without a risk of causing PCI failures.
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FIG. 1. Comparison of planned operation without and with short power reduction during Christmas in a German BWR for a
fuel assembly in controlled cell during power reduction, top: fuel rod average power level, middle: local power overshoot at
axial node 15/24, bottom: local power overshoot at axial node 9/24 (node 24 is the topmost node in the core).

2.2. Flexibility on cycle length in BWRs with mono-sequence operation

The influence of flexibility with regard to different cycle lengths in a German BWR can be seen in Fig. 2.
The figure shows the operating domain of the maximum power levels after control rod withdrawal operation. Cycle
N in green shows a rather short cycle with a cycle length of 263 EFPD (Effective Full Power Days), while the
consecutive cycle N+1 in red has been planned with a cycle length of 433 EFPD. Both cycles have been operated
in mono-sequence control rod operation. However, the number of deep inserted control rod groups differs from
eight controlled cell in cycle N to eleven in cycle N+1. Both cycles applied partly inserted control rod groups
(about two third insertion length) and some shallow rod operation at begin of cycle (up to about one third insertion
length).
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FIG. 2. Example of a German BWR operating domain for maximum power levels after control rod withdrawal operation in
mono-sequence operation, green: cycle with 262 equivalent full power days (EFPD) cycle length, red: consecutive cycle with
433 EFPD.

Furthermore, the extent of power increase for the control rod withdrawal operation is substantially higher for
the longer cycle. One reason for this observation is related to fuel assemblies with increased reactivity loaded into
the core to provide the expected longer cycle length. This effect applies especially to fuel assemblies located in
cells with control rod withdrawal at mid cycle. For the final deep inserted control rod group, the power peak has
already been shifted to the upper core half. In addition, for controlled periods of more than 300 days, the Pu
breeding in the upper core half is rather high, especially in the fuel rods next to the control rod corners. The
breeding effect is usually wanted and supported by the spectral shift. Both effects lead to a pronounced power peak
in the upper quarter of the fuel rods at control rod withdrawal operation. They may add up to local linear heat
generation rates of more than 400 W/cm at burnups around 30 MW-d/kg(U). Starting from fuel conditioned at
linear heat generation rates (LHGR) of 50-100 W/cm, such high power increase steps are guided by PCI operating
rules to avoid PCI failures. This impact should be taken into account, when designing longer cycles in mono-
sequence operation modes.

2.3. Extensive load-follow operation in PWRs

An example of extensive load-follow operation is given in Fig. 3 for a German PWR. Here, the power levels
varied between about 45% of rated thermal power and nearly full power for more than three months. Afterwards,
an ELPO was performed for about 2.5 months with power levels slightly above 30% of rated thermal reactor
power. Finally, near the end of cycle a return to slightly above 85% of rated thermal power was performed,
however, with a limited ramp rate due to the long ELPO period.

Figure 3 shows a short sample cycle containing different features of load-follow operation types. However,
this PWR was operated in extensive load-follow operation already during the years before, but without long ELPO
periods. The consecutive short cycle to the one in Fig. 3 was operated at ELPO during most of the cycle including
small load-follow variations at reduced power. At the end of cycle, the reactor returned to about 80% of rated
power. Finally, the next (and last cycle) has been operated at full power again. This extensive experience with
load-follow operation shows that such operation even with power increase back to full power after long ELPO
periods is possible without a single fuel rod failure. A good overview for load-follow operation in Germany for
consecutive years is given in e.g. [5-8].

91



90 +

[=:]
o

70

60

50

40 -

-

30

20

Rated Thermal Reactor Power [%)]

Oct.  Nov Dec Jan Febr March Agril May
2009 2010

FIG. 3. Example of extensive load-follow operation in a German PWR from October 2009 to May 2010.

3. PCIRELEVANT LOADS
3.1. Load-follow operation in a PWR

Based on the experience from PWR load-follow operation, typical load schemes as day-night or weekly load-
follow have been modelled with high timely resolution for recalculation of the mechanical loads. The thermal
reactor power for this continuous load-follow operation is shown in Fig. 4. The corresponding local LHGR (Local
Linear Heat Generation Rate) in dependency of the time and axial height (power history) of selected first and
second annual operating cycle fuel rods is shown in Fig. 5. The second cycle fuel rod includes one cycle of normal
baseload operation in lower timely resolution, before the load-follow operation is applied in the second cycle.
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FIG. 4. Thermal reactor power from a simulation of load-follow operation in one cycle of a German PWR applying typical
reduced power operation from real operating observations.
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FIG. 5. Local LHGR from a simulation of load-follow operation applying typical reduced power operation from real operating
observations for a fuel rod in a German PWR, top: one annual operating cycle and bottom two annual operating cycles.

Best estimate fuel rod design calculations using the steady-state fuel rod performance code CARO-E have
been performed for the two fuel rods. CARO-E is used for licensing purposes in Germany and numerous other
countries. Initial data and irradiation behaviour according to the power histories have been used for a new coupled
mechanical simulation for the cladding mechanical response. No further influence by pellet creep or other possible
pellet relaxation processes have been applied in the mechanical simulation. Hence, the simulated cladding response
is based on the rigid ceramic pellet assumption, however, the steady-state calculations of the fuel rod performance
code take into account pellet strain contributions from thermal loads as well as irradiation effects. The mechanical
simulation applies a thin-wall approximation for the cladding stress and strain response to the coolant and fuel rod
internal pressures as well as the pellet contact loads in combination with a visco-plastic creep model. In this
simulation, a stress-relieved Zry-4 cladding type has been applied.

The resulting strain loads for the pellet and cladding are shown in Fig.6 and Fig.7 for the one cycle and two
cycle fuel rod, respectively. For the first cycle fuel rod, clearly no interaction between the pellet and the cladding
can be seen. Hence, the load-follow operation has a limited effect on this rod. However, the second cycle fuel rod
shows at least some interaction in the full power phases near the end of cycle. This effect is visible in the cladding
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total strain response in Fig. 7(bottom) and is fully elastic. The calculated stress response on the pellet-cladding
contact is shown in Fig. 8 and shows very low values of tensile stress in a very limited number of axial calculation

nodes.

Pellet diameter

Pellet diameter

Axial Node [-]

Cladding diameter

Cladding diameter

Axial Node [-]
Time [d]

FIG. 6. Pellet (top) and cladding (bottom) total strain response of the one annual cycle fuel rod in load-follow operation of a
German PWR: the cladding shows no sign of significant influence by the load-follow operation in the first cycle.
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FIG. 7. Pellet (top) and cladding (bottom) total strain response of the two annual cycles fuel rod in load-follow operation of a
German PWR: the cladding shows first contact with the pellet only near the end of the second cycle coincident with the bottom

peaked power profile.
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FIG. 8. Cladding stress response of the two annual cycles fuel rod in load-follow operation of a German PWR for best estimate
calculation.

A variation of the second cycle fuel rod calculations with reduced initial gap size has been performed and is
shown in Fig. 9. In this calculation, the first cycle is again operated without significant pellet-cladding contact. In
the second cycle an increase of the stress as a response to the higher power level at reactor start-up after the fuel
shuffling can be seen. This is a typical effect of fuel assembly shuffling and can be pronounced for fuel rods
directed to the core boundary during operation in the low leakage ring in the first cycle and shuffled into more
central core positions for the second cycle. For some loading patterns this may induce PCI-relevant stress levels
for fast ramp rates at reactor start-up. However, the calculated stress levels in this example are well within an
acceptable range.

During the load-follow operation, additional nodes at the top and bottom of the fuel rod show pellet-cladding
contact and stress built-up during full power periods is calculated (Fig.9). However, the calculated stress levels
reach an equilibrium state not exceeding the stress levels at second cycle reactor start-up.

Figure 10 shows the cladding total strain (top) and cladding creep strain (bottom) response. The influence of
the power cycling of the load-follow operation on the cladding deformation can be seen in the cladding total strain.
The maximum cladding total strain is increasing during the second cycle, although, the stress response is not
(compare Fig. 9 and Fig. 10 (top)). This can be explained by the cladding creep process shown in Fig. 10 (bottom),
which shows the permanent cladding deformation. This creep process basically consists of a continuous slow
irradiation induced creep and a thermally stress-activated creep, which is pronounced on higher stress levels. In
conclusion, the creep process limits the maximum stress levels to a limited equilibrium condition, which is well
within an acceptable range.

Note, that the pellet strain takes into account all relevant effects: thermal strains depending on the LHGR as
well as irradiation effects on the UO; fuel matrix as decreasing thermal conductivity during burnup and fuel
swelling (the latter counteracted at begin of operation by the fuel densification).

Further stress increase due to power increase in case of anticipated operational occurrences is still limited
for the German PWRs. Note, that the maximum local power levels in the core are already approaching 450 W/cm
and the reactor control system effectively limits the power levels with passive and active measures in case of too
high power levels for German PWRs. Passive measures include preventing further control rod withdrawal, when
the first power limit is reached. Active measures are actively inserting control rods to reduce power levels on the
second power limit and may also initiate a SCRAM in case of transient conditions or even higher power levels.
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Here, the reactor control system monitors the maximum LHGR in the upper and lower core half based on the
feedback of the in-core neutron flux detectors with high spatial resolution.
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FIG. 9. Cladding stress response of the two annual cycles fuel rod in load-follow operation of a German PWR, calculated with
reduced initial gap size to illustrate cladding response in closed gap conditions.

In conclusion, load-follow operations with frequent power cycling is self-limiting with respect to the stress
levels. This is not the case for long ELPO durations with significant conditioning of the fuel to low power levels.
Here, the maximum stress levels depend on the duration of the ELPO and the ramp rate on return to full power.
Furthermore, anticipated operational occurrences during ELPO periods may have to be taken into account, which
are reactor design dependent and may impose a need for further restrictions on ELPO duration.

3.2. Base load operation in a BWR with high operating flexibility of the fuel assemblies

For German BWRs, some PCl-related experience has been gained in the past. For fuel rods examined in hot-
cell examinations, missing pellet surfaces (MPS) by ceramic chips were observed. Such MPS are known to
increase the inner cladding surface stress levels at the chips’ position during PCI-relevant loads.

PClI-related fuel rod defects in German BWRs from the past two decades have only been observed for fuel
assemblies in their fourth or fifth annual operating cycle at local burnups in the range of about 40-65 MW -d/kg(U).
Although, fuel assemblies with less than four annual cycles have been operated on controlled cells in mono-
sequence operation in high numbers, no PCl-related defects have been observed for those. About 90% of the PCI-
related defect fuel rods have been located in the first outer row of the fuel assemblies, directly adjacent to the
control rods.
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FIG. 10. Cladding total strain (top) and permanent creep strain response (bottom) of the two annual cycles fuel rod in load-
follow operation of a German PWR, calculated with reduced initial gap size to illustrate cladding response in closed gap
conditions on load-follow operation.

The power history of one fuel rod, located directly in the control rod corner and exhibiting MPS-assisted
PCI-failure (confirmed in hot-cell examinations) is shown in Fig. 11. This fuel rod was operated for five operating
cycles before pellet design modifications and manufacturing improvements were established to improve pellet
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quality by reduction of MPS. During the first two cycles, low power periods occurred as the fuel assembly was
placed in controlled cells with sequence-exchange influence. At the beginning of the fifth cycle, the fuel assembly
was operated uncontrolled and at approximately one third of the cycle a sequence-exchange put it into controlled
conditions. Near the end of cycle, the control rods were withdrawn stepwise at 100% reactor power with typical
holding times between subsequent control rod withdrawal steps required by PCI guidelines. During this manoeuvre
radiology indicated a fuel rod defect and the control rod withdrawal was stopped. The fuel rod average burnup was
about 52 MW-d/kg(U).
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FIG. 11. Power history of a five operating cycles non-liner fuel rod from a German BWR with sequence-exchange operation
in its first and second operating cycle and final step-wise control rod withdrawal at full power at EOC (2.5 cm withdrawal
length per step).

The same type of calculations as for the PWR load-follow case that was discussed above has been applied
considering the re-crystallized non-liner Zry-2 cladding material constitutive laws of the fuel rod. The pellet total
strain response according to the calculations is shown in Fig. 12. The increase of the local pellet strain is visibly
coherent with the power increase during control rod withdrawal. The calculated stress levels are approaching the
yield stress as can be seen in Fig. 13. However, due to the conservative approach using the rigid pellet assumption,
the maximum stress levels are supposed to be overestimated in the calculations. This view is supported by hot-cell
examination, where some dish filling has been observed indicating that the rigid pellet assumption is too
conservative for such load conditions. However, the failure position has been identified at the top of the calculation
node directly below the one with the highest calculated stress level.

Another observation from Fig. 13 is that nearly no hard pellet-cladding contact occurs during the first four
cycles under these load conditions. Especially, the sequence-exchange operation had no impact on the compressive
cladding stress state due to the external coolant overpressure compared to the fuel rod internal pressure. As this
type of operation is very similar to an ELPO condition, no influence is expected by typical load-follow operation
or ELPO conditions at least in the first four annual operating cycles at comparable power levels. Furthermore,
PClI-related loads may occur at the fourth and fifth insertion cycle only, consistent to the observation.
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FIG. 12. Pellet total strain response of a five operating cycles non-liner fuel rod from a German BWR with sequence-exchange
operation in its first and second operating cycle and final step-wise control rod withdrawal at full power at EOC (2.5 cm

withdrawal length per step).
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FIG. 13. Cladding stress response of a five operating cycles non-liner fuel rod from a German BWR with sequence-exchange
operation in its first and second operating cycle and final step-wise control rod withdrawal at full power at EOC (2.5 cm

withdrawal length per step).

In Northern European BWRs, the power levels reach LHGRs in the order of 450 W/cm at begin of life and
may still reach 400 W/cm for control rod withdrawal operations in their third annual operating cycle. These power
levels are considerably higher than the shown experience in Fig. 11 and may lead to high cladding stress already
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in the third operating cycle during control rod withdrawal. PCI operating and manoeuvring rules are applied to
restrict ramp rates and subsequent control rod withdrawal steps by holding times to reduce the stresses in the
cladding and prevent PCI failures.

4. DISCUSSION

4.1. Flexible operation in PWRs

Extensive operation experience for operation with day-night and weekly load-follow as well as with low
power periods during other low power demand times is available. Analyses show self-limiting stress conditions
for the full power periods for such operation with low power durations for several hours up to some days. No risk
for PCl-related fuel rod failures are seen for such conditions even for several consecutive cycles, which is
supported by the operating experience. Fuel shuffling during outages can cause significant stress increase during
reactor start-up leading to higher stresses especially in high duty plants.

Longer durations of ELPO may considerably increase the stress levels and would need a limitation in terms
of allowed ramp rates upon return to full power or a limitation in the duration. Furthermore, different reactor
designs or regulatory constraints may require more detailed analyses.

4.2. Flexible operation in BWRs

Typical load-follow operation in BWRs is basically less demanding with respect to PCI-related loads than
the conditions during typical control rod withdrawal operations at 100% reactor power plants with fine motion
control rod drives. Consequently, the usual manoeuvres seen in every cycle are the more limiting load cases
compared to typical load-follow operation. However, continuous sequence-exchange operation for a lot of BWRs
worldwide provides broad basis for PCI-free operation in conditions similar to load-follow operation.

Some influence of flexibility regarding the burnup states of fuel assemblies in controlled cells (i.e. number
of operating cycles) is given. Especially fuel assemblies with burnups above 40 MW-d/kg(U) show an onset of
gap closure at low power levels and tends to reach considerably increased stress levels even for moderate power
increase during control rod withdrawal operation at 100% reactor power (e.g. as given in Fig.11). For core loading
concepts as scatter loading, where fuel assemblies of different operating cycles may be in the same controlled cell,
this can lead to high potential PCI-relevant loads of the higher burnup fuel. Less flexible loading concepts like the
controlled cell core (CCC) with predefined medium burnup fuel assemblies of the same number of operating cycle
may have some advantage with regard to lower power levels compared to fresher fuel but can still reach high
power levels for modern fuel assembly designs with potential PCI-relevant loads.

A high impact is seen from the cycle length (cf. Fig. 2). Considerable power increase for the control rod
withdrawal operations in mono-sequence conditions are to be expected for longer cycles. However, one German
BWR has been operated with 1.5 year cycles in mono-sequence operation for more than a decade without any PCI
failures observed.

From a more general point of view, different control rod operating strategies as sequence-exchange or mono-
sequence operation (the latter restricted to BWRs using fine motion drives) have both some disadvantages. The
sequence-exchange strategy exhibits short time frames of reduced power operation for the sequence-exchange.
The mono-sequence type operation tends to higher local power levels with increased PCI loads, most likely based
on the Pu built-up during controlled conditions and shift of the power peak to the top part of the reactor towards
the end of cycles. Contrary, the role of long time (e.g. more than 300 days for typical annual mono-sequence
cycles) on low power leading to some conditioning on these low power levels seems to be of less importance for
the BWRs up to their fourth annual operating cycle. The onset of pellet-cladding contact is established somewhat
later in life even for full power (see stress levels in Fig. 13 and compare for power history in Fig. 11). Hence, both
types of control rod strategies have some continuous conditioning of the fuel to lower power levels.

5. CONCLUSIONS

In conclusion, usual design cases from base-load operation tend to show higher PCI relevant cladding loads
than continuous load-follow operation. The only exception are long durations of ELPO conditions, where high
PCI loads can be achieved. This is valid for both, BWRs and PWRs.
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Flexibility in core loading concepts or control rod manoeuvre strategies in BWRs show an impact for
increased PCl-relevant loads depending on the details. A general trend for an increase of loads of control rod
withdrawal in mono-sequence operation with increasing cycle lengths is seen. The influence of differences in
scatter or CCC loading concepts depend on the details and cannot be generally answered. Sequence-exchange
reduces the maximum loads for final stepwise control rod withdrawal in fine motion drives compared to mono-
sequence operation.
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Abstract

The French Nuclear Safety Authority requires EDF to demonstrate that no fuel will fail by SCC-PCI (stress corrosion
cracking — pellet-clad interaction) during any AOO (anticipated operational occurrence). Because of the large part of nuclear
energy in the French energetic mix, the French nuclear power plants (NPPs) have to be capable of doing flexible operations,
particularly including frequency control and daily load following. In addition, to deal with potential operational events, the
NPPs operators require at least 30 days of ELPO (extended low power operation). Finally, in order to optimize the long term
electricity production on the whole fleet scale, EDF sets up various core patterns for each NPP type. These specific operational
conditions have to be justified with an appropriate approach. PCI studies prevent the SCC-PCI failure by two means:

—  Adjustment of the reactor protection thresholds;
—  Definition of the PCI Operating Technical Specifications.

It is interesting to mention that, despite these specific operational conditions and rather fast start-up rates, no SCC-PCI
failures have been observed in EDF NPPs over more than 1600 reactor-years of experience. This good result is likely due to
the EDF’s SCC-PCI design approach which includes specific constraints on the manufacturing process and on the operational
conditions. To fulfil these safety requirements, specific SCC-PCI analyses, presented in this paper, are performed and cover
each operating mode of the reactor. The studies relate to the whole core, as SCC-PCI failure risk is local. A SCC-PCI failure
criterion, called Technological Limit, must be defined, based on experimental ramp tests. Two types of approach are devoted
to SCC-PCI studies. First, a specific methodology called MIR (Renovated PCI method) had been developed in cooperation
with FRAMATOME. This methodology is based on neutronics (3D kinetics calculations) and thermal mechanical calculations.
Since the MIR method is time consuming and focused on a single reference reload pattern, a new approach has been developed
to deal with various core patterns and to reduce the calculations time. The main changes are:

—  Statics neutronics calculations instead of kinetics calculations;
—  Decoupled calculations between neutronics and thermal mechanics.

For a same reload pattern, these simplifications reduce the computation time but lead to smaller manoeuvrability margins.
This approach is well suited to assess the impact of core patterns variability on SCC-PCI margins and to perform sensitivity
analysis.

1. INTRODUCTION

French nuclear power plant (NPP) fleet includes 58 standardized pressurized water reactors (PWRs) owned
by EDF, which generates 60 to 75% of the annual electric production. French NPP fleet should comply with the
demand of the grid, which leads to a significant plant manoeuvrability operation such as frequency control, daily
load follow, extended low power operations (ELPO).

Load follow operation in French NPPs in the 1980s was subjected to requirements from the French Nuclear
Safety Authority. One of the regulatory requirements was to maintain the integrity of the fuel rod against pellet-
clad interaction (PCI) failure during anticipated operational occurrences (AOQs), i.e. PCC-2 events. Since then in
France, safety requirements have been extended to cover no fuel failure by PCI during normal operations as well
as during PCC-2.

This paper is intended to present the PCI from the aspects of French utility. First, the paper gives an overview
of the PCI failure criterion developed for EDF PWRs., The paper provides with the specific methodology
developed by EDF and FRAMATOME, which accounts for the PCI risk in the operational states. The paper
provides and discusses the new static approach that is currently investigated to fulfil the recent Nuclear Safety
Authority requirements (impact of the fuel loading pattern variability).
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2. SCC-PCI FAILURE CRITERION — TECHNOLOGICAL LIMIT

PCI failures caused mainly by stress corrosion cracking (SCC) of the Zr alloy is usually observed as a
millimetre size axial crack. The PCI failure results in the contamination of the coolant by fission products.

The goal of this paragraph is to present the approach used in France to assess the PCC-2 PCI performances
of a fuel product. This assessment is based on a mechanical criterion, the so-called Technological Limit, derived
from the analysis of an experimental database including several failed and non-failed power ramps. This analysis
is based on post-irradiation examinations (PIEs) interpretations and on ramp simulations with a fuel performance
code.

2.1. Experimental procedure

Samples are obtained from rods irradiated in commercial PWRs. Samples can be of two kinds:

— Arrodlet refabricated from a standard rod span, and pressurized at the pressure of this rod after irradiation;
— A segment removed from a segmented rod.

Tests consist in power ramps performed in a material testing reactor (MTR). A particular care is given to
limit the variation of the experimental parameters, in order to compare each power ramp on a steady basis. The
main parameters that are controlled during the ramps are summarized in Table 1. As shown in this table, the
tolerance on several parameters, such as temperature and power rate, are very narrow. It enables a rationalization
of the modelling rules during the simulation step and makes the comparison of the ramp results easier. Furthermore,
regarding cladding temperature (which has a significant impact on clad creep-relaxation properties); 342°C
corresponds to the state of nucleate boiling of water at 150 bars. Thus, by ensuring a forced convection regime
with nucleate boiling at the clad surface, the operator can control the outer clad temperature very precisely and
uniformly along the axial and radial directions.

On the other hand, parameters like water chemistry or neutron flux, are not mentioned in Table 1 as power
ramps are short-term experiments for which clad corrosion and irradiation creep do not play a significant role.

To cover the full ranges of operational burnups, maximum powers or conditioning powers, a minimum of 10
to 15 power ramps (according to the number of failed ramps) is needed for each fuel type.

TABLE 1. MAIN INPUT PARAMETERS FOR SCC-PCI POWER RAMP USED IN THE FRENCH
APPROACH

Parameter Required value

Burn-up of Rodlet 25 GWd/tU - 55 GWd/tU

Conditioning power 150 W/ecm — 250 W/cm during more than 12 h
Maximum power 350 W/em — 550 W/ecm

Power rate between conditioning and max. power 100 W/cm/min

Holding time at maximum power In case of failure: no hold time. If no failure: 12 h
Pressure 145 — 155 bars

Outer clad temperature For P>300 W/cm: 342°C

2.2. Post-irradiation examinations and code calibration

PIEs are performed on ramped rodlets for two main reasons:

—  To confirm the validity of the ramp by checking that there was no experimental artefact and, in the case of
failed ramps, by identifying evidences of I-SCC;

—  To provide experimental data for use in calibrating calculation models incorporated in the fuel performance
analysis code.

This implies that visual inspection, eddy current testing profilometry measurements and inner pressure
measurements by puncture are systematically done on ramped rodlets. Optionally, additional examinations
(ceramography, gamma scanning, neutron radiography, metallography, etc.) can also be carried out.
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The fuel performance analysis code used to derive the technological limit from the ramp test data has to be
the same as the one used to perform the safety case analysis based on this Technological Limit. Thus, this code
has to be qualified for both normal operations simulation (to simulate the irradiation of the father rod prior to ramp
testing) and PCC-2 transients (to simulate the power ramp test). The two fuel performance analysis codes approved
by the French regulators for such studies are CYRANO3 [1], developed by EDF, and COPERNIC [2], developed
by FRAMATOME. Beyond the usual experimental data which are used to calibrate and validate the calculation
tool for normal operations, specific experimental results have to be taken gathered to validate the code in transient
(i.e. thermal creep law, for each cladding material, has to be assessed after the interpretation of hardening-
relaxation tests).

The validation of a fuel performance code in PCC-2 conditions is done through a comparison of simulation
with two sets of experimental values:

—  Post-ramp diameter increases, obtained from post-ramp profilometries;
— Ramp-induced fission gas release, obtained after rodlet puncturing.

2.3. SCC-PCI Technological Limits of the fuel products used in French PWRs

The following fuel products are used on French PWRs:

— M5, zircaloy-4, ZIRLO and Optimized ZIRLO claddings;
— U022, MOX and UO2-Gd203 fuel pellets;
—  Enriched natural Uranium and re-enriched reprocessed Uranium.

Power ramps performed on MOX fuel have shown that SCC PCI performances of MOX fuel are significantly
higher than those of UO, fuels. Regarding gadolinium fuel rods, neutronic studies show UO,-Gd,O3 rods are
bounded by UO; fuels during the entire irradiation in a commercial reactor.

As a result, SCC-PCI studies on UO> fuel are sufficient to cover all the other fuel products that might be
present in the reactor cores (e.g. MOX fuel or UO,-Gd,0Os3 fuel).

From the UO, EDF power ramps database, a Technological Limit can be determined for each fuel product,
from an analysis of the simulation results. An example of such analysis is shown on Fig. 1. zircaloy-4, ZIRLO and
Optimized ZIRLO are analyzed together because experimental results showed that:

—  The sensitivity to the SCC-PCI risk can be expressed with the same mechanical parameter (the hoop stress)
for these three alloys;

—  The improvement of ZIRLO and Opt. ZIRLO SCC-PCI performances compared to those of zircaloy-4 is not
valued in the SCC-PCI studies.

Therefore, for zircaloy-4, ZIRLO and Optimized ZIRLO, a single Technological Limit value, expressed as
an inner clad hoop stress, is considered.

For M5, a saturation of the computed hoop stress has been observed for power levels below the lowest power
leading to failure. That is why the hoop stress alone cannot be used as a discriminating parameter for failure
prediction in the case of M5 cladding. Instead, strain energy density (SED) has been chosen as the discriminating
parameter.

3. RENOVATED SCC-PCI METHOD (METHODE IPG RENOVEE - MIR)
3.1. General information about the MIR approach

An analysis of the risk of clad failure by SCC-PCI must guarantee the integrity of the fuel rod during any
anticipated operational occurrences (AOOs) by checking the adjustment of the reactor protection thresholds.
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FIG. 1. Technological Limit assessment from ramp simulation results of a given cladding.

Indeed, any transient of power likely to lead to failures of rods must be stopped by a SCRAM before the first
failure occurs on one rod. This is why EDF and FRAMATOME have developed fuel performance codes and
analysis methods of the risk of clad failure by SCC-PCI, for all the fuel rods of the core, during any PCC-2.

The study is divided into five parts, detailed in the continuation of this paragraph:

(a) Generation of conditioning power histories.

(b) Simulation of the initial conditions of the PCC-2.

(c) Simulation of the PCC-2 transients.

(d) Thermomechanical evaluation of PCI risk for base load operation, frequency control and load follow, ELPO
de-conditioning or return to full power after ELPO re-conditioning, which allows defining PCI operating
technical specifications (OTSs).

(e) Modification of the reactor protection thresholds (not presented here).

Comparing with other PCC-2 PCI methodologies used abroad, this kind of study requires more human and
computing resources. Only a generic study on a prototypical reference core reload pattern is carried out. The
objective is:

—  To define the protection thresholds for PCC-2 operations;
—  To limit the manoeuvrability of the plant in PCC-1 operations (ELPO, load follow, etc.) at a level that can
guarantee the absence of PCI failure if a PCC-2 event occurs.

Because of their complexity, MIR studies cannot be duplicated rapidly when the impact of a change of the
input data (evolution of the fuel management for example) has to be quantified.

Within the frame of the SCC-PCI methodology review, the French Authority of Nuclear Safety asked EDF
to complement the demonstration to include the potential impact of core reload pattern variability on the outcomes
of the analysis. As a result, EDF developed a new methodology to address this request. In this context, a variation
of the fuel loading pattern refers to any deviation from the reference loading pattern, in term of number and/or
type of fuel assemblies.
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3.2. Generation of conditioning power histories

For the thermomechanical analysis, the power history of each rod at the beginning of the AOO is needed.
The local thermomechanical state of the rod depends on its history. It is thus necessary to follow each rod from its
new fuel loading into the core until the beginning of the transient. It enables to take into account the cycles which
precede that from which the transients are analyzed.

The power histories associated to each rod are generated under various conditions:

—  Base load operation at full power;
—  Extended Low Power Operation (ELPO) with inserted RCCA;
—  ELPO with extracted RCCA.

3.3. Simulation of the initial conditions of the transients

The PCC-2 transients are initiated from a conditioning state obtained after normal operations simulation. The
initial conditions are selected so as to maximize the local power increase.

For each transient, the initial conditions are characterized by the burn-up, the power level, the power axial
distribution, the Xenon axial distribution, the position of the regulation groups, the Boron concentration. These
assumptions can vary depending on the transient under investigation.

3.4. Simulation of the PCC-2 transients

The behaviour of the whole core is simulated by taking into account the regulation and the protection
systems. The neutronic behaviour of the core is modelled kinetically. The fine kinematic power distribution in the
entire core as a function of time is also provided with an uncertainty factor.

The transient simulations include simulations from the initial states described in the previous paragraph at
several moments in the irradiation cycle till transients.

The conventional PCC-2 power transients considered to be restrictive for the SCC-PCI failure risk (i.e.
leading to fastest and strongest local power increase) are:

—  Excessive increase in secondary system flow;
—  Uncontrolled bank withdrawal at power;
—  Control rod drop.

The initial thermo-hydraulic parameters are taken at their nominal value without uncertainty. The regulations
are taken into account only if they have unfavourable consequences. The limitation systems are not taken into
account.

3.5. Thermomechanical evaluation of SCC-PCI failure risk

The clad failure risk during the PCC-2 transient is estimated by comparing the evaluation parameter
calculated by a fuel behaviour analysis code with the Technological Limit (see Section 2).

The fuel code used for this study has to be the same as the one used to determine the Technological Limit. It
has to be licensed by the Safety Authorities.

The evaluation of the clad failure risk consists in explicit thermomechanical calculations: the evolutions of
stress or SED in the clad are calculated according to the applied local power history. The PCI margin of a rod is
defined as the difference between the maximum simulated stress (or SED) and the Technological Limit. Minimal
PCI margins are assessed in every fuel rod for various operational states (base load operation, ELPO, return to
base load operation after ELPO, frequency control and load follow).

3.5.1. Base load operation

The study consists in the sequence of an irradiation under base load operation followed by a PCC-2 transient.
Each mesh of each rod shows specific pre-transient thermomechanical characteristics evolving with the burn-up.
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3.5.2.  ELPO and reconditioning

During an ELPO, the fuel rod is subjected to ‘deconditioning’ due to the gap closure between the fuel pellet
and the clad at a prolonged low power operation. behaviour For given situations, this type of operation should be
restricted so that SCC-PCI margin exists. An increase of power after an ELPO also leads to a ‘reconditioning’.
The ELPO analysis should account for the limiting PCC-2 transients that occur at various different times during
an ELPO. It should also include the limiting PCC-2 transient that occurs after returning to the nominal power
(from 1 to 100 days). Deconditioning and reconditioning, and associated evolution of PCI-SCC margins are
illustrated in Fig. 2.
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FIG. 2. De-conditioning (ELPO) and re-conditioning (base load operation) simulation.
The effect of the reactivity which appears at the time of the passage at lower power can be ensured by Boron

dilution / concentration or by RCCAs. These two strategies of ELPO management, i.e. with extracted or inserted
RCCA:s, are studied.
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3.5.3.  Operation in frequency control and load follow

Non-baseload operation like load following and frequency control may lead to ‘deconditioning’ of some fuel
rods. Such non-baseload operation is associated to smaller margins than the base-load operation. The comparison
of PCI-SCC margins between the baseload and non-baseload operations assesses the PCI margins for load follow
and frequency control operations. In the calculation, the fuel performance code is used. Typical power histories
for load following and frequency control with respect to the baseload operation are illustrated in Figs 3 and 4.
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FIG. 3. Load follow simulation.

Time

FIG. 4. Frequency control simulation.
4. NEW STATIC APPROACH DEDICATED TO CORE LOADING PATTERNS VARIABILITY

4.1. Description of the static approach

This approach is divided in two steps:
—  Step 1 - Evaluation of the PCI margins during PCC-2 transients for one cycle:
e  Generate pre-transient operation conditions using neutronic calculations;
e Simulate post-transient operation conditions using neutronic calculations. This stage generates the

PCC-2 3D power distributions (PPCC-2);
e  Evaluate the thermomechanical SCC-PCI failure risk for various operation conditions:
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= Reference operations conditions (base load operation, frequency control and load follow operations);
= Extended low power operation (ELPO).

This stage generates the 3D maximum allowable power without clad SCC-PCI failure (Pajiowabie) for each
conditioning state;

e Calculate the SCC-PCI margins to failure.

—  Step 2 - Coverage of the variability of the fuel reload pattern (i.e. deviating from the reference equilibrium
cycle):

e  Quantify the impact of the variability of the fuel reload patterns with respect to the SCC-PCI margin
(comparison between the variable reload patterns and the reference equilibrium cycle) by sizing a
specific “variability bias”;

e  Determination of the allowable ELPO durations covering the variability of the fuel loading patterns,
through a penalization by the variability bias of the kinetics transients of the MIR study.

4.2. Generation of conditioning power histories

For the thermomechanical analysis, power history should be determined at each point of the core before the
beginning of the transient.

The local thermal mechanical conditioning of the rod depends on the power history. The, each fuel rod should
be simulated from its loading into the core until the beginning of the transient.

The conditioning power history related to each rod is generated for various operating conditions:

— Base load operation at full power;
—  ELPO with inserted RCCA;
—  ELPO with extracted RCCA.

4.3. Simulation of the pre-transient operational conditions

The PCC-2 transients are initiated starting from operational situations. They are defined such as they
maximize the local power increase during the incidental transient. For each transient, the pre-incidental states are
characterized by the burnup, the power level, the axial power distribution, the axial xenon distribution, the position
of RCCA, the RCCA control mode and the boron concentration.

4.4. Simulation of the post-transient operational conditions (PCC-2 transients)

The PCC-2 states are simulated using a 3D neutronic code. Conservative decoupling assumptions are made
in the static neutronic calculations to cover every PCC-2 situations likely to be reached by the Reactor Pressure
Vessel (RPV). These decoupling make it possible not to model explicitly the primary circuit.

The 3D neutronic code provides the fine power distribution on the entire core for each PCC-2 state. These
PCC-2 states are simulated starting from a high number of pre-incidental situations.

The restrictive PCC-2 situations are those leading to the strongest and fastest local power increases.

Having taken into account a single failure, the first automatic SCRAM is taken into account.

4.5. Thermal mechanical evaluation of PCI risk

The risk of clad failure by PCI is assessed based on thermal mechanical simulations of a fuel rod under an
analytical power transient. An analytical power transient consists in simulating a linear power increase
representative of the PCC-2 transients. Also, in consistency with the experimental power transient defining the
Technological Limit and with the kinetics of the PCC-2 transients penalizing in terms of PCI risk, the rate of this
analytical transient is chosen equal to 100 W/cm/min.

For a given thermomechanical conditioning, the simulation of this analytical transient is done to determine
the allowable power Pajiowabic corresponding to the power level leading to the reaching of the Technological Limit.
Paitowable 1 evaluated with a fuel performance code for each mesh of the core.
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Paiiowanie 3D maps of the core are established for various operating conditions:

— Base load operation;
— Extended Low Power Operation (ELPO).

4.5.1. Base load operation

This simulation is based on an irradiation under base load operation followed by an incidental transient.

The conditioning step makes it possible to determine the behaviour of the rod and more particularly of the
pellet-clad gap closure before the transient. Conditioning is characterized primarily by the pellet-clad gap which
depends on the inwards creeping of the clad and the outward swelling of the fuel pellet.

Each rod and each assembly show specific pre-incidental thermomechanical characteristics evolving with
the burnup.

4.5.2. Frequency control and load follow

Operation in frequency control and load follow are taken into account through bounding penalties, such as
in the MIR method (see § 2.5.3).

4.5.3. ELPO de-conditioning

In the framework of the PCI studies, the fuel conditioning under ELPO is carried out for several values of
low power levels in order to cover all the configurations likely to be met during operation.

The resumption of the reactivity effects which appear during ELPO can be ensured by soluble boron
(extracted RCCA) or by the RCCA (inserted RCCA). These two strategies are studied.

In practice, the simulation of an analytical transient after the modelling of a given ELPO duration makes it
possible to determine the 3D allowable power associated to this de-conditioning.

4.6. Calculation of PCI margins to failure

Considering a given cycle, for each state of conditioning and each type of incident, the PCC-2 powers are
compared with the allowable powers for the whole core.

The margin to failure (in W/cm) is thus obtained by comparison of the distribution of PCC-2 power with the
distribution of allowable power.

4.7. Quantification of the variability of the reloads

PCI margins to failure are calculated on a representative range of variability cycles and on the reference
equilibrium cycle for the various states of conditioning.
The maximum variation obtained on every situation is retained as the “variability bias”.

4.8. Determination of allowable ELPO durations covering the variability of the cycles

The variability bias is integrated as a penalty into the kinetic transients of the MIR study used to determine
the allowable ELPO durations. This penalty is uncoupled with the time, the transient, the power level, the
conditioning state or the studied cycle. The allowable ELPO durations are then determined by a new MIR study
based on the penalized 3D PCC-2 power histories.

5. COMPARISON OF THE TWO PCI APPROACHES
5.1. Specificities of the new static approach

Some basic principles have been applied to reduce the duration of the study:

—  Static neutronic simulation;
—  Decoupling of the neutronic and thermomechanical simulations;
—  Analytical power transient with a constant speed (100W/cm/min) applied for the thermomechanical study.
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There are some counterparts to theses simplification principles:

—  Penalization of the PCC-2 transients;
— Reduced margins in comparison with the standard MIR method.

A new MIR study, with penalized PCC-2 power histories, can be required after the assessment of the
variability bias

5.2. Comparison of the PCI Approaches

Three approaches are compared and examples of allowable durations of ELPO are reported in Table 2:

—  Reference MIR study;

—  Static new approach, with a direct determination of the allowable durations of ELPO?;

—  Static new approach dedicated to the measurement of the impact of the variability, by sizing a with a penalty
applied to MIR reference study.

Each approach is characterized as summarized in Table 3. The third approach is the heaviest, but it is the
only one which allows taking variability into account. The first one maximizes the PCI margins whereas the second
one minimizes the time and size of the study. Each one should then be used according to the main objective of the
study (PCI margins, cost of the study, variability).

TABLE 2. EXAMPLE OF MINIMAL ALLOWABLE ELPO DURATION FOR THE MIR APPROACH, THE
STATIC APPROACH WITH DIRECT DETERMINATION OF ALLOWABLE ELPO DURATION AND
THE MIXED APPROACH WITH DEFINITION OF A VARIABILITY BIAS APPLIED TO MIR
CALCULATION

Method Minimal allowable Loss comparefi with
ELPO duration MIR duration

MIR 80 days /

Static approach 54 days -32%

Mixed approach for variability 42 days -47%

TABLE 3. COMPARISON BETWEEN THE MIR APPROACH, THE STATIC APPROACH WITH DIRECT
DETERMINATION OF ALLOWABLE ELPO DURATION AND THE MIXED APPROACH WITH
DEFINITION OF A VARIABILITY BIAS APPLIED TO MIR CALCULATION

Method PCI margins Cost of the study Variability
MIR Maximized Expensive No

. Reasonable loss / s Possible (by studying
Static approach MIR (for one plan) Optimization of the cost / MIR several plans)
Mixed approach Consequent loss / Very expensive (MIR study + 1 static Yes
for variability MIR approach / variability plan)

6. CONCLUSIONS

To fulfil the French safety requirements, specific SCC-PCI analyses, presented in this paper, are performed
to cover each operational condition of the French Nuclear Power Plants. A SCC-PCI failure criterion, called
Technological Limit, has been defined based on the analysis of power ramp tests. The experimental and numerical
approaches used to obtain this Technological Limit have been described in this paper.

Two types of approaches are devoted to SCC-PCI studies. First, a specific methodology called MIR
(Renovated PCI method) has been developed in co-operation with FRAMATOME. This methodology is based on
neutronic (3D kinetics calculations) and thermal mechanical calculations. Since the MIR method is time
consuming and focused on a single reference reloading pattern, a new approach has been developed to deal with

3 To obtain the allowable ELPO duration, steps 4.5 and 4.6 are repeated until the predefined ELPO duration lead to minimal

PCI margin. Steps 4.7 and 4.8 are not realized in this case.
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various core loading patterns and to reduce the calculation time, based on statics neutronic calculations instead of
kinetics calculations and decoupled calculations between neutronic and thermal mechanics.

The MIR method and the static approach have been described and compared in this paper. Using MIR method
allows maximizing the PCI margins whereas using the static method allows minimizing the cost of the study. The
combination of the two approaches allows assessing the impact of core loading patterns variability on PCI margins.
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Abstract

This paper describes the main aspects of pellet-clad interaction assisted by stress corrosion cracking (SCC-PCI)
management and feedback from operation experience of EDF nuclear power plants. It also shows examples of industrial needs
regarding manoeuvrability and operation at intermediate power. These operational requirements have to be met by fuel rod
performances regarding SCC-PCI behaviour.

1.  BRIEF RECALL OF PCI RISK ASSESSMENT FOR EDF FLEET

The risk of SCC-PCI failure of the fuel cladding was not assessed in the initial Safety Analysis Reports
(SAR) of EDF plants.

The only topic mentioned in the original operation technical specifications (OTS) is related to pellet-clad
mechanical interaction (PCMI). Limitations during the power increase after a refuelling outage (with fuel assembly
handling) are imposed. The maximal load increase gradient is 3% NP/h above 15% NP, as long as the minimal
cumulated time during the last week at a given power level is less than of 72 hours. The purpose of this requirement
is mainly to mitigate the effects of pellet surface "sharp edges", which are potentially aggressive towards the clad
inner wall.

The SCC-PCl risk in operation has been gradually taken into account by EDF, in two steps:

— first, in the mid-eighties, for normal operation (category 1), especially from the beginning of load follow
operation, generating linear power cycles applied to fuel rods;

— then, from the mid-nineties, for abnormal operation occurrences (category 2) involving a local increase of
linear power in the fuel rods, likely to induce PCI cladding failure.

2. MAIN PRINCIPLES OF SCC-PCI RISK MANAGEMENT
Presently, the SCC-PCI risk management in operation at EDF is based on three “pillars”.
2.1. The surveillance system

The first aim of the surveillance system (alarms) is to monitor the normal operation conditions, considered
as the initial state of accidents, while preserving sufficient linear power margins for standard operation.
This surveillance is based on the monitoring of the following parameters:

— normal operation domain (ALP) and/or linear power margins (Fig. 1);
— temperature regulation and power regulation banks positions, especially regarding the insertion limits

(Fig. 2).

Apart from surveillance, the second function of the alarms is prevention. This means that the operator should
have a sufficient time delay for a corrective intervention before the occurrence of the next steps of automatic
actions:

— load reduction or regulation bank extraction blocking;
—  reactor trip.

The determination of the surveillance set-points adapted to operation and, at the same time, compatible with
PCI constraints is the first major challenge for plant design.

It is a tricky job because the alarms have to be sufficiently far from the normal operation values of parameters
to allow manoeuvrability and at the same time not to close to the protection thresholds in order to maintain an
acceptable capability for operator corrective action.
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FIG. 1. 900 MW units: example of normal operation domain.

2.2. The protection system

The protection system (scram or reactor trip) is required to stop the transients before PCI cladding failure, in
case of abnormal operation occurrences (category 2 events).
The main accidents assessed in the safety analysis are the following:

—  Excessive load increase (ELI):
A fast increase of steam flow rate in the Steam Generators (depending on the conventional part of the plant
design characteristics) induces an unbalance between primary and secondary power. The subsequent cooling
of the core leads to an increase of reactivity and neutronic power, mainly by moderator temperature effect
and eventually by banks movements induced by the regulations.

—  Uncontrolled regulation bank withdrawal (URBW):
The extraction of a regulation bank leads to an uncontrolled insertion of reactivity. The core power increases
rapidly. Until the opening of pressure relief valves on the secondary side, the heat evacuation by the Steam
Generators is slower than the core heat generation. The consequences are an increase of primary temperature
and pressure.

—  Control rod drop (CRD):
Following a rod drop into the core, there is an immediate decrease of reactivity and power. In case of the
absence of detection and protection intervention, the unbalance between primary and secondary power
induces a decrease of the core inlet temperature via the primary loops.
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FIG. 2. 900 MW units: example of surveillance system monitoring.

This cooling of the core leads to an increase of reactivity mainly by moderator and Doppler temperature

effects and also by temperature regulation banks movements. The core power increases and reaches a new
equilibrium, usually close to the initial value.

All these accidents are likely to induce a local linear power increase due both to:

global core power increase;
axial and radial power redistribution in the core during the transient.

On EDF PWR plants, the usual protections involved in PCI protection are:

For 900 MW reactors (Figs 3 and 4 : ATop ("OP" for overpower) based on the monitoring of temperature
increase AT between hot and cold legs of primary loops, with thresholds depending on the average coolant
temperature (Tm), the primary pumps rotation speed (Qpp) and the axial power difference (Al);

For 1300 MW and N4 reactors : high linear power on the digital integrated protection system (SPIN) which
makes an on-line evaluation of the axial distribution of maximal linear power based on a reconstruction of
the axial power shape P(z) using ex-core power range detectors signals and calculated or measured radial
peaking factors Fxy(z).

These systems are basically designed to monitor the core peaking factor, which may be sometimes different

from the core minimal PCI margin. This "duality" requires some adaptations of the protections.

The determination of the protections thresholds is the second major issue in PCI design studies and for plant

operation. The challenge is to provide a robust protection of the core while preserving sufficient margins for power
capability and manoeuvrability.
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117



2.3.

The operation technical specifications (OTS)

The Operation Technical Specifications purpose is to monitor the fuel "conditioning" (using a PCI "credit"),

based on the global core power profile versus time, to ensure that the current thermo-mechanical state of the fuel
rods is compatible with safety analysis studies.

The PCI "credit", which is updated every day, depends on operation conditions:

steady state base load at nominal power (100% NP), most favourable mode for PCI impact (Fig. 5);
frequency control with limited power "fluctuations" between 92% NP and 100% NP (Figs 6 and 7);

daily load follow operation, with power "cycles" between 100% NP and 25% NP (Fig. 8);

Extended Low Power Operation (ELPO), most severe mode for PCI impact, because of fuel rod
"deconditioning".

The determination of the minimal allowable ELPO durations is the third major issue in PCI design studies

and for plant operation.

2.3.1.
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Main features of PCI OTS

The thermo-mechanical state of the fuel is surveyed using a PCI credit (named "K" factor);

Basically, the K factor decreases at intermediate power (below LPO level 92% NP) and increases or remains
stable above 92% NP;

The load follow operation is "business as usual";

It is based on a "16/8" daily profile adapted to the European grid needs, with 16 hours above the LPO limit
of 92% NP and no more than 8 hours below 92% NP;

Frequency control and load follow are taken into account through a fixed penalty due to fuel deconditioning
caused by daily linear power cycles applied to the fuel and simulating the impact of local alternance between
upper and lower levels of the power profile;

Once this penalty has been applied, the K factor is stable for a given mode : conventionally, the reference
value in case of permanent daily load follow operation during the whole cycle is 100;

Primary frequency control (97.6 +2/-3% NP) and base load operation (= 99 %NP) are more favourable than
load follow;

The K factor increases above 100 up to a maximum value (between 110 and 120);

ELPO is the most deconditioning operation mode;

The K factor decreases to a minimum authorized value (K=0 <> zero PCI margin);

The OTS consider 2 types of ELPO ("rodded" and "unrodded"), at different power levels (10% NP, 30% NP,
50% NP, 70% NP and 85% NP) and at several moments during the cycle (typically beginning, middle, end
of cycle and also stretch-out);

After ELPO, operation above 92% NP allows fuel reconditioning;

The K factor increases and ultimately reaches a new equilibrium value. There is no specific limit on the
power increase rate after the ELPO (<5 % NP/min);

The OTS depend on the cladding material and its PCI performances;

At the moment, they are generally based on Zy-4 for the majority of EDF reactors.

The OTS approach is conservative compared to studies results but the main advantage is simplicity.
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FIG. 5. EDF fleet: example of base load operation.
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FIG. 6. EDF fleet: example of primary frequency control operation.
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FIG. 7. EDF fleet: example of primary and secondary frequency control operation.
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FIG. 8. EDF fleet: example of full grid follow operation.
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3. CONSTRAINTS ON MANEUVERABILITY DUE TO SCC-PCI

3.1. Key parameters

The first operational constraint related to SCC-PCI is the potential reduction of manoeuvrability, if the

margins between the normal operation conditions (including load follow and frequency control) and the thresholds
of the alarms are not sufficient.

This may happen in case of a drastic reduction of thresholds on the protection system or the surveillance
system.

At the moment, the most sensitive parameters are:

— the size of the normal operation domain;
the alarm on the temperature regulation bank insertion.

As illustrated on Figs 9 and 10 based on experience feedback, the operation domain and the regulation bank

insertion limits are just sufficient to cover EDF operating needs, and these limits are impacted by PCI safety
studies.

GRAVELINES 1 cycle 20
Use of the operation domain during intensive load follow operation
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FIG. 9. EDF fleet: example of normal operation domain use.

3.2. Manoeuvring operational needs

They have always been important for EDF fleet since 75% of generation in France is provided by NPPs. It
is currently increasing due to renewable energies contribution. It will be probably reinforced in the future with a
new energy mix in Europe.

4.  CONSTRAINTS ON ELPO DURATIONS DUE TO SCC-PCI
4.1. Definition of extended low power operation (ELPO)
Operation at a power level less than LPO limit (92% Maximum Available Power during the "natural” cycle

and the stretch-out) and above 2% NP (Hot Zero Power), during a time interval of more than 8 cumulated hours
on a 24-hour "range".
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GRAVELINES 1 cycle 20
Load follow operation
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FIG. 10. EDF fleet: EDF fleet: example of regulation bank insertion.

4.2. List of events likely to induce ELPO

ELPO may have various root causes, such as:

—  Qrid constraints: generation/consumption power balance, renewable energies "abundance" (Fig. 11);

— High voltage power lines maintenance;

— Intended power reduction for plant outage schedule optimization;

—  Environment or public health constraints: coolant temperature (Fig. 13), amoeba presence;

—  Partial unavailability of secondary system or condenser (Fig. 12): loss of feed water turbo-pump, condenser
"raw" water entry, steam leakages;

— Steam generator constraints: primary/secondary leakages (Fig. 16), mud deposit (Fig. 14), clogging,
hydraulic stability, high tube plugging ratio;

—  Miscellaneous material unexpected events: generators (Fig. 15), transformers.

These events may happen at any moment of the cycle.
4.3. ELPO Operational Needs
4.3.1. Standard ELPOs: minimum requirement for operation 30 days

The main features regarding this kind of events are the following:

—  Continuous durations vary typically between 8 and 26 days;

— This type of event may happen at any moment of the cycle;

—  The power level varies from the Technical Minimum Power (25-30% NP) up to 85-90% NP; with usually a
preferential range between 60 and 90% NP;

—  The 30-day "target" is generally met with the OTS (Fig. 17).

EDF R&D has conducted prospective long term studies (up to 2050) illustrating future flexibility needs for
EDF PWRs, taking into account the ambitious targets set by the European Commission for Renewable Energy
Sources for Electricity (RES-E): up to 60% in 2030 (and 80% in 2050), with 40% of wind and solar generation.

That type of scenario leads to a much more variable demand curve addressed to conventional generation
means, with more occurrences of nuclear power plants shut down because of a lack of demand. The 30-day target
is considered relevant for long term needs also.
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GOLFECH 1 cycle 19
Electric power diagram

Date

FIG. 12. EDF fleet: example of ELPO for material unexpected events.
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FIG. 11. EDF fleet: example of ELPO because of generation/demand balance.
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BUGEY 3 cycle 20

Load diagram
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FIG. 13. EDF fleet: example of ELPO because of environment constraints.
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FIG. 14. EDF fleet: example of exceptional ELPO (Steam Generator mud deposit).
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Primary thermal power (%NP)
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FIG. 15. EDF fleet: example of exceptional ELPO (Electric generator cooling problem).
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FIG. 16. EDF fleet: example of exceptional ELPO (Electric generator leakage mitigation).
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900 MW MW CPY units — Parité MOX fuel management — Cladding material Zy-4
"Standard" OTS ELPO durations : Load follow conditioning
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Maximal ELPO duration (days)
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for "usual" events :
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from 150 to 2000 MWd/t from 2000 MWd/t to MOC from MOC toEOC

Burn-up range

FIG. 17. 900 MW MOX/UOX units: examples of authorized ELPO durations.

4.3.2.  Exceptionally long ELPOs in case of major unexpected events: beyond 30 days

5.1.

The main features regarding this kind of events are the following:

The ELPO can last from 5 weeks to several months;
Generic studies are presently licensed to be able to operate at intermediate power ([70% NP, 92% NPJ)
during a whole cycle with Power Regulation Banks extracted out of the core.

CONSTRAINTS ON CORE VARIABILITY DUE TO SCC-PCI
Definition of core variability

The typical variable core characteristics in EDF fuel management framework are:

slight variations of the fuel reload: -8, -4, +4 or +4 fresh assemblies, proportion of MOX/UOX fuel
during a cycle,

extension of early shutdown durations (from 25 to 40 EFPD) or stretch-out durations (from 60 to
72 EFPD in some cases).

This variability is necessary for several reasons:

to cope with the consequences of unexpected events, implying outages schedule modifications,

to adapt cycle lengths especially in case of strong constraints, such like general plant maintenance
and up-date every ten years or Steam Generator replacement,

to restore a good quality of spare assemblies reserves, which are used in case of loading pattern re-
design.

PCI studies are too long and too complex to be performed in the standard industrial Reload Safety Analysis

at each refuelling outage.
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5.2. PCI variability approach at EDF

A simplified "PCI with variability" approach is being licensed to improve the robustness of PCI studies. EDF
has defined "variable" OTS, including a "penalty" on PCI margins (Fig.18) while maintaining a generic design
approach.

Meanwhile, the French regulator ASN imposes restrictions. ELPO maximal durations are limited to 8 days
with several months of operation above 98% NP for fuel reconditioning.

These restrictions may lead to operation difficulties, as illustrated in Figs 19 and 20. This kind of event has
been an incentive to develop the "PCI with variability" approach.

6. CONCLUSIONS

The main operational constraints related to SCC-PCI at EDF are:

— the potential reduction of manoeuvrability, if the margins between the normal operation conditions
(including load follow and frequency control) and the thresholds of the alarms are not sufficient;

— the limitation of ELPO durations below the minimal requirements;

— the compatibility with core variability needs.

So far, these constraints have been just compatible with industrial requirements and operation "serenity" for
EDF fleet.

In the future, improved designs of fuel rods or enhanced performances of cladding material regarding SCC-
PCI are expected to be able to maintain the operational capabilities. Improvements could also be investigated by
the plant designers regarding the efficiency of surveillance and protection systems.

This is a crucial challenge, especially for the stability and safety of the European electrical grid, in a context
of increased renewable energies generation.

A global review of PCI safety risk status could also be useful. In June 2013, the Advisory Committee on
Reactor Safeguards (ACRS) of the US NRC voted not to require specific evaluation of SCC-PCI during abnormal
operation occurrences. This position is different from the French regulator approach.

900 MW MW CPY units — Parité MOX fuelmanagement — Cladding material Zy-4
"Wariable” OTS ELPO durations: L oad follow conditioning

B Vanable"OTS

Maximal ELPO duration [days)
]

Minimum requirem ent
2T for "usual’ events :
30 days

from 150 to 2000 MWdt from 2000 MWdt to MOC from MOC to EOC

Burn-uprange

FIG. 18. 900 MW MOX/UOX units: examples of authorized ELPO durations.
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Abstract

The safe operation of fuel assemblies in BWRs is assured by following the operating guidelines that have been developed
over time as a set of rules regarding fuel rod power increases that are permissible during BWR manoeuvres, which lead to fuel
rod power ramps. The basis for the operating guidelines has evolved, from the theoretical point of view, in accordance with the
advances in our knowledge of fuel behaviour. Nevertheless, the formulation of the guidelines strongly relies on the
experimental body of information acquired from the international power ramp programmes that have been performed in MTRs,
coupled with the experience feedback from fuel operation in power reactors. The paper presents first an outline of the format
of the operating guidelines proposed by different organizations and summarizes the different safe operating thresholds and
assumptions of the guidelines. Then, the international power ramp programmes are reviewed, and the results are analyzed with
respect to fuel rod design vintage, as the fuel design and characteristics have evolved over time. Consideration is given
especially to the slow ramp PCI mitigating effect, which is a main component of the operating guidelines. Finally, some remarks
are made regarding the advanced fuel types currently in development or in the phase of being introduced in operation, from the
point of view of enhancing reliability during operation in BWRs.

1. INTRODUCTION

The occurrence of significant number of fuel failures in the early 1960s, especially in BWR and CANDU
power reactors, triggered a flurry of R&D activities [1], that aimed at identifying the causes of those fuel failures
and to improve fuel rod resistance to the still to be identified failure mechanism at that time. The goal was to
propose mitigating solutions, which would alleviate, if not prevent fuel rod failures.

The analysis of operating conditions showed that the fuel failures in question occurred during power
manoeuvres, in which a power ramp was involved. The results of in-reactor and out-of-pile parametric studies led
to the hypothesis that cladding cracking was not the result of a mechanical failure by reaching the ductility limit
of the material, but rather a chemically-assisted SCC mechanism (sub-critical crack growth process) was involved;
this was seen as a generic zirconium alloy failure mode when the fuel rod is subject to a power ramp.

2. BRIEF OVERVIEW OF PCI R&D AND MITIGATING SOLUTIONS
2.1. Early R&D, PCI mechanism hypothesis

The main outcome of the intensive research programmes in the 1970s and early 1980s was the crystallization
of the following theory for fuel rod failures that are possible to occur during power ramps:

“Either iodine (I) or cadmium (Cd) are the chemically aggressive fission products that in conjunction with
high tensile hoop stress that are developed in the cladding during a power ramp, combine to trigger a SCC process
that can result in cladding breach in certain conditions. Because the cladding is mechanically loaded by the pellet-
cladding mechanical interaction (PCMI) during a large power increment when the pellet-to-cladding gap is closed,
the process was called PCMI-SCC, or simply PCI” [1].

2.2. Mitigating solutions

The complex SCC process that is the basis of the specific duty-related PCI failures was investigated by
separate effects tests, which were undertaken to: a) Create stress and chemical environment; b) Attempt to simulate
the actual mechanical loading situation e.g. mandrel [2] or fuel swelling simulation test [3] experimental set-ups.
It became clear that four conditions were required to be present at the same time, in order for this SCC-PCI failure
to occur: high enough stress, the presence of the right chemical environment, sufficient time and a susceptible
material.
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Therefore, solutions were sought to either prevent or reduce the propensity to PCI, both as new pellet and/or
cladding materials that would be less prone to the SCC mechanism, or operating strategies to preclude the critical
operational parameters leading to PCI failures.

The proposed mitigating solutions were based on the above-mentioned PCI failure theory and by correlating
the experimental data. At the material level, ways to reduce the stress level in the cladding, or prevent simultaneous
release of the aggressive fission products, were being investigated and relatively soon two main ideas gained more
traction, namely, a cladding inner soft liner (called also barrier) made of pure or very low alloying elements’
concentration Zr and a “soft” doped pellet [4].

Eventually the liner concept was adopted in production and it was considered that the PCI issue was resolved
from the engineering point of view, by late 1970s, early 1980s. Other measures were taken as well in operation
and fabrication. Therefore, the main factors contributing to PCI “’resolution” can be summarized as follows:

— Improved understanding and modelling work resulting from laboratory and power ramp tests;

— Adoption of power plant operational measures to prevent PCI failures;

—  Better control of fuel fabrication variants e.g. fuel dimensional stability against densification;

—  Development of cladding with PCI barriers, notably the sponge-Zr liner, followed by specific liner variants
by all vendors.

2.3. Different PCI Variants and Current Understanding

Nevertheless, PCI failures still occurred and operating guidelines were proposed for fuel with either liner or
non-liner cladding. These operating recommendations amount to restrictions on power ascension during the power
ramp, depending on previous power history and burnup of the ramped fuel rods. This paper’s focus is to review
the experimental basis and the current status of application in BWRs of these operating guidelines.

The implementation of operating guidelines and/or the liner cladding greatly reduced the number of fuel
failures by PCI. However, as mentioned above, spikes of fuel failures still occurred for which all indications were
pointing towards a PCI failure type.

Investigation of some of these failures showed a variant of the PCI mechanism, in which the stress is
generated by the bending of the unsupported arch of cladding over the missing pellet surface (MPS) due to a
circumferential chip at pellet end; this MPS-assisted PCI failure mode has been called “non-classical PCI” or PCI-
MPS [5]. The solution to this new failure mode consisted in tightening the operating guidelines as a first response,
followed by refining manufacturing with tighter specifications for MPS and enhanced pellet inspection plans in
order to prevent to the maximum possible level, MPS chips larger than a critical width. These measures were by
and large successful and duty-related PCI-type failures are very sporadic currently.

The research has continued to this day, although at a slower pace, after the engineering solutions mentioned
above were implemented in operation. However, full understanding of the process is still lacking, in almost all
aspects of the SCC process. Early failures and related research indicated that SCC is the main cause of the PCI
failures. However, all the details still not yet clarified: e.g. is the aggressive chemical corrosive agent I or Cd? It
was also determined that fuel rod chemistry is a necessary ingredient: e.g. fresh pellets in irradiated cladding did
not fail. The other main outcomes of the MTR and laboratory studies are:

—  Out-of-pile studies on fresh and irradiated cladding in I and Cd showed similar fractografic features;

— Role of stress very important: time to failure increases as the stress decreases;

—  Very little I concentration can still lead to SCC;

— Cladding texture was determined as the most important cladding related parameter (both out-of-the pile and
in-pile tests), but also surface finish and residual surface stress;

—  Pellet stoichiometry also an important factor with beneficial effects if hyperstoichiometric [6].

3. BASES FOR OPERATING GUIDELINES IN BWRS
3.1. Main operational parameters used in BWR manoeuvring guidelines

The following operational parameters have been ranked as most important factors affecting fuel PCI
performance: maximum power at the top of the ramp (RTL), LHGR increment during the ramp, speed of LHGR
increase (ramp rate), and dwell time at terminal power level. The distinction between SCC and ductility exhaustion
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types of cracking during mechanical loading tests is clearly noticed for conditions of very high strain rates, in
which case classical mechanical overload cracking occurs before the SCC process is even initiated.

Therefore, for the SCC to occur first a low to moderate range for the strain rate is required. However, the
chemical features of the SCC process are still not fully understood. One of the main unknowns is related to the
iodine chemical attack mechanism. One proposed hypothesis was that the iodine adsorbed on zirconium free
surfaces weakens the atomic bonds under the surface; an alternative explanation was based on iodine diffusing to
the crack tip and corroding the material there. Therefore, more knowledge is needed regarding the times needed
for incubation and initiation of the SCC cracks [1].

The maximum (peak) stress in the cladding that is reached after a power increment occurs can be correlated
with the power increment and a direct proportionality can be established between the two parameters. However,
an additional first-order parameter is the initial LHGR, which in combination with the power history before the
power ramp, both determine the status of the pellet-to-cladding gap, which is a crucial parameter influencing the
magnitude of the cladding stress after the power ramp. On the other hand, the higher the RTL, the larger the FGR
is. Because the release of iodine, which is considered the most likely SCC aggressive chemical agent, is generally
accepted to occur at the same time and rate with the release of noble gases, the magnitude of RTL has a direct
impact on the chemical part of SCC.

Another finding of the MTR power ramps was the beneficial effect of slow ramps, most of which showed
that below a certain ramp rate, the failure threshold is raised above the fast ramp failure threshold. One explanation
for this slow ramp benefit was that oxide layer that is present on the cladding inner surface is known to have a
passivation effect and consequently prevents SCC as long as it is intact. One of the supporting experimental data
in that respect is offered by the SRX rods [7], some of which underwent hot-cell PIE examination. One important
finding of that hot-cell PIE was that the cladding inner surface is coated all around by an oxide layer, with ta
thickness in the 1 to 8 pum range. This is indicative that a significant source of oxygen was present in the rod free
volume and available for oxidizing (healing oxide layer cracks) the cladding inner surface during the power ramp.
Another case in point is offered by the hot-cell PIE of hyper-stoichiometric UO2 fuel that was subjected to power
ramps [6]. The increased PCI performance hyper-stoichiometric UO2 fuel was explained in [6] as largely being a
consequence of the effect of increased oxygen leading to rapid oxidation of zirconium bare surfaces, which
passivates the tip of the crack and thus inhibiting further crack propagation. Therefore, it is clear that fuel chemistry
plays an important role in the development of the SCC-PCI process. This is either by affecting the oxygen available
for oxidation of cladding inner surface, or by trapping iodine, in whatever chemical combination present in the
fuel.

3.2. Brief Description of the Structure of BWR Operating Guidelines

The operating guidelines, PCIOMR, are based on a number of PCI limits, as follows:

— Normally, a safe, ”PCI-free” domain is defined, where power changes may occur without restriction;

— Restrictions are posed on the rate of power change outside the "PCI-free” domain;

— Conditioning/ deconditioning effects to be considered after e.g. extended low power operation or outage;

—  Thermomechanical limits (fuel centre melting, dryout, internal pressure, 1% hoop strain) apply as an upper
power boundary that shall never be exceeded.

The PCIOMRSs are incorporated in the core monitoring system of a BWR, providing information on margins
and operator alarm if any violation occurs.

The pellet-cladding contact pressure at the ramp terminal level depends not only on LHGR in the pellet stack
but also on the conditioning state of the fuel. That is, the gap size and/or the lack thereof as manifested by pellet-
cladding contact pressure just prior to the power transient have a major effect on PCMI during a ramp. If the gap
is largely open, it will just close without any damaging effect. If significant contact pressure exists before the
transient, a severe PCMI can develop with potentially damaging consequences.

Fuel conditioning refers to those thermal-mechanical processes that reduce the negative outcome of a power
increment. The relaxation of the contact pressure between cladding and pellet or even re-opening of the gap is the
process underlying conditioning. This proceeds by processes in the fuel, namely densification and creep in
combination with cladding creep out due to internal gas pressure. On the contrary, fuel deconditioning the opposite
process in which PCMI is enhanced as a consequence of decreasing the gap by solid swelling of the fuel pellets
and cladding creep down.
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An extended period of time at reduced power contributes to decondition the fuel. A period of time at high
power level contributes to condition the fuel; moderate PCMI is actually good for the fuel. The conditioned state
of the fuel can be characterized by the power level, called conditioning LHGR, which is characterized by a dynamic
equilibrium between conditioning and deconditioning (i.e. where the contact pressure between pellet and cladding
does not change with time). Fuel conditioning is a local concept. The conditioning state of the fuel is different in
the different axial regions of the rod and from rod to rod.

A risk of cladding failure appears when the fuel, (de)conditioned at low power level, is subjected to a fast
power rise up to a high power level. A tangential stress then develops in the cladding which depends on the
magnitude of the power increase and the increase rate. Permanent cladding damage can be avoided by limiting
either the magnitude of the power changes or the power increase rate.

4. POWER RAMP DATABASE

The effort to develop a fuel resistant to PCI, which at the same time has no negative impact on commercial
and licensing requirements, is extensive and complex R&D programmes in MTRs as well as in power reactors are
necessary [14]. The MTR power ramp studies are required in order to investigate the entire domain of power levels
for power ramps in order to discern fuel failure thresholds, which is not possible in power reactors, where, of
course, fuel failures are to be avoided.

The power reactors irradiations are also necessary in order to supply the experience feedback data on fuel
performance in actual LWR conditions; also, the fuel rods to be later used for power ramps programmes in MTR
are pre-irradiated to various burnups in power reactors.

Therefore, after identifying that power transients are a necessary condition for duty-related fuel failures,
several power ramp programmes have been initiated both in MTRs and a few also in power plants. The latter
programme aimed at verifying that test-reactor power ramps are representative for fuel behaviour in actual
operation in power plants, as some questions have been raised regarding the difference between the smaller rodlets
used in MTR programmes and the full-length fuel pins that are irradiated in power plants. The main differences
that were brought up were: overall power increase in MTRs, whereas the withdrawal of a control rod in a BWR
leads to a sweeping power transient along fuel rod length; trapped stack effects characteristic to full fuel rods are
only present in full-length rods in power reactors.

Nevertheless, the outcomes of ramp tests in a MTR e.g. R2 of Studsvik and in a power reactor ([8], [9]) agree
to a reasonable degree provided the following features are accounted for: accounting for outlier failures; the
difference between ramp rate in a power reactor and in a MTR, the former being much faster; the axial power
profile is suddenly distorted at the tip of the moving control rod during a power ramp taking place in a power
reactor.

Studsvik started ramp tests in 1969, and since then more than 1000 ramp tests have been performed ([8] and
[10]). About 150 of these ramp tests have been part of past internationally funded power ramp projects. The
majority of this data is publicly available through OECD/NEA in the IFPE database [11].

In addition to the Studsvik power ramp projects, significant power ramp programmes have been carried out
in other MTRs, most notable, Halden, Osiris (CEA), Petten (Netherlands), NRU (AECL), GETR-Vallecitos and
others.

In addition to the above discussion of the comparison between power ramps in MTRs and in power reactors,
the following elements should also be considered:

—  Heterogeneous pellet and cladding design and properties in the fuel rods of the international power ramp
database — especially cladding texture;

—  Reduced dataset for modern fuel design and materials;

—  MPS issue: present from the early days with periods of prominence and mitigating actions in fabrication —
Clear MPS effects confirmed from operation and at least one case in the MTR programmes (BG8-1 of Super
Ramp programme [12]).

The first item above is of paramount importance, as it has been clearly demonstrated that higher radial texture
inhibits the SCC crack propagation. The HCP crystallographic structure of Zr is intrinsically anisotropic and the
polycrystalline Zr alloys have a marked degree of anisotropy for all mechanical and physical properties.

One property strongly related to texture is the hydride orientation factor, because the hydrides tend to
precipitate parallel to the basal plane. The hydride orientation factor was available for the majority of the power
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ramp cases in the Studsvik international programmes and therefore, it was used to investigate the effect of higher
radial texture on PCI failure thresholds. The results reported in [13] show indeed a reduction of the failure threshold
for less radial texture cases; this result was implemented in production and modern cladding has a high degree of
radial texture.

As mentioned above, the operating guidelines are based on the outcomes of the power ramps programmes,
both international programmes in combination with proprietary programmes in MTRs and experience feedback
(failures in power reactors). Different ways of interpreting the power ramp data have been proposed e.g. [4], [14—
16], but in all formats the lowest failure points are used to define the failure thresholds and an additional safety
margin is applied to account for experimental and fuel rod characterization uncertainties.

As described above, the international power ramp data are affected by quite large uncertainties because of
diverse fuel designs and fabrication processes used in the past. A large weight in setting the failure thresholds is
given to the commercial data, i.e. failures in power reactors that have been identified as PCI-related ([17], [18]).
Therefore, each vendor has developed proprietary operating guidelines and the utilities use the guidance provided
by vendors to develop their own operating procedures for managing BWR manoeuvres (for notch-type BWR plants
in the USA), known as control blade exchanges.

Power ramps in MTRs were used for the derivation of power failure thresholds, which are part of the BWR
operating guidelines. There are different ways to interpret the power ramp data, as follows:

—  There is strong support that the main parameters are A P and the initial power, Pi;

— Both AP and Pmax must be above some thresholds in order to get failure;

—  The thresholds show a nonlinear burnup dependence, but piecewise linear relationship is used;
—  However, the prevalent way to reduce the data is the Pmax vs. burnup.

Other formats of failure thresholds derived from MTR power ramps were proposed, as follows:

—  One of the analyses [16] used the linear discriminant analysis method in order to rank the determining
parameters and to derive best-estimate failure criteria from a database of 713 power ramps, 117 of which
have failed;

—  The determining parameter in that analysis was found out to be the power increment, which is inversely
proportional dependent to the initial power and burnup;

—  Other analyses used different statistical procedures: e.g. the CANDU fuel power ramp performance criteria
require that both a Pmax and a AP thresholds be exceeded in order for failure to occur. Since Pi is the
difference between Pmax and AP, this is equivalent to the inversely linear relationship between P and Pi;

—  On the other hand, GE analysis emphasized the importance of the RTL and interpreted the power ramp data
in terms of a maximum power failure threshold depending on burnup. Most of the power ramps of the GE
experimental programmes had the same initial power level [4].

Currently, all vendors have continuous quality improvement and surveillance programmes for fuel pellet and
cladding manufacturing in order to prevent to the maximum extent possible appearance of pellet flaws (such as
MPS) and cladding imperfections, which can impair PCI resistance of the fuel rods. In addition, upgraded and/or
improved fuel design and materials are in various stages of development and implementation in production, such
as doped pellets: chromia-doped by Framatome [19], chromia-alumina by Westinghouse [20], or Al-Si additive
by GNF [21]. In all cases a comprehensive MTR power ramp programme was undertaken to confirm improved
PCI performance and allow quantification of uprated operating guidelines limits [19].

5. CONCLUSIONS

The international power ramp database is globally, a heterogeneous dataset, but individual datasets of
specific power ramp programmes are consistent and show clearer dependencies.

The design and materials characteristics have evolved in time and care must be exercised when using the
power ramp data from different programmes with the aim of defining PCI limits. The heterogeneity mentioned
above with respect to international power ramp programmes must be taken into account and only the data relevant
to current production should be selected.

On the other hand, reactor feedback experience of fuel failures in power reactors must also be considered
carefully in two ways: a) determine whether PCI was the actual cause of fuel failure; b) identify whether pellet
flaws, such as MPS, played a role.
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Currently, there is a need to continue with the power ramp programmes in MTRs, which are necessary in

order to support fuel materials modifications, either as evolutionary steps or fundamental changes, such as those
contemplated for ATF concepts. Recent shutdowns of a number of MTRs represent a roadblock in performing

these

needed power ramp programmes and the international community is currently trying to find possible

alternative MTRs and expedite the finalization of new MTRs under construction or in various stages of planning.
The MTR power ramps will be complemented by power reactor experience feedback that is the final performance
confirmation of a particular fuel design or material improvement.

NOMENCLATURES
AECL Atomic Energy of Canada Limited
ATF Accident Tolerant Fuel
BWR Boiling Water Reactor
CANDU Canada Deuterium Uranium Reactor
CEA Commissariat a Energie Atomique
FGR Fission Gas Release
GE General Electric
GETR GE Test Reactor
HCP Hexagonal Compact Packing
ID Inner Diameter
IFPE International Fuel Performance Experimental database
LHGR Linear Heat Generation Rate
MPS Missing Pellet Surface
MTR Material Test Reactor
P Power, same as LHGR
Pi Initial Power (LHGR) at the beginning of a power ramp
Pinax Maximum power (RTL) during a power ramp
AP Power (LHGR) increment during a power ramp
PCI Pellet-Cladding Interaction
PCMI Pellet-Cladding Mechanical Interaction
PCIOMR PCI Operating Manoeuvring Recommendations
R&D Research and Development
RTL Ramp Terminal Level of LHGR
SCC Stress Corrosion Cracking
SRX Super Ramp Extension

(1]
(2]

[3]

[4]

(5]

(6]

[7]

(8]
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Abstract

Kozloduy NPP operates two WWER-1000 units. The TVSA type fuel assemblies have been used at Kozloduy NPP,
reactors since 2004. Since 2008 the reactor cores of Unit 5 and 6 have been fully loaded with TVSA. The new assembly type
TVSA-12 are in operation at Unit 6 from 2016. The new fuel type TVSA-12 contains increased content and enrichment (up to
4.7%) of uranium and also increased grain sized fuel in addition to the increased skeleton robustness. TVSA-12 allows thermal
power up-rating up to 104% (3120 MW) using 42 fresh FAs. The paper discuss from practical point of view information about
the experience of TVSA and TVSA-12 fuel implementation, fuel assemblies main design characteristics and KNPP reloading
schemes, neutron-physics characteristics, relevant measurement data, fuel reliability statistics, I, Xe, Kr concentrations in the
moderator and coolant specific activity data, as an indicator for fuel problem during cycle, our methods to prevent fuel failure,
controlling the linear power of the fuel rod, burnup and reactor power changes limitations etc.

1. INTRODUCTION

This paper provides some operational experience of Kozloduy NPP with the TVSA and TVSA-12 fuel
assembly type. The TVSA operation shows very good results for more than 1200 burned FA (fuel assemblies) so
our aim is to present some of the most important reactor operational guidelines, limitations and requirement for
the fuel operational conditions. TVSA-12 operation is in the beginning and there is not enough statistics yet, 163
irradiated FA; with this progress KNPP intends to enhance the nuclear safety and economics of the nuclear fuel
operation.

2. KOZLODUY NPP FUEL STRATEGY

Kozloduy is the first NPP in south-east Europe and contains 6 units:

—  Unit 1 - WWER-440 / B230, commissioned in 1974, shut down since 31 December 2002;

—  Unit 2 - WWER-440 / B230, commissioned in 1975, shut down since 31 December 2002;

—  Unit 3 - WWER-440 / B230, commissioned in 1980, shut down since 31 December 2006;

—  Unit 4 - WWER-440 / B230, commissioned in 1982, shut down since 31 December 2006;

—  Unit 5 — WWER-1000/B320, commissioned in 1988, currently in operation with the 26th fuel cycle, power
uprated to 104%(3120MW) in 2019;

—  Unit 6 - WWER-1000/B320, commissioned in 1991, currently in operation with the 24th fuel cycle, power
uprated to 104%(3120MW) in 2017.

Units 5&6 WWER-1000 usually operate in base regime at full uprated power-104%. Since 2008 the reactor
cores of Unit 5 and 6 have been fully loaded with TVSA. The last fuel assembly type TVSA-12 is in operation at
Unit 6 from 2016. The advanced TVSA-12 assembly contains increased contents of uranium, increased uranium
enrichment up to 4.7wt% and increased skeleton stiffness. TVSA-12 allows thermal power up-rating up to 104%
(3120MW(th)) using 42 fresh FAs.

During the last ten years the operational strategy at KNPP is as follows:

—  Four-year fuel cycle;
—  Fuel cycle length ~325 days, 40 days of annual outage;
—  Beginning of Unit’s 5 outages — the middle of April;
—  Beginning of Unit’s 6 outages — the middle of September.
Some important design features of TVSA-12 are presented in Table 1. The main improvements in
TVSA-12 assembly type are the increased contents of uranium, increased uranium enrichment up to 4.7wt.%,

decreased cladding thickness, more robust skeleton and increased fuel ceramic grain size which ensures gases
keeping without need of fuel pellet central hole [1, 2].
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TABLE 1. TVSA AND TVSA-12 FUEL ASSEMBLY FEATURES

TVSA TVSA-12
Fuel mass in assembly, UOZ, kg 494.5 545.2
Number of fuel assemblies 163 163
Total number of fuel rods and Gd-rods 312 312
Fuel mass in FR/Gd FR, UO , kg 1.585/1.575 1.750 / 1.620
Fuel pellet outer diameter, cm 0.76 0.78/0.76
Fuel pellet hole diameter, cm 0.14/0.15 0/0.12
Cladding outer diameter, cm 0.91 0.91
Cladding inner diameter, cm 0.773 0.793/0.773
Average enrichment, wt% 4.30, 3.98 4.62,4.60,3.97
Number of Gd rods 6,6 6,12, 12
Fuel rods enrichment, wt% 4.4/4.0 4.7/ 4.4/4.0
Gd-rods enrichment, wt% 36/33 36/33

Configuration of various TVSA models are represented in Figs 1-5. Some of the most significant effects

from TVSA-12 implementation are:

—  Decreasing the number of fresh fuel assemblies for annual reloading. Before we usually used 42 or 48 fresh

FA TVSA, now 42 TVSA-12 are enough;

Power uprate 3120 MW(104%);

Minimizing potential debris risk (anti debris filter);

Decreasing the reactor pressure vessel neutron flux (5 to 8%) using reloading schemes with lower neutron
leakage;

Decreasing the fuel assemblies bending (Increased TVSA-12 skeleton solidity);

Decreasing the reloading time;

Decreasing zirconium quantity in the reactor core;

Decreasing the reactor scram time.

In Figure 6 are presented typical fuel loading schemes with TVSA and TVSA-12. Loadings with TVSA-12

are with bigger power irregularity and higher power peaking factors. Less fresh FAs are in place at the peripheral
core so that neutron flux at the reactor vessel is significantly reduced.
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Advanced fuel cycle with 42 fresh TVSA-12 (~330fpd) Fuel cycle with 42 fresh TVSA (~305fpd)

FIG. 6. TVSA and TVSA-12 example fuel loading schemes.

3.  CALCULATED AND RECONSTRUCTED POWER DISTRIBUTION

The reconstructed and calculated assembly-wise power distribution data at the beginning for ~100% power
is presented in the Figs 7 and 8.

The difference between the reconstructed and calculated maximum assembly power peaking factor is ~4%.
For the assemblies with SPND the difference is ~4%, for the core periphery all differences are also below 4%. The
test criteria are met [3-5].

139



* L]
* id
Cell Cell Cell
NE 30 W27 b [{ET]
L *
*
- L ] L

4.

FIG. 8. Assembly axial power distribution-measured and calculated with BIPR-7a code.

KOZLODUY NPP OPERATIONAL LIMITATIONS

Reactor power changes speeds limitations for rated power - 3000MW and after power uprate 3120MW are

presented in Fig. 9 and Fig. 10 [6].
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5. FUEL LINEAR POWER LIMITATIONS

According to the refuelling methodology, the most important parameter is the linear power in the fuel rods

Qlijk [W/em]:

Qlijx = Ql* Koyji'Keng, 23" Kpower

Q, = 172.82[W /cm]

Keng, = 1153 Keng = 1.133; Koy, = 1.114; Kpoer = 1.04

Kok — fuel pin relative power; i = 1...163; j =1...30; k =1...312.

REACTOR POWER CHANGES PERMISSIBLE SPEED

M

Planned power decrease Planned power increase Power increase after | Stepwise increase of reactor power
- main circulation pump start,
-long (more than 12 days) reactor operation at
decreased power level
-after refuelling;
-at the end of eycle during reactor coastdown
N<B5%Nrated
100%Nrated 100%Nrated 100%Nrated 100%Nrated
Not more than Not more than Two steps of 10%
1% Nrated/min 0.17%Nrated/'min Nrated and a
delay of at least 3
hours between
steps
85%Nrated Power level hold for at
least 3 hours
80%Nrated
Not more than Not more than Not more than
3% Nrated/'min 1% Nrated/min I 0.17% Nrated 'min
50%Nrated 50%Nrated
45%Nrated
Not more than I Not more than I Once with 20%
' 3% Nrated/min 3% Nrated/min Nrated
HZP HZP HZP HZP
The average speed is ensured by a power
boost step of 2-4% Nrated at speeds of up to
2% Nnom / min followed by a time delay.
FIG. 9. Reactor power changes permissible speeds for rated power -3000MW.
. REACTOR POWER CHANGES PERMISSIBLE SPEED
Planned power decrease Planned power increase Power increase after: Stepwise increase of reactor power
- main eirculation pump start,
-long (more than 12 days) reactor operation at
decreased power level
-after refuelling;
-at the end of cycle during reactor coastdown
N<§5%Nrated
104%Nrated 104%Nrated 104%Nrated 104%Nrated
Not more than Not more than Two steps of 10%
1% Nrated/min 0.17%Nrated/'min Nrated and a
delay of at least 3
hours between
steps
80%Nrated Power level hold for at
least 3 hours
80%Nrated
Not more than Not more than Not more than
3% Nrated/min 1% Nrated/min ' 0.17% Nrated/min
50%Nrated 50%Nrated
45%Nrated
Not more than ' Not more than ' Once with 20%
3% Nrated/min 3% Nrated/min Nrated
HZP HZP HZP HIZP
The average speed is ensured by a power
boost step of 2-4% Nrated at speeds of up to
2% Nnom / min followed by a time delay.

FIG. 10. Reactor power changes permissible speeds after power uprate-3120MW.
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On the refuelling stage, the maximum values of the linear power have to satisfy the two limiting curves —
Ql vs Bu and QI vs Hrc. As shown below in Tables 2 and 3 and Figs 11 and 12 the maximum values of the linear
power as a function of fuel rod burn-up and reactor core height satisfy the limiting curves with large margins [3].

TABLE 2. LINEAR POWER LIMITS VS NUCLEAR FUEL BURNUP

Fuel element Burnup, MW-d/kg U Linear power limit [W/cm]
0 448
20 360
Fuel rod 40 310
70 255
0 360
. 15 360
Fuel rod with Gd 35 310
65 255

TABLE 3. LINEAR POWER LIMITS VS REACTOR CORE HEIGHT

Fuel element Reactor core height, [%] Linear power limit [W/cm]
0 448
50 448
Fuel rod 20 360
100 301
0 360
Fuel rod with Gd 80 360
100 301

6. POWER PEAKING FACTORS

List of power peaking factors used at WWER-1000 Kozloduy reactors:

—  Kaqi - relative (normalized to total number of FA in the core) power in the FA with number I;
— Kq - fuel assemblies power peaking factor in the reactor core, Kq =maxi(Kqi);
—  Kvij - relative (normalized to the total number of volumes in the core) power of volume number j

along the height of the FA with number [;
— Kv - power peaking factor by volumes in the reactor core, Kv = maxij(Kvij);;
—  Kvpmon(i,j) - permissible value of the volume power peaking factor at the j-th volume of the i-FA;

—  Kkil - relative (normalized to the total number of fuel rods in the FA) power of fuel rod number I at
volume number j where is max Kvij for FA with number I

—  Kki - power peaking factor by fuel rods in FA with number i, Kki =maxI (Kkil);

— Kr - radial power peaking factor, Kr = maxi(Kqi*Kki);

— Kz - power peaking factor along the height of the FA with number i, Kzi = maxj (Kvij)/ Kqi ;

— Kz - power peaking factor along the height of the FAs in the reactor core, Kz =maxi (Kzi);

— Ko - reactor core total power peaking factor, Ko = maxij (Kvij*Kki);

— Kojmon. - permissible value of the total power peaking factor at the j-th volume of the reactor core;

— Km - max ratio of calculated to permissible value of the reactor core total power peaking factor.
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Table 4 represents power peaking factors limitations (*- cycle with assemblies TVSA, **- mixed cycle with
assemblies TVSA and TVSA-12, ***- cycle with assemblies TVSA-12)) [3].

TABLE 4. POWER PEAKING FACTORS WITH LIMITING VALUES

Characteristics Permissible values

Power peaking factors for power3120 MW

Kq <1.35%<1.43%%<]1.50%**
Kv <2.05%<2.05%%<2.05%**
K <1.50%*<].54%* <] .57%%*
Km <1.00

Kz <1.49%<1.40%%<] 45%**

For power peaking factors Kq, K, K_,K atNcurrent
<Nuprated - Kcurrent

Kperm — permissible factor for 104%Nrated; Kcurrent=
Kperm*

When Ncurrent / Nrated>0.8

f=1/(0.17+0.83* (Ncurrent / Nuprated))

When 0.3<Ncurrent / Nrated<0.8
f=1.019+0.144*(Nuprated / Ncurrent)

When 0.1<Ncurrent / Nrated<0.3

£=1/(0.17+0.83 * Ncurrent / Nrated)

Maximum burnup for FA type TVSA/TVSA-12, MW-d/kgU

- Average for fuel assembly <55.0%, <55.0%* <62.6%**
- Average for fuel rod <59.1%, <59.9%* <65.3*%**
- In fuel rod pin <64.3*%, <65.5%* <71.2%**
- Average for Gd fuel rod <51.4%, <52.4%* <57.6%**
- In Gd fuel rod pin <56.2%, <57.5%*% <63.1%**
Maximum operating time of a fuel assembly <31500%, <31500**, - **

7.  MAIN NEUTRON PHYSICS CHARACTERISTICS

Main neutron physics characteristics during Cycle 23 of unit 6, calculated by different codes Bipr-7a/ Permak
and HEX3DA/ HEX3DP are presented at Table 5 and Figure 13 [7].

8. FUEL RELIABILITY STATISTICS

At Kozloduy NPP, refuelling is always carried out with full unloading of the fuel assemblies from the reactor.
This allows to review the plates and, if necessary, to remove debris. Over the entire Kozloduy NPP TVSA
operation period (starting from 2004), more than 1200 assemblies were burned at units 5 and 6, of which only one
leaky TVSA was detected for the second year of operation - without achieving a normal operational limit on I-131
in the primary circuit 1.48E+6 Bg/l. Over the Kozloduy NPP TVSA-12 operational period (starting from 2016),
163 assemblies were irradiated only at unit 6, of which two leaky TVSA-12 were detected - without achieving a
normal operational limit on I-131 in the primary circuit 1.48E + 6 Bq /1.
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TABLE 5. MAIN NEUTRON PHYSICS CHARACTERISTICS DURING CYCLE 23 OF UNIT 6

T w tin Cs Kq Kq Kv Kv Kr Kr Ko Ko
fpd MW  °C g/kg Bipr-7a HEX3DA Bipr-7a HEX3DA  Permak HEX3DP Permak HEX3DP
0 3120 286.5 6.54 1.36 1.36 1.63 1.63 1.50 1.52 1.89 1.86
5 3120 286.5 6.62 1.38 1.38 1.65 1.64 1.49 1.51 1.83 1.82
10 3120 286.5 6.46 1.39 1.38 1.65 1.63 1.49 1.50 1.79 1.80
20 3120 286.5 6.17 1.39 1.38 1.64 1.61 1.50 1.50 1.76 1.79
40 3120 286.5 5.71 1.39 1.37 1.60 1.58 1.49 1.51 1.74 1.78
60 3120 286.5 5.27 1.38 1.36 1.56 1.54 1.47 1.51 1.72 1.77
80 3120 286.5 4.84 1.37 1.35 1.53 1.51 1.46 1.51 1.70 1.76
100 3120 286.5 4.4l 1.36 1.33 1.52 1.50 1.46 1.51 1.69 1.76
120 3120 286.5 3.99 1.34 1.32 1.53 1.51 1.46 1.51 1.69 1.76
140 3120 286.5 3.59 1.34 1.33 1.55 1.53 1.46 1.51 1.71 1.76
160 3120 286.5 3.21 1.35 1.34 1.58 1.54 1.47 1.52 1.73 1.76
180 3120 286.5 2.84 1.36 1.35 1.59 1.55 1.48 1.52 1.75 1.75
200 3120 286.5 246 1.37 1.35 1.59 1.55 1.49 1.52 1.75 1.74
220 3120 286.5 2.06 1.37 1.36 1.57 1.54 1.49 1.52 1.72 1.73
240 3120 286.5 1.64 1.37 1.36 1.55 1.52 1.49 1.51 1.70 1.72
260 3120 286.5 1.22 1.37 1.35 1.53 1.51 1.49 1.51 1.67 1.70
280 3120 286.5 0.79 1.36 1.35 1.52 1.50 1.48 1.50 1.65 1.68
300 3120 286.5 0.35 1.35 1.34 1.50 1.49 1.47 1.49 1.63 1.66
316.3 3120 286.5 0.00 1.35 1.34 1.49 1.48 1.46 1.48 1.62 1.65
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FIG. 13. Assembly, fuel rod and fuel pin power distribution by different codes — U6/C23.
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9.  SPENT FUEL POOL FUEL COOLING REPORTS

After Fukushima we have taken special measures to prevent fuel damage in the spent fuel pool even when
all cooling pumps are seized [7-10]. For every cycle of units 5 and 6 we calculate (using Scale 6.1) report with:

—  Decay heat for every Spent Fuel Pool section- BO1, B02, B03,

—  Time for water heating from T1=35°C no T>=100°C, Levelcons=35.7 m, presented in Fig. 15.

—  Time for water evaporation from level 35.7 m to 28.8 m (beginning of dividing to sections BO1, B02, B03)
at T=100°C, p=1 atm, presented in Fig.16,

—  Time for water evaporation from level 28.8 m to 25.8 m (the upper end of the fuel part of the rod) at T=100°C,
p=1 atm, for every Spent Fuel Pool section- BO1, B02, B0O3 presented in Fig.17.

Unit 6 total layout of the reactor core and spent fuel pool is presented in Fig. 14 [11].
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FIG. 14. Total layout of the reactor core and spent fuel pool.
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FIG. 15. Decay heat of the fuel assemblies in the unit 6 Spent Fuel Pool and time for water heating from T1=35°C to
T>=100°C for levelcons=35.7m, for the period of 24-th cycle of unit 6 and outage 2019 (In case of loss of all pumps).
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10. CONCLUSION

Over the entire Kozloduy NPP TVSA fuel type operational period (starting from 2004), more than 1200
assemblies were burned at units 5 and 6, of which only one leaky TVSA was detected (for the second year of
operation - without achieving a normal operational limit on I-131 in the primary circuit 1.48E + 6 Bq / 1).

Kozloduy NPP reactor operational guidelines, fuel related limitations and good practices ensure reliable
nuclear fuel operational conditions.
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FIG. 16. Decay heat of the fuel assemblies in the unit 6 Spent Fuel Pool and time for water evaporation from level 35.7 m to
28.8 m (beginning of dividing to sections B01, B02, B03) at T=100°C, p=1 atm for the period of 24-th cycle of unit 6 and
outage 2019 (In case of loss of all pumps).
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FIG. 17. Decay heat of the fuel assemblies in the section B0OI of unit 6 Spent Fuel Pool and time for water evaporation from
level 28.8 m to 25.8 m (the upper end of the fuel part of the rod) at T=100°C, p=1 atm for the period of 24-th cycle of unit 6
and outage 2019 (In case of loss of all pumps).
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Abstract

In order to realize the target burnup (BU) along with safe operation without any fuel pin failure, it is very important to
estimate the evolution of various parameters with BU e.g. fuel clad mechanical interaction Pressure (FCMI), fission gas
pressure, centre line temperature, cladding stresses, FCCI (fuel clad chemical interaction) wastage, clad wastage due to
corrosion and erosion by coolant, cumulative damage fraction (CDF) in the clad, etc. The modified SATURN-FS1 computer
code is used for the thermo-mechanical analysis of a typical FBR fuel pin. With the modified SATURN-FS1 code, it is possible
to perform a complete thermo-mechanical analysis of an FBR fuel pin with D9 clad material, taking into account all thermal,
mechanical and radiation based effects. The SATURN FS1 code has been modified to account for the effect of axial power
profile, updated fuel properties, D9 material properties, FCCI, and calculation of Pm + Pb (primary membrane and bending
stresses) in the cladding using numerical integration. The code was also modified to evaluate the creep damage in the cladding.

Together with the above parameters, the analysis is performed to evaluate the fuel performance for a higher BU potential,
to identify the parameters that can be optimized for future reactors, to evaluate the available design margins, to identify the
areas in which the code needs to be updated and improved. Key findings on the above parameters are discussed in detail in
this article.

1. INTRODUCTION

The MOX fuel is selected for Prototype Fast Breeder Reactor (PFBR) with maximum PuO, as ~ 28% and ~
20% cold worked austenitic SS called D9 as clad. The target BU is 100 GWd/t with a peak linear power of 450
W/cm. To realize the target burn-up (BU) along with safe operation without any fuel pin failure, it is very important
to estimate the evolution of various parameters with BU e.g. FCMI pressure (fuel clad mechanical interaction
pressure), fission gas pressure, centreline temperature, stresses in the clad, wastage of clad due to FCCI (fuel clad
chemical interaction), wastage of clad due to corrosion & erosion by coolant, incurred cumulative damage fraction
(CDF) in the clad etc. SATURN-FSI [1], a computer code for thermo-mechanical analysis of fuel rod, developed
by Kernforschungszentrum (Nuclear Research Centre), Karlsruhe, Germany was modified and used for the
analysis of the peak rated fuel pin. With Modified SATURN-FS1 code, it is possible to perform complete thermo-
mechanical analysis of an FBR fuel pin having D9 clad material, taking into account all thermal, mechanical and
irradiation-based effects. The code was modified to account for the effect of axial power profile, updated fuel
properties, D9 material properties, FCCI and calculation of Pm + Pb (Primary membrane & bending stresses) in
the clad using numerical integration. Code was also modified to evaluate the creep damage in the clad. In this
report, the analysis results obtained from modified SATURN-FS1 code are discussed in detail and the important
observations are also discussed. As this exercise is to determine MOX fuel performance, uncertainties involved in
the design inputs are not considered and nominal values are taken into account.

2. MODELING OF FUEL PIN

A typical FBR fuel pin is shown in Fig.1 with the geometrical details [2]. It consists of a middle plug over
which the pellets are stacked. The active core length is 1000 mm and the two axial blankets are of 300 mm length
each. There are two plenum volumes— one at bottom of the pin having 710 mm length and one at the top of the pin
having 200 mm length. As the linear power varies along the height of the active core, the generation and release
of fission gases also varies along the height which in turn affects the swelling of the fuel as well as the fuel-clad
gap conductance. The active core height is divided into smaller elements to account for the effect of axial power
profile.
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FIG. 1. Typical FBR fuel pin.

Conceptually SATURN-FSI has a single plenum volume configuration, therefore, the upper plenum volume
in the considered FBR pin, is added to lower plenum volume with temperature correction.

3. RESULTS

The code is used for the simulation of the fuel pin behaviour under irradiation equivalent to 555 EFPD
(effective full power days) [2, 3] and the various results obtained are discussed in this section. All the results are
presented at Active Core Peak Power Location (ACPPL).

3.1. Gap & gap conductance

The radial gap between the fuel and clad has an important role on the fuel temperature as the temperature
drop across the gap is of the order of few hundred degrees centigrade. The variation of gas concentration with
burnup is shown in Fig.2. It is observed that He concentration decreases to = 12% at the discharge burnup.
However, the fission gases Xe & Kr buildup takes place up to = 79.5% & 8% respectively. The fuel-clad gap
variation at the burnup is shown in Fig.3. It is observed from the figure that initially the radial gap increases with
respect to as fabricated gap of 75 um due to higher thermal expansion of the clad. However, a sudden decrease in
the radial gap is observed due to cracking & relocation of the fuel pellets which causes the fuel pellets to fragment
and move towards the clad. It is observed that cracking could occur in a fuel pellet at a very low linear power (<
40 W/cm). The gap closes fully at around 1.2 at % of BU.
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FIG. 3. Variation of radial gap.

The variation of gap conductance is shown in Fig.4. It is observed that till the full power is attained, the gap
conductance increases rapidly due to decrease in gap (due to cracking & relocation) and also due to increase in
temperatures which cause thermal conductivity of the gases to increase.

After the full power is attained, only swelling of pellets and gap closure due to increase in crack volume
contribute to the increase in gap conductance. Therefore, the rate of increase of gap conductance decreases after
the full power is attained. It is seen in Fig.4 that the gap conductance increases to ~4.9 W/cm?-K due to gap closure
and starts decreasing rapidly thereafter due to dilution of Helium by released fission gases.

It is observed that at room temperature itself the thermal conductivity of fission gases Kr and Xe is around
1/16" and 1/25% respectively with respect to pure He. Although, the dilution of bond gas (He) due to fission gases
starts at beginning of life itself, the gap closure effect more profound over dilution effect. Once the gap fully closes,
the dilution effect is dominant.
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FIG. 4. Variation of gap conductance.

3.2. Fuel centreline temperature

affects the fuel centreline temperature.
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FIG. 5. Variation of centreline temperature.

12

The evolution of fuel centreline temperature is shown in Fig. 5. It is seen that till full power is attained, the
centreline temperature increases rapidly as the power increases. Once the full power is attained, the effect of gap
conductance gets reflected on the fuel centreline temperature. It is observed that with increase in gap conductance,
the centreline temperature decreases, however, it starts increasing again with corresponding decrease in gap
conductance. Further, thermal conductivity deterioration of fuel due to buildup of fission products with burnup



3.3. Temperature across pin

Temperature contour across the fuel pin are shown in Fig.6(a) & (b) for BOL and EOL respectively. The
radial temperature distribution across the fuel pin is depicted in Fig.7.
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FIG. 6. Contour mapping of temperature across pin.
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FIG. 7. Temperature distribution across pin.

3.4. Fission gas pressure

The variation of fission gas pressure with burnup is shown in Fig.8. The initial fill pressure is assumed as
0.2 MPa (absolute) at room temperature which further increases to around 0.46 MPa at operating temperature at
BOL. It is predicted that at EOL the fission gas pressure increases up to =~ 3.4 MPa.
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3.5. Clad inner radius

The variation in clad inner radius is shown in Fig.9. A substantial increase due to thermal expansion during
full power attainment at BOL is observed. After the full power is attained, the increase in clad inner radius is due
to swelling. Also, the increase in radius due to swelling follows the trend of volumetric swelling i.e. the rate of
increase is higher at higher DPA.
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FIG. 9. Variation of clad inner radius.

3.6. Fuel clad mechanical interaction (FCMI)

As it was observed in Fig.3 that the radial gap closes at around 1.2 at % of peak burnup, fuel pellets start
exerting pressure on the clad inner wall after that. The FCMI pressure is depicted in Fig.10. The FCMI pressure
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reaches a peak value of =~ 2.2 MPa and starts decreasing thereafter when the clad starts swelling higher than fuel,
resulting in rapid increase of clad inner radius as shown in Fig.9.

3.7. Stresses in clad
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FIG. 10. Variation of FCMI pressure.

Figure 11 shows the development of the stresses (von Mises, radial, tangential and axial) in the clad inner
ring with burnup. Figure 12 shows the development of the stresses in the outer ring of the clad.
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FIG. 11. Stresses in the clad inner ring.
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FIG. 12. Stresses in the clad outer ring.

Until full power is reached, the temperature drop in the cladding increases and thermal stresses develop in
the cladding. The clad inner wall has a higher temperature and tends to expand more than the clad outer wall,
which has a lower temperature. This tendency of higher thermal expansion of the clad inner wall is limited by the
clad outer wall, resulting in tangential and axial compressive stresses in the clad inner wall.

However, for the same reason, the clad outer wall experiences tangential and axial tensile stresses.

From Fig. 11 and Fig. 12 it can be seen that after reaching full power, due to radiation creep all the stresses
begin to decrease. It is observed that rate of the irradiation creep is much higher (a few orders of magnitude higher)
than rate of the thermal creep. Subsequently, the fission gases are released in due course of burnup, which leads
to an increase in the internal pressure and causes tensile stresses in the cladding. Later, FCMI (for almost the entire
length of the active core) comes into effect, which also causes tensile stresses in the cladding.

Because of these tensile stresses, the already tensile tangential and axial stresses in the clad outer ring further
increase, and in the clad inner ring, the tangential and axial stresses which were compressive in nature, first become
zero and then tensile. It can also be seen from Fig. 12 that beyond a BU (9 at % BU) where the swelling of the
clad becomes significantly high, the clad outer ring transitions into tangential and axial compressive stresses and
at the same time the clad inner ring is under tension. This is due to the fact that the clad outer surface has a lower
temperature compared to the clad inner surface and therefore swells more. The increased swelling of the clad
exterior wall is limited by the clad interior wall, resulting in additional tangential and axial compressive stresses
in the clad exterior wall and stresses of the opposite nature (tensile) in the clad interior wall. The compressive
stresses being high, nullify the already existing tensile stresses and the clad outer wall goes into compression.
Figures 13 and 14 show the variation of the stresses across the clad for BOL and EOL, respectively.

3.7.1. Membrane and bending stresses

The membrane and bending components of the stresses were obtained according to RCC-MR (2007) [4]
using numerical integration method.
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FIG. 14 Stresses across the clad wall (EOL).

Figure 15 shows the development of tangential, axial and radial components of membrane stresses. It should
be noted that there is a gradual increase in the tangential component of the membrane stress in Fig.15 at ~ 1.2 at
% burnup. This increase is due to the onset of FCMI at this point, as already observed in FIG.10. Again, at a higher
burnup due to a decrease in the FCMI, the radial and tangential components of the membrane stresses are seen
decreasing as can be seen in Fig.15. Due to stress variations across the clad thickness, bending stresses develop.

The bending components of the stresses were obtained according to RCC-MR (2007). Figures 16 and 17
show the variation of the bending components at the inner and outer walls of the clad, respectively. It is seen that
the bending stresses are equal in magnitude but opposite in nature at clad inner and outer wall.

The development of Pm (general primary membrane stress intensity) as well as Pm + Pb (Pb: primary
bending stress intensity) is shown in Fig.18. It is seen from Fig.18 that Pm + Pb at clad inner wall is higher than
that at the outer wall.

3.8. CDF (cumulative damage fraction) incurred in clad

Since clad is the first boundary for containing the fission products after release from fuel, its integrity for the
desired burnup must be ensured. There are two approaches for ensuring the clad integrity:
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—  Strain limit approach, which limits clad strains to a certain limit for different event categories;
—  CDF approach, wherein damage to clad is accumulated throughout the BU and is limited to 0.25 for category
1,2 and 3 events.

In this analysis, the second approach is adopted. Using the local temperatures and equivalent stresses of the
clad elements, CDF is predicted. The variation of CDF with BU is shown in Fig.19.
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FIG. 15. Membrane stresses.

—e=—— Radial ..
——a—— Tangential.,, .
L A],'ﬂ]”m"_“"

e
o
II'Il‘IIIII.ItIIII
‘{;\
L]

Stress (MPa)
L=

Peak Bumup (at% )

FIG. 16. Bending stresses (Clad Inner Wall).

158



Stress (MPa)

Stress (MPa)

—r Radidﬂlﬂf Was

——e—— Tangential__ ...
—»—— Axial

Ousr Wall

60
45
30
15

0
-15
0 3
45 -
60 _:
75 -
-90 L] 1 I L) T l T T I 1 T ' L) 1 ' 1 L) I

0 2 4 6 8 10 12
Peak Bumup (ath% )
FIG. 17. Bending stresses (Clad Outer Wall).
100
P T— pm
%0 —— Pt P
= [P_ * Pa]ouerwu
1
12

Peak Bumup (at% )

FIG. 18. Variation of Pm and Pm+Ps.

159



0.01

0.008 —

0.006 —

CDF

0.004

0.002

4 6 8 10 12
Peak Bumup (at% )

FIG. 19. Variation of CDF.

3.9. Fuel clad chemical interaction (FCCI)

With BU, fission products are generated and attack the cladding from the inside. There is also a wastage of
cladding on the outer surface due to sodium erosion and corrosion. Wastage of cladding is the loss of cladding
thickness, which leads to an increased stress. For estimating the wastage of cladding at any location, the peak
burnup and the peak LHR (Linear Heat Rating) with the local cladding temperature are considered according to
the reference document formulation [5].

The axial variation of cladding wastage at EOL is shown in Fig. 20. There is a tolerance of 20 microns for
the thickness of the cladding. For a conservative design, this is also considered a wastage and shown in the same
figure. The 555 EFPD of operation causes a clad wastage of about 6 microns by Na corrosion and erosion.
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FIG. 20. Axial Variation of Clad wastage at EOL.
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From Fig. 20, it is apparent that the wastage is almost identical up to a distance of ~ 35 cm from the active
core bottom and is caused only by Na corrosion and erosion or a combination of Na corrosion and erosion and
manufacturing tolerance. Up to this location, there is no waste of cladding due to FCCI since the inside temperature

of the cladding is less than 800 °C.
3.10. Axial variation of CDF taking into account the clad wastage

The variation of CDF along the length of the clad at EOL with reduced clad thickness that occurs due to
FCCI, Na corrosion & erosion and manufacturing tolerance is shown in Fig. 21. It is observed that without clad
wastage consideration, peak CDF occurs at a distance of about 75 cm from the active core bottom. However, with
reduced clad thickness, the CDF value reaches a peak of 0.01367 at a distance of about 57 cm from the active core

bottom.
4.  CONCLUSIONS

In the present work, a typical FBR fuel pin performance analysis for target peak burnup is performed. This
report shows all the results at Active Core Peak Power Location (ACPPL). The following conclusions are based

on the thermo-mechanical analysis of the typical FBR fuel pin:

The FCMI starts at about 1.2 at% of the burnup and increases till 9 at% burnup, where the swelling of the
clad increases significantly and the FCMI begins to decrease;

The increase of the cladding stresses occurs due to differential thermal expansion until full power is achieved,
and then a decrease due to the irradiation creep occurs (the thermal creep is much lower compared to the
irradiation creep). The stresses in the clad increase again due to the fission gas pressure and the FCMI (at
locations where complete closure of the gap is observed);

FCCI, sodium corrosion and erosion result in wastage of clad. Wastage is about 69 microns at ACPPL, which
is equivalent to 15% of the fabricated thickness of 450 microns.

At EOL, the maximum centre line temperature of the fuel is 2132°C, the maximum CDF is 0.014
(considering cladding waste), and the fission gas pressure is 3.4 MPa. There is a wide margin between the
maximum centre line temperature and the fuel melting point of 2750°C as well as the accrued and allowed CDF,
which ensures safe operation of the fuel pin at 450 W/cm up to 100 GWd/t burnup.
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Abstract

Zirconium alloys are materials used as fuel cladding in the majority of the present global fleet of nuclear power reactors.
During service, zirconium fuel cladding is susceptible to pellet-clad interaction (PCI), a degradation mechanism sometimes
attributed to iodine stress corrosion cracking (I-SCC). PCI mitigation is achieved through operational restrictions and liner
materials; however, these engineering solutions have economic penalties. Although PCI has been studied for many years, the
mechanisms and the factors that determine susceptibility are not fully understood. This study includes summaries of several
out-reactor PCI testing campaigns in a variety of environments. The tests include: C-ring compression, tube internal
pressurization, mandrel testing, uniaxial tension, and fracture mechanics testing. Additionally, new experimental observations
of basal plane pseudo-cleavage and twinning near I-SCC cracks are provided in the context of the current literature in an effort
to enhance PCI mechanistic understanding. Recommendations for future work include comparisons of different specimen
geometries under similar test conditions (i.e. material property tests vs. component tests, including subsequent
characterization), direct comparisons of unirradiated, accelerated irradiation (neutrons, protons, and/or heavy ions), and ex-
service material, as well as determining the environment and loading conditions most relevant to in-service PCI. The proposed
future work could provide a better understanding of PCI mechanisms and could be used to reduce conservative operating
restrictions, inform fuel cladding design, and allow for improved predictions of PCI behaviour under new conditions, such as
for extended life or new reactor designs.

1. INTRODUCTION

Fuel cladding is fabricated from zirconium alloys for use in water cooled reactors due to the low neutron
capture cross section as well as excellent corrosion and mechanical properties under normal operating conditions.
During service, the structural integrity of zirconium alloy fuel cladding can become compromised due to a
degradation mechanism known as pellet-clad interaction (PCI) often attributed to iodine stress corrosion cracking
(I-SCC) [1-4].

As a type of stress corrosion cracking (SCC), PCI requires a susceptible material, tensile stress, and a
corrosive environment for cracking to occur. Once a SCC crack initiates it can grow through-wall, allowing coolant
to come into direct contact with fuel. PCI mitigation measures include operational restrictions and engineering
solutions, such as CANLUB or liner cladding [5-8]. These solutions have economic penalties and limit the load
following capabilities of power reactors. PCI has been identified as an important topic with considerable industrial
issues. An improved understanding of PCI could increase the flexibility of nuclear power [9] by replacing
conservative empirical approaches with mechanistic and physical models that have more predictive power [2].

Using out-reactor testing to simulate in-reactor PCI is highly desirable due to the costs and challenges
associated with in-reactor testing, subsequent hot cell processing, and characterization of material with possible
fuel contamination. Additionally, secondary damage such as oxidation and hydriding usually occur during an in-
service failure once the coolant contacts the fuel, which results in difficulty in the analysis of primary failure
features of interest, such as the fracture surface.

A number of previous literature reviews on PCI examine a large breadth of literature and provide a solid base
of knowledge for subsequent experiments and modelling [1-4], although there are still several mechanistic
questions left unanswered. Examples include the crack initiation mechanism (oxide fracture, pitting, near surface
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heavy ion damage), the Van Arkel process and the active zirconium iodide species at the crack tip [4, 14], the
iodine and oxygen partial pressure thresholds, the basal pseudo-cleavage mechanism [1], and the effect of radiation
damage on crack morphology [13].

The goal of this study is to provide new results from constant-K I-SCC testing, including orientation maps
obtained using electron back scatter diffraction (EBSD) taken from near I-SCC crack tips, and discuss these results
in the context of the previous literature.

2. REVIEW OF OUT-REACTOR PCI TEST TYPES

The most formidable challenge in performing out-reactor testing is simulating in-reactor PCI in a meaningful
way. The high neutron flux (radiation damage and radiolysis), fission product induced damage (i.e. heavy ion
irradiation) at the cladding surface, large temperature gradients, transient nature of fuel cracking and crack tip
chemistry make it very difficult to simulate in-reactor I-SCC conditions in a lab setting. Choosing the most relevant
conditions and isolating the most important variables is critical to successful out-reactor PCI testing.

A list of some critical variables for PCI are as follows: material (composition, orientation, texture, fabrication
history, cold work), environment (chemistry, pressure, temperature, irradiation history) and stress (specimen
geometry, in-service loading history, residual stresses) [2]. The PCI literature suggests that the choice of variables
is not trivial and that Zr degradation in the presence of iodine depends strongly on the test conditions e.g. gaseous
iodine or iodized alcohol [10, 11], oxygen control [2] and oxide thickness [12], resulting crack morphology
(intergranular, transgranular, pseudo-cleavage) [1], crack tip deformation [2], effect of radiation damage [13],
specimen type [11], etc. Many previous out-reactor PCI studies use specimen geometries that can be fabricated
directly from fuel cladding; these geometries are referred to as component tests. Examples include C-ring
compression, internal pressurization, and mandrel testing. The main benefit of component tests is that the material
related variables listed above are the same or similar to in-service conditions. However, the standard fracture
mechanics approach to determine general material properties e.g. Kiscc, ‘requires that the plastic zone size remains
small compared to the wall thickness of the sample considered’ [2], which is generally not the case in thin wall
cladding specimens. An alternate approach is to use sheet or plate material with a larger thickness. Lessons learned
from previous fracture mechanics type PCI studies as well as recommendations listed in an IAEA study [2] were
applied during the development of a gaseous iodine testing system at Canadian Nuclear Laboratories [11], which
is able to apply constant-K loading to compact tension specimens using a DCPD feedback loop.

This section outlines a variety of PCI specimen types and out-reactor testing systems. In addition to the
differences between component and non-component tests described below, significant differences also exist
between ‘open’ and ‘closed’ test systems. The iodine concentrations in the former are usually lower than the latter;
for example, Anghel et al. [15] use an open system with iodine partial pressure of 60 Pa, while Jezequel et al. [16]
use a closed system with iodine density of 15 mg/cm3, a maximum iodine partial pressure greater than one
atmosphere at 300°C or above (i.e. a change of more than three orders of magnitude).

An TAEA report [2] recommends that open systems use small chamber volumes and frequent air changes to
ensure the environment is at a steady state, as well as reducing oxygen partial pressure as much as practical. For
closed systems, the iodine partial pressure at a given time is difficult to determine because it is not an independent
variable that can be controlled or accurately measured once the test chamber is sealed. However, oxygen pressure
in a closed, positive pressure system is likely easier to minimize, given that there are fewer connections susceptible
to air leaks, while higher pressures promote inside-out leaks, minimizing oxygen ingress.

The materials used in the PCI test rigs must be selected with care to avoid any unwanted interactions with
either iodine or the zirconium alloy specimen [17]. For example, some previous iodine testing systems used
stainless steel components in direct contact with the iodine containing environment [2]. It has been shown that the
presence of steel affects [-SCC susceptibility [4, 17-19]. An alternate approach is to pre-oxidize stainless steel
components (or other metals) to minimize iodine interaction [16]. Decomposition of O-ring grease at elevated
temperatures has also been shown to affect test results [11].

2.1. Component tests

Component testing is performed on specimens that can be manufactured directly from fuel cladding. These
include, but are not limited to, C-rings, internal pressurization, and mandrel tests. It should be noted that BWR,
PWR, and CANDU fuel cladding all have different geometries, composition, etc. such that direct comparisons
between ‘component test’ type studies are not always possible. A split ring, or more commonly C-ring sample can
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be constructed quickly and easily from cladding tube. C-ring samples have been frequently used in stress corrosion
cracking experiments in a number of industries [20-22]. ASTM provide standards for working with C-ring
specimens, for example, the standard suggests an axial length equal to the C-ring diameter [23]. The highest stress
location in C-ring samples is located on the opposite side of the opening. When the C-ring is in tension, the highest
tensile stress is at the inside surface, meaning the crack will propagate inside-out, which is the same direction as
in-reactor SCC. However, the more commonly used C-ring test is compression, which has an outside-in crack
direction [23]. During elastic stressing of the ring, the stress may be calculated based upon a change in the slot
width using Oding’s formula [24], by a change in outer diameter [23], or by finite element or other type of
modelling.

Sejnoha and Wood [24] used slotted rings stressed to a fixed deflection to investigate a number of material
and experimental factors affecting I-SCC of zircaloy-2 and zircaloy-4. Zircaloy blocks were used to wedge open
slotted and notched zircaloy rings, which were then placed into capsules containing iodine. The capsules were
sealed, heated to 300 °C, and inspected periodically until failure. Interestingly, these capsules contained air, which
was hoped to induce cracking as opposed to pitting alone. The practicality of this test procedure allowed a number
of material effects including that of hydrides, stress-relief, and annealing to be quickly investigated. ‘Stressed
slotted rings’ were also found to behave differently in iodine-methanol solution than was the case in iodine vapour.
This paper also developed estimates for how the stress of a slotted ring would change as the ring underwent plastic
deformation and thermal relaxation [24].

Ferrier et al. [25] used C-ring testing to compare the [-SCC performance of siloxane and graphite coatings
on zircaloy-4 cladding. Block wedges were used to stress the C-rings, which were then sealed into an evacuated
borosilicate tube with a sealed vial containing iodine, which was broken once the test temperature was reached.
Once the samples were removed from the environment the change in ring thickness due to corrosion was
determined using a deflection measurement technique.

Gillen et al. compressed C-rings to a fixed load while submerged in an iodised ethanol solution and then
applied modern characterisation techniques to the cracked specimens [10,13,26]. The use of C-rings and iodine in
solution allowed I-SCC to occur at room temperature. The experimental practicality allowed for many tests to be
completed, including cladding tubes of different conditions with enough independent fracture surfaces for
quantitative analysis [26]. By maintaining a fixed load upon compressed and submerged C-rings, changes in
displacement were found to indicate crack propagation. Removal of load following a change in displacement
allowed incipient I-SCC cracks to be produced and then investigated [10,26]. Differences in crack morphology
were found in irradiated and unirradiated C-rings [10].

Mattas et al. developed an internal pressurization test system (Figure 1 in [12]) and conducted PCI testing
on irradiated cladding with a variety of fluences. They found that the stress threshold for failure in zircaloy cladding
irradiated to above 2 x 102! n/cm? was about 180 MPa when the test time was limited to one day [12]. Jezequel et
al. [16] also performed internal pressurization tests, including creep tests, slow strain rate tests, and relaxation
tests. (Figure 1 in [16]). They determined that the I-SCC threshold stress was around 240 MPa in unirradiated
zircaloy-4 cladding material, regardless of the loading mode, and provided evidence of pits both on the internal
surfaces of the cladding and on the I-SCC fracture surfaces [16]. There were several differences between the
Jezequel et al. [16] and Mattas et al. [12] studies (e.g. material, specimen gauge length, amount of iodine added)
such that the irradiated and unirradiated threshold stress values may not be directly comparable, although the
higher threshold stress in unirradiated material general follows the trend observed by Mattas et al. [12].

An expanding mandrel technique for PCI testing was initially developed by researchers at General Electric
(Figure 3 in [27]) to determine the PCI resistance of various barrier coatings [27, 28]. Although irradiated material
could be tested, it was limited to unfuelled material irradiated in a research reactor or taken from the unfuelled
plenum region of an ex-service rod. Anghel et al. [15] developed an expanding mandrel test system that was
installed in a hot cell (see Figure 1-5 in [15]), which is capable of testing irradiated cladding material taken from
a fuelled section of cladding; this approach is more representative of in-service conditions, although the defueling
process could reduce the representativeness (scratches, damage, changes to the surface morphology, etc.). Results
show that neutron irradiation increases the PCI susceptibility of zircaloy claddings [15].

2.2. Non-component tests

Non-component tests are selected for one or more of the following reasons: 1) material properties can be
extracted when the specimen geometry meets ASTM fracture mechanics criteria, 2) larger specimens allow for
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longer crack lengths, more accurate stress intensity measurements, and larger areas for subsequent
characterization, 3) flat specimens (e.g. uniaxial tension) are easier to fabricate, notch, apply DCPD techniques,
and test compared to curved specimens, 4) constant K loading is more practical, 5) the effect of orientation/texture
can be examined without changing other variables, and 6) ion irradiations can be more easily performed on flat
samples (temperature control is much easier).

Given that time-dependent corrosion processes are the rate-limiting step for SCC, testing performed at high
strain rates will likely fail in a ductile manner since SCC does not have time to occur [29]. The choice of strain
rate during an I-SCC test may therefore have a large effect on the results. Additionally, in-service strain following
a power ramp is about 0.1% [3] and remains below 1% even after a through-wall PCI crack develops [15], thus
higher failure strains are likely not representative of in-service conditions. Selecting a loading programme that
allows the applied stress to remain below the flow stress is an improvement compared to a slow strain rate test
(SSRT) since there are no competing failure mechanisms (assuming creep is minimal). Under constant-K
conditions, plastic deformation is generally limited to the local region around the crack tip and no bulk deformation
occurs, while during a SSRT test there is always bulk deformation occurring in the gauge length.

With constant load it should be remembered that the stress intensity rises as the crack grows. The benefits of
a notched specimen under constant load perhaps explains the IAEA decision to test uniaxial tension specimens, as
outlined in Section 2.2.1 of [2], and the recommendation that notched and pre-fatigued specimens are favoured
[2]. A sharp initial flaw (e.g. pre-fatigued) means that only a small volume of the specimen is at the yield stress
(plastic zone), thus deformation is localized, perhaps similarly to incipient fuel cladding cracks during in-service
PCIL

Compact tension type specimens machined from thick zircaloy plate material have been used to examine the
effect of texture on PCI [30, 31]. The results demonstrated that texture has an influence on both I-SCC initiation
and propagation. Another testing system was designed with the capability to test both fracture mechanics type
compact tension (CT) specimens and C-ring specimens with independent control of iodine partial pressure, test
temperature, and load/stress intensity (Figures 1 and 4 in [11]). Additionally, the system is capable of measuring
in-situ crack growth rates by means of a direct current potential drop (DCPD) apparatus capable of maintaining
constant K loading. Constant K loading is an improvement over constant load tests or strain rate tests, given that
the mechanical conditions at the crack tip do not change as the crack grows, assuming the DCPD calibration curve
and K calculations are accurate [11, 32]. DCPD with K feedback control has been shown to be critical in
developing an understanding of SCC in other nuclear systems [33, 34]. The constant K approach allows for the
detection of very slow, subtle cracking and for the effects of real-time changes (such as iodine partial pressure) on
crack velocity to be determined. Characterization of constant K cracking tests showed clear fractographic evidence
of basal pseudo-cleavage (Figures 10,11 in [11]) and that KISCC was below 2.5 MPaVm in the most susceptible
orientation [11]. 3D EBSD analysis of the same zircaloy-4 plate material used in this study also shows evidence
of transgranular cracking along basal planes [35].

3. EXPERIMENTAL
3.1. Testing

Compact tension specimens with 12 mm thickness (0.5T) and 50 um root radius were manufactured from a
recrystallized zircaloy-4 plate and were tested in a gaseous iodine apparatus. The specimens were instrumented
with DCPD to enable on-line crack growth measurements and constant-K loading. The gaseous iodine testing
system, material, specimen design, and DCPD system used in this study have been described in more detail in a
previous study [11]. Table 1 lists a number of previous tests as well as two new compact tension tests (IDs in bold)
presented in this study.
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TABLE 1. TEST SUMMARY. BOLDED TEST IDS HAVE NOT BEEN PREVIOUSLY PRESENTED.
RESULTS FROM OTHER TESTS CAN BE FOUND IN [11]

Test ID Test Temp Second Bath Iodine Pressure Orientation (see Fig. 1) Characterization
°C) Temp (°C) (Pa)

Z9 250 50 293 R-L Fractography, FIB, TEM

Z10 350 50 293 R-L Fractography

Z11 350 50 293 R-L Fractography

712 350 45 204 R-L Fractography

Z13 350 45 204 R-L Fractography

C-ring 300 47 236 R-L Fractography

Z14 300 37 112 R-L Fractography, EBSD

72 250 37 112 T-R Fractography, EBSD

Constant K loading programmes were applied to specimens Z14 and Z2 by using a DCPD feedback loop. As
a crack grew (as measured by DCPD), the load was decreased such that the calculated K remained constant. A
KISCC loading programme allowed for a starting K, a K decrement, and a crack length threshold to be specified
[11].

The previous study using this testing apparatus focused only on the most susceptible orientation for I-SCC
[11], the orientation where most of the basal planes are normal to the cracking plane. Given the strong split-basal
radial texture of the bulk material, the most susceptible plane is therefore the radial plane; a R-L orientation.
However, in-reactor SCC occurs in the transverse plane, where through-wall (radial) cracking causes loss of
structural integrity, such that a T-R specimen orientation is most representative of in-reactor cracking. A schematic
diagram showing these specimen orientations relative to the zircaloy-4 plate with radial split basal texture is shown
in Fig.1. A pole figure of the plate material can be found in Figure 3 of [11].

Previous work has shown that test failures have occurred due to fluorine contamination from O-ring grease
[11] — efforts to minimize this contamination were put in place for test Z2, including a lower test temperature and
Krytox grease rated to 350 °C (compared to the previous rating of 299°C).

3.2. Characterization

Specimens were cut with a slow speed diamond saw in a direction normal to the cracking plane such that
two symmetric halves were produced, each containing half of the crack area. One half was pulled apart at room
temperature to expose the fracture surface while the other half was used for crack cross-section examinations with
polarized light metallography and EBSD. The surface being examined was the diamond cut surface, ensuring the
crack tip being observed was located in a fully constrained (plane strain) region during the test, rather than near
one of the original edges of the specimen (plane stress).

EBSD preparation included grinding with sandpaper up to 1200 grit. This was followed by attack polishing
using a solution of 5% HF, 5% H,0,, 5% HNOs3, and 85% H»O with colloidal silica to produce samples with a
mirror finish. Finally, the samples were ion milled at room temperature using a PECS II ion mill with 4 keV argon
ions with an 8° gun tilt. Care was taken to ensure this process did not cause a widening of the crack through close
monitoring using optical microscopy at each preparation stage.

Secondary electron (SE) imaging and EBSD were carried out using a FEI Nova NanoSEM 450 and a Brucker
e-Flash EBSD detector. The EBSD analysis was performed using a beam energy of 20 keV and a probe current of
50 nA. Orientation maps were collected with a step size of 200 and 300 nm for samples Z2 and Z14, respectively.
All subsequent data analysis of the orientation information was completed using the MTEX toolbox add-on for
MATLAB. Grain reconstruction was implemented using an angular threshold of 5°.
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Fig.1. Schematic Diagram of Thick Zircaloy-4 Plate with Split Basal Texture and Compact Tension Specimen Orientation,
(reproduced courtesy of Hanlon [11]).

4. RESULTS

The potential drop (PD) plot for Z14 (R-L orientation) is not shown, as it was essentially a repeat of previous
testing [11]. The PD plot for specimen Z2 (T-R orientation) is shown in Fig.2.

For specimen Z2 the I-SCC crack initiated from the 50 um root radius notch with no pre-fatigue. The starting
K was 21 MPaVm for the first 250 pm of cracking (calculated), then K was dropped in 1 MPaVm increments each
time that the crack grew an additional 250 pm. At about 47 hours, the K was increased from K=18 MPaVm to
K=22 MPaVm, then allowed to drop in 1 MPaVm increments to the lowest applied K of 17 MPaVm, where the
incubation time was approximately 24 hours. The crack eventually grew to the imposed limit of V/V0=1.1
(equivalent to 3.2 mm of cracking in the notch direction, see Figure 3); this limit was imposed because confidence
in the calculated K equation and the DCPD calibration curve decreases with increasing crack growth.

Low and high magnification polarized light images from specimen Z2 are shown in Figures 3 and 4,
respectively. Figure 3 shows that the crack propagated at a high angle relative to the notch direction, about 66°,
such that the cracking plane was closer to the radial plane than transverse plane (the plane of the notch in a T-R
specimen). The higher magnification metallography image of the crack tip in Figure 4 shows that locally, the crack
follows a tortuous path that sometimes includes propagation in the transverse direction, which is normal to the
notch plane. The image also shows twins, which are mostly found within a distance of a few grain diameters from
the crack. Figure 5 shows an orientation map of the same crack tip region shown in Figure 4. Orientation maps
taken from specimen Z14 crack tip and taken 800 pm away from the Z14 crack are shown in Figures 6 and 7,
respectively. The Figure 5 inverse pole figure (IPF) colouring is oriented in the y direction (c-axis in y direction is
‘red’), while in Figures 6 and 7 the IPF is oriented in the x direction (c-axis in x direction is ‘red’). These different
orientations were chosen so that a red grain tends to have its c-axis normal to the cracking plane, regardless of
specimen orientation, such that red grains are well-aligned for cracking along a basal plane. The prisms overlaid
onto the EBSD images provide an improved means of determining the direction of crack growth relative to the
crystal orientation of each grain, since at a grain scale the crack angle can vary significantly from the average. The
grain colour provides a guide to the eye, but the prisms provide a better indication of whether the crack locally
follows basal planes.
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FIG.2. PD Plot for Specimen Z2 as function of time. K values are indicated.

FIG.3. Low magnification polarized image of Specimen Z2. Large yellow arrow indicates the notch, small red arrows show
examples of secondary cracking, and red transparent box represents the area shown in Figure 3.
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FIG.S5. Orientation map of the Z2 crack tip. Inverse pole figure legend (y-direction — nearly normal to the cracking plane)
shown in bottom lefi. Hexagonal crystals overlaid on grains near the I-SCC crack.
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FIG.6. Orientation map of the Z14 crack tip. Inverse pole figure legend (x-direction — normal to the cracking plane) shown in
top right. Hexagonal crystals overlaid on grains near the I-SCC crack.

FIG.7. Orientation map of the Z14 specimen 800 um away from the I-SCC crack. Inverse pole figure legend (x-direction)
shown in top right.

5. DISCUSSION

Observations of ‘tangential cracking’, similar to that shown in Figure 3, have been made previously (see
Figure 5 in [10]), where the average angle was about 40° towards the tangential plane. Interestingly, the cold-
worked (CW) ZIRLO material cracked in room temperature iodized ethanol by Gillen at al. had a more tangential
crack path than similar recrystallized (RX) material tested in the same environment [10]. Given that the textures
of the two materials were similar, but the grain size and morphology were different (see Figure 1 in [10]), the
tendency to crack tangentially was attributed to grain morphology. It is also possible that a higher yield strength
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in the cold worked material had an effect. The specimens used in this study were all made from the same equiaxed
RX zircaloy-4 plate, such that the only difference between specimen Z14 and Z2 was the texture relative to the
cracking plane. Each ‘most susceptible’ oriented specimen (see Table 1) had a radial crack direction; no ‘tangential
cracking’ was observed on a mm scale. Figure 6 shows the radial crack propagating along basal planes, which has
also been observed previously in the same material using 3D EBSD [35]. The 3D EBSD work provides far greater
statistical significance by analyzing a cracked volume containing nearly 1000 grains. Figure 3 shows evidence of
tangential cracking in a T-R oriented specimen, while Figure 5 demonstrates that this cracking is again
predominantly along the basal planes; the overlaid prisms show that cracking in nearly every grain is along the
basal plane. These observations provide conclusive evidence that texture affects the crack direction and
morphology.

Based on previous work by Peehs et al. [36], Cox et al. [1] postulated that intergranular cracking occurs on
or close to the basal plane (within 15°), but that basal pseudo-cleavage does not occur when the basal plane is
greater than 45° from the stress direction. The results in the current study show that basal pseudo-cleavage is
possible when the basal plane is at higher angles, at least 90° from the stressing direction. This type of ‘high angle’
basal pseudo-cleavage was perhaps not observed by Pechs et al. (see Figure 6 in [36]) because KISCC is relatively
high and I-SCC growth rates are relatively low when basal planes are at a high angle relative to the stress direction
[30, 31]. Perhaps with more time some radial cracks would have formed, unless the conditions were such that
KISCC could not be exceeded, as with the unnotched C-rings in [11]. A future study will include several more T-
R specimens as well as L-T specimens, as it is of interest to confirm the extent of tangential cracking in the ‘most
representative’ orientation and also determine the crack morphology in the ‘least susceptible’ orientation.
Performing 3D EBSD on all three orientations would allow for more quantitative comparisons to be made.

The RX material in the Gillen et al. study [10] and the L-T oriented RX material in this study have markedly
different crack directions, yet their textures are similar. This could be due to differences in average grain size,
since the grains in this study are about a factor of five times larger in average diameter than those reported by
Gillen et 