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ABSTRACT

Chromium-coated Zircaloy claddings have emerged as a promising accident-tolerant fuel (ATF)
design to improve the high-temperature oxidation resistance of nuclear fuel rods, particularly under
loss-of-coolant accident (LOCA) scenarios. Chromium’s ability to form a stable, protective oxide
layer and its low neutron absorption cross-section make it an attractive candidate for short-term
evolutionary ATF solutions. However, under extended operation and irradiation, chromium ex-
hibits degradation mechanisms such as interdiffusion with Zircaloy, void swelling, and the forma-
tion of brittle intermetallic layers, which can compromise mechanical integrity and nuclear safety
margins. This thesis integrates ion irradiation experiments and finite element analysis (FEA) to
evaluate the impact of irradiation-induced swelling and creep on the structural performance of Cr-
coated claddings. Swelling data from ion-irradiated Cr samples at Accelerator Laboratory Texas
A&M are used as input for simulations that assess stress evolution under typical reactor operat-
ing and refueling conditions. Results show that swelling significantly increases interfacial stress,
while irradiation creep partially offsets this buildup during steady-state operation. However, dur-
ing reactor cooldown, when creep is ineffective, the accumulated misfit strains cause sharp tensile
stress surges, raising the likelihood of coating delamination and cracking. These findings highlight
critical irradiation effects often overlooked in current safety assessments and demonstrate that ig-
noring swelling and creep may lead to underpredicted failure risks in ATF designs. The developed
methodology can be extended to other coated systems to inform regulatory evaluations and guide

safer reactor design.
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NOMENCLATURE

AOOs Antecipated Operational Occurrences
APF Atomic Packing Factor

ATF Accident-Tolerant Fuel

BCC Body-centered Cubic

BDBA Beyond Design Basis Accident
DBA Design Basis Accident

dpa Displacements per Atom

ECCS Emergency Core Cooling System
EOL End of Life

FCC Face-Centered Cubic

FEA Finite Element Analysis

FIB Focused Ion Beam

HCP Hexagonal Close-Packed

LOCA Loss of Coolant Accident

LWR Light-Water Reactor

MD Molecular Dynamics

NEA Nuclear Energy Agency

NRC Nuclear Regulatory Commission
PAG Preferential Absorption Glide
PD Point Defect

PKA Primary Knock-on Atom

PWR Pressurized-Water Reactor
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SAFDLs Specified Acceptable Fuel Design Limits

SIA Self-interstitial Atom

SIPA Stress-induced Preferential Absorption
SIPN Stress-induced Preferential Nucleation
SRP Standard Review Plan

TAMU Texas A&M University

TBD To be defined

TEM Transmission Electron Microscopy

Vil



TABLE OF CONTENTS

Page

AB ST R ACT o il
DEDICATION . . .ottt e iii
ACKNOWLEDGMENTS .. v
CONTRIBUTORS AND FUNDING SOURCES ...t v
NOMENCLATURE .. ..o e vi
TABLE OF CONTENTS ...ttt e viii
LIST OF FIGURES .. .. X
LIST OF TABLES . . ..o e Xiv
1. INTRODUCTION ON ACCIDENT-TOLERANT FUELS ... 1
1.1  The Fukushima-Daiichi accident ... 1

1.2 The short-term evolutionary ATF solution: coated cladding............................ 1

1.3 Pure Chromium as @ COAtNEZ . . ... ..uueett ettt ettt e e et iiieae e e e eeeaans 3

1.4 Scope of the present theSiS. ... ...ttt e e eeeaanns 4

L5 REIEIONCES ..ottt 5

2. DEGRADATION MECHANISMS AND SAFETY CONSIDERATIONS OF CHROMIUM-

COATED CLADDING UNDER EXTREME CONDITIONS ..., 7
2.1 INrOdUCHION. ..ottt 7
2.2 Performance and degradation mechanisms under reactor conditions................... 9
2.2.1 The oxidation protective function ............ccoooviiiiiiiiiiiiiiiiiiiia... 9
2.2.2  The mechanical TESPONSE. ... ..ovvviiiiiiii e, 12
2.2.3 Possible improvements for the Cr coating design................cccoinnn.... 13
2.3 Safety-related impacts of Cr-coated cladding...............coooiiiiiiiiiiiiiiiiin i 15
2.3.1 Safety-related fuel limits for coated claddings ..................coooiiiiiiiit. 15
2.3.2 Performances during AOOs and postulated accidents .......................... 17
2.3.3 Nuclear safety-related aspects of Crcoating .................oooooiiiiia... 18
2.4 Insights of irradiation effects ............ooooiiiiiiii i 20
2.5 CONCIUSION. ..ottt 22
2.6 RefCTONCES .. oottt 23

viil



3. RADIATION-INDUCED EFFECTS IN PURE CHROMIUM: INSIGHTS FROM ION

IRRADIATION TECHNIQUES. ... e 27
3.1 INErOAUCHION. . ..ttt e e e ettt e 27
3.2 Atomic diSplacements. ... ...oiiiiiiii i e 29
3.3 Revelant radiation-induced damage ............ooiiiiiiiiiiiiiii e 31
33,1 Void SWelling ..o 33
3.3.1.1 Nanostructural mechanisms...............coooiiiiiiiiiii ... 34

3.3.1.2 Temperature dependence............couuuuiiiiiiiiiiiiiiiieeeieinnnnn. 38

3.3.1.3 Dose and dose rate dependence..............ccoeiiiiiiiiiiiiii.t. 40

3.3.1.4  Stress dependence ............iiiiiiii i 42

3.3.1.5 Impacts on reactor OPeration............uueeeeeeeeuuuuineeeeeeennnnn. 43

T80 2072 § =16 1 1 1) s 5 (T o 45
3.3.2.1  CIEEP SLAZES vttt ettt e et ettt e 49

3.3.2.2  Practical effects of irradiation-enhanced creep ...................... 50

3.4 Ion irradiation as a surrogate for neutron damage ...t 52
3.5 Assessing radiation response through accelerator testing .................ooovvveiiinn. 53
3.5.1 Void swelling acquiSition ..........coveeeeeiiiiiiiieeeeeetiiiiaeeeeeeenannnns 55
3.5.1.1 Stage 1: Temperature-dependent Study ...............cccooiiiinn... 56

3.5.1.2  Stage 2: Dose-dependent study ..ot 57

3.5.1.3 Stage 3: Dose rate-dependent study ...t 58

3.5.2 Irradiation creep aCqUISTLON . .....uuuueeettittiie ettt e e eeannns 59

3.6 Current results for irradiation damage on Chromium .................cccooiiiiiineaa. 59
3.7 Expected Cr COAtING TESPOMSE ...ttt et ttae ettt e e etaeeettineeeaaaeeeanaes 65
TR T 0] 1 Ted 18 ) 10 67
TR B S (=) () 1 et 67

4. MULTISCALE MODELING: COMBINING ION IRRADIATION AND FINITE EL-
EMENT ANALYSIS TO ASSESS THE EFFECT OF SWELLING ON CR-COATED

CLADDING ..o 72
N N 0018 016 18T 6 (o) o 72
4.2 Experimental Procedure .............oooiiiiiiiii 73
4.3 Modeling Procedure. ........oouuniiie et 74
431 SWeIIING . . e 74
4.3.2  Trradi@lion CIEEP ... ...ttt ettt ettt e e e ettt e et e e eeees 75
4.3.3  Irradiation GrowWth .............eeueueiee e 77
4.3.4 Other Properties of Zircaloy-4 .........oouiiiiiiiiiiiii i 77

4.3.5 Other Properties Of Cr.........iiiiiiiiiiiiii i eees 78
4.3.6 Finite Element Analysis Simulations .............c.ccooiiiiiiiiiiiiiiiiiineeeen. 78

4.4 Results and DiSCUSSION. . ...ttt ettt ittt iee et 81
4.5 Future WOrK . ...oooi e 91
4.0 CONCIUSION. ...ttt e, 92
AT REEIENCES ...ttt 93
5. CONCLUSION . . .ottt 98

1X



LIST OF FIGURES

FIGURE Page
1.1 Proposed ATF solutions for current LWR fuel rods [3]. ........cooviiiiiiieiin. 2
1.2 Thermal power and cumulative energy due to decay heat of radioactive nuclides

and Zr-based cladding oxidation during a station blackout [4].......................... 3
2.1 Current development process adopted by NRC to accept Cr-coated cladding design

employing an amendment in the current LWR license frameworks [1]................. 7
2.2 Cumulative oxidation (weight gain) for Cr-coated and bare zircalloy claddings dur-

ing a high-temperature steam test showing the transition to a loss-of-resistance

] 72T [ 10
2.3 (a) Coated cladding microstructure after oxidation at 1200 °C for 30 min with (b)

associated illustration of proposed degradation mechanisms. In the micrograph,

from left to right, the system is formed by layers of Zr, zirconia (ZrO,), mixed

intermetallic compounds (Zr,Cr,), Cr, and chromia (Cr,O3) [2].................. ... 11
2.4 Cr-Zr binary phase diagram showing relevant degradation aspects of the system [7]. 11
2.5 Cross-section morphology showing expected coating failure/damage modes during

a LOCA and BDBA scenarios [2] during (a) tensile testing with pre-oxidized sam-

ples showing the low toughness of the intermetallic layer and (b) blisters (during

temperature reversal) and bubbles (after an annealing process at 1200 °C for three

hours) in between different layers. ... 13
2.6 Representation of the main functional criteria for a diffusion barrier material X: to

slow the coating consumption by diffusion [12]. ...... ..., 14
2.7 Safety-related aspects for Cr-coated claddings before, during, and after design ba-

sis accidents (DBA) and BDBA scenarios basedon [3].........ccoviiiiiiiiiiiiiinn.... 18
3.1 Schematic overview of applicable testing methods for different types of nuclear

materials with associated operational temperature and damage ranges [2]............. 28
3.2 Comparison of dpa calculation for neutron and ion beam irradiation, where N is

atomic density, Ep is the atom displacement energy, ¢ is the neutron flux, and op
is the displacement CrOSS SECTION. ... ...uuuutueeteeeteetee e 30



33

34

3.5

3.6

3.7

3.8

39

3.10

3.11

3.12

3.13

3.14

3.15

3.16

In-core radial profiles of gamma-ray (green), fast neutron (red), and thermal neu-
tron (blue) fluxes of a two-loop PWR [10]. Fast neutron flux (also damage) in the
core region is three orders of magnitude higher than atthe RPV........................ 33

Illustrations of swelling phases as a function of dpa, showing different features that
affect each regimen. [11] . ... oo 35

Effect of dislocation bias for trapping self-interstitials, creating a concentration gap
DetWeen defeCts [ 18] ..ottt 35

Molecular dynamics (MD) results of the defects spatial distribution after a 25-keV
PKA cascade transient peak (> 2 picoseconds) in BCC iron and FCC copper. [11]... 38

Representation of the three main swelling regimens induced by irradiation in most
materials. [ .. o e e e e 39

Swelling profile as a function of dose of AISI 304 with different pre-treatment
bombarded with 3.5 MeV Fe compared to neutron irradiation data, showing pre-
served swelling features, such as similar steady-state swelling rate of 1%/dpa. [10].. 41

Peak swelling temperatures as a function of dose rate in various FCC materials
(Cu, Ni, 304 and 316 stainless steels) [11]......ovirriiiriiiiiiii i 43

Schematics of irradiation-stress-assisted mechanisms that promote creep through
dislocation network anisotropic formation (a), dislocation climb promoted by net
flux of interstitial (b), and climb-assisted glide by dislocation bowing (c). The

illustrations were combined from [8] and [21].......coviiiiiiiiiiiiii i 46
Illustration of the dislocation-driven motion of mass enhanced by void swelling...... 47
Swelling and creep strain in irradiated steels as pressurized tubes [8].................. 48

Irradiation creep results in a reactor test when swelling is either zero or just begin-
ning [10], showing the features of Eq. 3.9. ...... ... 48

Instantaneous creep coefficient (B + D) calculated for high swelling conditions of
stainless steel irradiated in a fast reactor [10].........coi ittt 51

TEM micrograph showing the ion-affected zones along the damage profile created
by the ions when penetrating the material.................cooiiiiiiiiiiiiiiiiiiin 54

Flowchart illustrating the steps of combining ion irradiation testing and finite ele-
ment analysis for risk asseSSMEeNt..........ooveeeeiiiiiiiiie et eeiianns 56

X1



3.17

3.18

3.19

3.20

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

TEM image of Cr irradiated by 5 MeV Fe ions at (a-1) 350 °C using a high dpa rate
of 3.5 x 107 dpa/s, (a-2) 350 °C using a medium dpa rate of 3.5 x 10 dpa/s, (a-3)
350 °C using a low dpa rate of 3.5 x 107 dpa/s, (b1-b3) 450 °C using three different
dpa rates, (c1-c3) 550 °C using three different dpa rates, and (d1-d3) irradiation at
650 °C using three different dparates [16].........ooviiiiiiiiiiiiiii i 61

Swelling as a function of irradiation temperature for three dpa rates (3.5 x 1073
dpa/s, 3.5 x 10™* dpa/s, 3.5 x 10° dpa/s). Swelling data is averaged in the safe
analysis 1e@ION [16]... .. o e 62

The plot of the reciprocal of the maximum swelling temperatures as a function of
peak dpa rates in log scale. The solid line is a linear fitting [16]........................ 63

Cr swelling as a function of local dpa for irradiation at 550°C, for peak doses of
15, 50, 100, and 150 peak dpa. Linear trend shows a swelling rate of ~ 0.05 %/dpa

with the lowest-swelling data pointat ~ 5.9 dpa [16]. ...t 65
Simplified FEA analysis flowchart. ..............co i 79
Schematics of Cr-coated Zircaloy-4 tubes for the simulations. ......................... 80

Cross-sectional TEM image of Cr irradiated to 15 peak dpa at 550°C, showing a
high density Of VOIAS. .........uuuu 82

Void swelling profile in Cr irradiated to 15 peak dpa at 550°C. The solid line is the
SRIM predicted dpa profile for 5 MeV Fe*? ions incident on pure Cr. ................. 83

Swelling as a function of local dpa for irradiation at 550°C, for four irradiations
with peak doses of 15, 50, 100, and 150 peak dpa. .........ccooviiiiiiiiiiiiiiina .., 83

Hoop stress as a function of position in Zircaloy cladding with or without Cr coat-
ing. The black dot line represents the temperature profile. The thermal stress arises
from both the temperature gradient and the thermal expansion difference (for the
coated system). The mechanical stress arises from the boundary conditions (from
the fuel pellet side and the coolant side). The black squares represent the combined
EOTAL STIESS. . . v vttt ettt ettt e 84

Longitudinal stress as a function of position in Zircaloy cladding with or without
Cr coating. The black dot line represents the temperature profile. The black squares
represent the combined total Stress. .............uuui 85

(a) Stress evolution as a function of reactor operation time (total irradiation damage
of 10 dpa) in Cr coating, with or without swelling considered. P, = 15.5 MPa for
the 24-month steady-state operation with two refueling outages. P, = 0.1 MPa and
Teoating = 76.5°C for the refueling condition. (b) Same as (a), but corresponding to
the end of the first fuel cycle (12 months), enlarged to show details.................... 88

Xii



4.9 (a) Stress evolution as a function of reactor operation time (total irradiation damage
of 10 dpa) in Cr coating, with or without creep considered. P, = 15.5 MPa for the
24-month steady-state operation with two refueling outages. P. = 0.1 MPa and
Teoating = 76.5°C for the refueling condition. (b) Same as (a), but corresponding to
the end of the first fuel cycle (12 months), enlarged to show details.................... 89

4.10 Isometric view of the in-plane, longitudinal and hoop, stress distributions in the
coated cladding after (a,c) 12-month operation and (b,d) subsequent cool-down
state with a graph showing associated stress levels in the coating. ..................... 90

4.11 Stress and strain evolutions over 24 months of operation. The amount of potential
compressive stress (blue curve) is relaxed during operation (orange curve), leading
to permanent creep strain (orange data POINLS)........oeeeeeriiiineeeeeeiiiiiinneeeeanns 92

Xiil



TABLE

2.1

3.1

4.1

4.2

LIST OF TABLES

Page
Impact of Cr coating failure modes or irradiation aspects on the current zircaloy
cladding SAFDLS. ... 17
Cr irradiation data for different experiments showing high swelling rates for low
QOSES. ettt 65
Irradiation creep constants for Zircaloy-4 and pure Cr. ..............cooiiiiiiiii it 76
Assumed operating and refueling conditions (FEA analysis input data). .............. 81

X1V



1. INTRODUCTION ON ACCIDENT-TOLERANT FUELS

1.1 The Fukushima-Daiichi accident

Traditional cladding materials, such as Zircaloy-2 and Zircaloy-4, have been used in light water
reactors (LWR) due to their remarkably low neutron absorption cross-section, appropriate thermal
conductivity, suitable dimensional stability, and corrosion resistance in the harsh environment of
a reactor core [1]. However, at elevated temperatures, Zircaloy undergoes an exothermic reaction

with steam, forming zirconium (Zr) dioxide and hydrogen.

Zr + 2H,0 — ZrO, + 4H

This reaction presents several safety challenges. Hydrogen absorption into the cladding pro-
motes hydride-induced embrittlement, severely affecting its critical properties [1]; unabsorbed hy-
drogen accumulates as an explosive gas within the coolant system; and the reaction itself generates
additional heat, accelerating the temperature rise of fuel rods.

These issues played a critical role in the Fukushima-Daiichi accident in 2011, where the loss
of active cooling due to a station blackout led to high-temperature conditions. The subsequent
hydrogen explosions, resulting from accumulated gas escaping containment, highlighted the limi-
tations of Zircaloy under accident scenarios. Consequently, the event catalyzed the development of
accident-tolerant fuels (ATFs) and advanced cladding materials with improved high-temperature

performance [2].
1.2 The short-term evolutionary ATF solution: coated cladding

The ATF concept encompasses a suite of solutions designed to improve the performance and
safety of LWR fuel under severe accident conditions, primarily by developing cladding with en-
hanced strength, reduced steam reactivity, and lower hydrogen and heat generation [3]. In addition
to cladding improvements, efforts also focus on fuel pellet modifications, such as chemically dop-

ing UO, to enhance thermal conductivity and reduce fragmentation. Over time, the scope of ATF



has expanded to include initiatives aimed at lowering operational costs, including increasing ura-
nium enrichment and extending burnup limits. An overview of current ATF design strategies is

presented in Figure 1.1.

Coated Zr
Alloys

Improved

Cladding EeeT
eCr.

Innovative

SiC Based

ATF Rods Doped or
Modified UO,

Higher U235

Improved Enrichment

Higher Burnup
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Innovative Density (e.g.,
UN, U;Si,)

Figure 1.1: Proposed ATF solutions for current LWR fuel rods [3].

The cladding solutions are typically categorized as either (1) evolutionary enhancements to ex-
isting designs (improved), or (2) revolutionary new approaches (innovative) [3]. A key objective of
ATF cladding is to improve oxidation resistance, thereby mitigating heat generation from oxidation
reactions, extending operator response time, and increasing the thermal margins of the Emergency
Core Cooling System (ECCS), as shown in Figure 1.2.

In the short term, the ATF development has focused on applying thin protective coatings to
conventional cladding. These coatings act as barriers against steam oxidation without altering
the underlying cladding structure. To be effective, the coating must exhibit chemical stability in
high-temperature steam environments, particularly during loss-of-coolant accidents (LOCA), by
limiting oxygen and hydroxide diffusion into the Zircaloy substrate. Additionally, the material

must withstand thermal shock from coolant reinjection while maintaining compatibility with ex-
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Figure 1.2: Thermal power and cumulative energy due to decay heat of radioactive nuclides and
Zr-based cladding oxidation during a station blackout [4].

isting fuel performance, reactor design, and water chemistry.
1.3 Pure Chromium as a coating

Since the Fukushima-Daiichi accident, a variety of materials, including pure metals, carbides,
MAX phases, and alloys—have been investigated as protective coatings for cladding under high-
temperature oxidizing conditions. A common feature among these candidates is the inclusion of
chromium (Cr), silicon (Si), or aluminum (Al), elements known to form stable and protective oxide
layers at elevated temperatures. Representative materials include SiC, FeCrAl, CrN, Cr, Cr,AlC,
and Ti,AIC. However, experimental studies have identified several challenges when using these
materials, such as: (1) chemical instability in steam, (2) susceptibility to cracking from thermal
shocks and high temperatures, and (3) low eutectic temperatures, which may fall below those
encountered during LOCA [5].

Among the proposed materials, Cr has emerged as a leading candidate due to its ability to form
a protective barrier that significantly reduces oxidation rates and enhances the mechanical strength
and durability of the cladding [5]. Also, Cr has proven to be the most viable solution due to its

exceptional stability, adhesion properties, and ability to form a compact protective layer. Addition-



ally, it exhibits a relatively low neutron absorption cross-section, good mechanical properties, and
a stable interlayer phase at LOCA temperatures while improving zirconium alloy wettability.

Numerous out-of-pile tests have been conducted to evaluate the performance of Cr-coated
cladding as a short-term and evolutionary approach to improving cladding safety. These studies
primarily focused on oxidation resistance, interdiffusion, microstructural behavior, and mechanical
response [5].

However, there remains a critical need to investigate the irradiation effects on Cr when bonded
to a zircaloy substrate, as current understanding of this interface remains limited. As a surrogate for
in-pile tests, ion irradiation has been widely used for neutron irradiation due to its lower cost and
higher damage rate [6—8]. Results from ion beam studies offer a much faster means of evaluating
irradiation damage, and when coupled with computational modeling, can support safety-related
conclusions that are essential for both the licensing and deployment phases of Cr as a coating for

zircaloy claddings.
1.4 Scope of the present thesis

The central objective of this thesis is to integrate ion irradiation data with finite element mod-
eling to support risk-informed evaluations of Cr-coated Zircaloy fuel cladding performance under
realistic LWR operating conditions. In addition, the work provides essential background on safety-
related concerns associated with Cr-coated cladding and highlights the role of ion irradiation in ac-
celerating the deployment of ATF designs. The study is structured into three main chapters, each
addressing a critical aspect of this integrated approach, as outlined below.

Chapter 2 examines the key degradation mechanisms that may impact the performance of Cr-
coated Zircaloy cladding under both normal and accident scenarios in LWRs. It reviews current
safety evaluations from the U.S. Nuclear Regulatory Commission (NRC), emphasizing the limited
understanding of irradiation effects on Cr-coated systems. The chapter underscores the importance
of ion irradiation as a strategic tool to support the accelerated deployment of this advanced fuel
cladding technology, which is in line with the NRC’s fast-track licensing timeline. Particular

attention is given to how irradiation-induced damage could create unfavorable initial conditions



for the coating at the onset of an accident, potentially compromising its protective role.

Chapter three reviews the fundamental concepts governing cavity swelling in irradiated mate-
rials and explores its correlation with irradiation creep, emphasizing their synergistic impact on
material performance in nuclear environments. It discusses how ion irradiation can replicate key
features of neutron-induced damage, offering a reliable and accelerated pathway for evaluating
radiation tolerance in structural materials. A systematic procedure for assessing void swelling via
ion irradiation is outlined, followed by a detailed presentation of experimental results for pure
chromium obtained at the Texas A&M University (TAMU) Accelerator Laboratory. These re-
sults are analyzed to understand their implications for Cr coating behavior under reactor operating
conditions, particularly regarding dimensional stability and mechanical reliability.

Chapter four presents the development of a finite element analysis (FEA) model of Cr-coated
zircaloy cladding under pressurized water reactor (PWR) conditions, incorporating radiation-induced
dimensional changes derived from ion irradiation experiments conducted at TAMU’s Accelerator
Laboratory. The model is employed to simulate stress evolution in the coated system during normal
reactor operation, focusing on three primary objectives: assessing the impact of irradiation-driven
deformation on the coating—cladding interface, identifying conditions that may lead to interfacial
debonding or fracture, and validating the feasibility of integrating experimental irradiation data
with FEA simulations for risk-informed performance assessments. This integrated approach aims
to provide predictive insights into the structural stability of accident-tolerant fuel coatings under

long-term irradiation.
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2. DEGRADATION MECHANISMS AND SAFETY CONSIDERATIONS OF
CHROMIUM-COATED CLADDING UNDER EXTREME CONDITIONS

2.1 Introduction

Chromium has demonstrated superior performance compared to other candidate materials pro-
posed for ATF coating applications. However, it is not without limitations. Chromium coatings
exhibit various degradation mechanisms and failure modes that can compromise their protective
function, particularly in high-temperature steam environments. Despite these challenges, the nu-
clear industry and the Nuclear Regulatory Commission (NRC) have undertaken assertive efforts
to make Cr-coated cladding the first ATF design to achieve regulatory approval. A comprehensive
roadmap, currently available on the NRC website [1], outlines the targeted studies and regulatory
steps needed to support license amendment approvals by 2027. To meet this goal, the NRC has

adopted a structured development strategy for Cr-coated cladding, as illustrated in Figure 2.1.

COATED ¢ LEAD TEST
CLADDING ASSEMBLIES

RESEARCH & II“Q INTERIM STAFF
DEVELOPMENT GUIDANCE
ISSUED
1’1 JANUARY 2020
@ RG 1.183 REV. 1 SOURCE TERM
CHROMIUM COATED CLADDING ISSUED OCTOBER 2023
PHENOMENA IDENTIFICATION & RG 1.183 REV. 2

AND RANKING TABLE (PIRT) EXPECTED 2025

ISSUED JUNE 2019 u

VENDOR TOPICAL REVISION
REPORTS

TRANSPORTATION
PACKAGES

Figure 2.1: Current development process adopted by NRC to accept Cr-coated cladding design
employing an amendment in the current LWR license frameworks [1].



Several research and development (R&D) efforts have been conducted to assess the integrity of
chromium (Cr) coatings under high-temperature steam conditions [2]. These investigations formed
the foundation for two key documents: a Phenomena Identification and Ranking Table (PIRT)
report [3] and an Interim Staff Guidance document [4] supplementing the Standard Review Plan
(SRP) NUREG-0800 (Figure 2.1). The PIRT identifies potential failure modes of Cr coatings and
outlines associated changes to design parameters relative to bare cladding. The Interim Guidance
builds upon these findings to update the SRP’s SAFDLs and to propose new evaluation criteria or
studies where needed.

On the other hand, even before issuing these regulatory documents, fuel vendors and nuclear
power plant operators initiated in-reactor testing of Cr-coated fuel assemblies under commercial
operating conditions. These efforts culminated in the submission of vendor topical reports that re-
main under review. It is important to note that, at that time, the effects of irradiation on Cr coating
integrity and performance were not yet fully understood. Nevertheless, a recognized need was to
evaluate the new design under representative reactor conditions. This reflects the accelerated effort
to deploy more accident-tolerant fuel rod designs but also highlights an existing gap in the system-
atic evaluation of irradiation effects, originated either from the inherent complexity of integrating
irradiation tests with non-nuclear qualification methods, or from the long durations required for
in-reactor exposure, which the Cr coating development timeline could not afford to wait for.

This chapter provides a comprehensive overview of safety-relevant issues associated with Cr-
coated cladding, informed by the regulatory and technical documents previously discussed. It
begins by identifying known degradation mechanisms and performance attributes of the coating,
with emphasis on their implications for LWR safety requirements and aspects. The chapter con-
cludes by identifying critical irradiation damage effects that remain insufficiently explored but

could influence the long-term integrity and safety margins of Cr-coated fuel systems.



2.2 Performance and degradation mechanisms under reactor conditions
2.2.1 The oxidation protective function

According to the review on Cr coatings by Yang et al. [2], chromium exhibits excellent oxida-
tion resistance under typical LWR conditions by forming a protective oxide (Cr,03) layer called
chromia. Under high-temperature steam exposure, the initial performance remains robust, follow-

ing the main reactions below:

Cr(s) + 50u(8) = 5Cra04(s) 2.1
2Cr(s) + 3H,0(g) — Cra0s(s) + 3Ha(g) (2.2)
5Cr204(s) + H20(8) + 70s(g) — CrOx(OH)a(e) 23)
50m04(5) + 5 Ha0(&) + 5 0s(e) — CrO,(OH) (&) (2.4)

However, the protective capability of the coating degrades over time due to microstructural
changes in the coating—cladding system (Figure 2.2). The primary mechanisms responsible for this
degradation include: (1) accelerated Cr diffusion into the substrate, which increases the consump-
tion rate of the Cr layer; (2) growth of a brittle intermetallic ZrCr, phase at the coating—cladding
interface; and (3) enhanced diffusion of oxidizing species through Cr,O; caused by an increase
of volatilization reactions (Eqs. 2.3 and 2.4). A representative microstructure of this degraded
interface under high-temperature steam conditions is presented in Figure 2.3a.

Additionally, high-temperature steam experiments and electron microscopy have revealed ZrO,
(zirconia) stringer formation along Cr grain boundaries, driven by inward Zr diffusion and oxidiz-
ing species that overcome the chromia layer. A leading explanation for the premature failure of
the Cr coating is that these growing stringers coalesce into an intergranular network (Figure 2.2b),
facilitating oxygen anion transport and compromising the coating’s protective function before com-

plete Cr consumption. Therefore, the coating can lose its protective function even if the residual
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Figure 2.2: Cumulative oxidation (weight gain) for Cr-coated and bare zircalloy claddings during
a high-temperature steam test showing the transition to a loss-of-resistance stage [5].

coating remains.

The primary degradation mechanisms of Cr-coated cladding are intrinsically linked to the
Cr—Zr binary system. Due to the significant atomic size mismatch between Cr and Zr, the two
elements cannot form an isomorphous solid solution. At low temperatures, their mutual solubility
is limited. However, at elevated temperatures, such as those encountered during a LOCA, zirco-
nium changes from the « phase, a hexagonal close-packed (HCP) structure, to the 3 phase with a
body-centered cubic (BCC) organization. Then, Cr becomes significantly more soluble in 5-Zr, as
illustrated in Figure 2.4. During a LOCA event (temperature < 1200 °C), the high interdiffusion
rate of Cr into Zircaloy-4, approximately 5.5 x 10712 m?/s [6], accelerates the consumption of the
Cr layer into the substrate.

As shown in Figure 2.4, the Cr—Zr eutectic temperature is approximately 1332 °C. In a beyond-
design-basis accident (BDBA), temperatures may exceed this threshold, initiating the eutectic re-
action between chromium and zirconium. This reaction leads to the complete loss of the coating’s
protective properties, as confirmed by experimental observations [2].

The precise duration for which chromium coatings can reliably maintain their oxidation re-
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Figure 2.3: (a) Coated cladding microstructure after oxidation at 1200 °C for 30 min with (b)
associated illustration of proposed degradation mechanisms. In the micrograph, from left to right,
the system is formed by layers of Zr, zirconia (ZrO,), mixed intermetallic compounds (Zr,Cry),
Cr, and chromia (Cr,O3) [2].
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Figure 2.4: Cr-Zr binary phase diagram showing relevant degradation aspects of the system [7].

sistance under accident conditions remains uncertain. Estimations of the associated extension in

accident coping time vary widely across studies. In the case of a station blackout, Wu and Shir-
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van estimated a marginal improvement of only 1 to 22 minutes [8], while Feng et al. projected a
considerably longer extension of 1 to 2 hours [9]. However, both assessments excluded the impact
of any coating degradation mode. Some preliminary insights into degradation behavior are pro-
vided in [10]. In general, the safety benefit of the Cr coating appears limited and highly dependent
on the onset of degradation. Moreover, as outlined below, additional failure modes may further

compromise the coating’s protective function and considerably reduce its effective survival time.
2.2.2 The mechanical response

Brittle intermetallic compounds—primarily ZrCr,—form in the intermixed region between the
chromium coating and the Zircaloy substrate under high-temperature conditions, as shown in Fig-
ure 2.4. From a diffusion perspective, this intermetallic layer is beneficial, as it mitigates further
Cr interdiffusion into the substrate. However, under accident conditions, the coating is subjected
to a harsh environment involving both high-temperature oxidation and elevated tensile stress. In
a LOCA scenario, for example, tensile stresses may arise due to a relatively increased internal
cladding pressure following coolant loss or thermal shocks during reflooding when cold coolant is
rapidly reintroduced, potentially compromising coating integrity.

One anticipated failure mode is the cracking of the intermetallic layer, which exhibits inherently
brittle behavior, as illustrated in Figure 2.5a. Existing studies have shown that ZrCr,, due to its
brittle nature, can readily act as a pathway for crack initiation and propagation under the combined
effects of thermal stress and irradiation [11]. Moreover, the continued growth of this interfacial
layer has been associated with a general embrittlement of the coated cladding structure [3].

In addition, the mismatch in volumetric expansion between the coating and substrate materials
during oxidation can lead to the formation of bubbles, blisters, or voids at the Zr—Cr interface,
particularly during cooldown phases or prolonged accident conditions, as illustrated in Figure 2.5.
These morphological defects may result in partial or localized coating delamination, which can
create a cold spot that serves as a hydrogen diffusion sink, thereby inducing local cladding em-
brittlement. In more severe cases, total delamination may occur, compromising the reactor’s core

cooling capacity and completely eliminating the protective function of the Cr coating [3].
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Figure 2.5: Cross-section morphology showing expected coating failure/damage modes during a
LOCA and BDBA scenarios [2] during (a) tensile testing with pre-oxidized samples showing the
low toughness of the intermetallic layer and (b) blisters (during temperature reversal) and bubbles
(after an annealing process at 1200 °C for three hours) in between different layers.

2.2.3 Possible improvements for the Cr coating design

Although chromium (Cr) coatings have demonstrated promising performance within the frame-
work of ATF designs, they are not yet considered the definitive solution for protecting Zircaloy
cladding. As previously discussed, several degradation mechanisms highlight the need for further
optimization. These include: (1) the relatively low eutectic temperature between Cr and Zircaloy,
(2) the rapid consumption of the Cr layer under high-temperature conditions, (3) the brittle thermo-
shock response of the intermetallic layer during coolant reinjection phases, and (4) the formation
of shortcut diffusion pathways for oxygen due to outward Zr migration along Cr grain boundaries.

A proposed strategy involves the incorporation of a diffusion barrier interlayer between the
Cr coating and the Zircaloy substrate, as illustrated in Figure 2.6. Molybdenum (Mo) has been
considered for this role [12, 13], but its effectiveness is limited by a relatively high interdiffusion
rate with Zircaloy. Alternatively, pure metals such as niobium (Nb), tantalum (Ta), and rhenium
(Re) offer more favorable characteristics due to their high melting points and low diffusion coeffi-

cients in Zircaloy-4 [14]. However, their relatively high neutron reaction cross-sections present a
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potential drawback for use in nuclear fuel applications. In addition to pure metals, more complex
material systems—such as alloys, high-entropy alloys, and MAX phases—also warrant investiga-
tion. The ultimate objective is to identify a diffusion barrier material that can effectively prolong
the integrity of the Cr coating without compromising its mechanical and corrosion resistance or

introducing significant neutronic penalties.

Without With
diffusion barrier diffusion barrier
X
HT Oxidation
Cr,04 Cr,04

Interdiffusion and
intermetallic

Zr

Cr
X
Zr

Figure 2.6: Representation of the main functional criteria for a diffusion barrier material X: to slow
the coating consumption by diffusion [12].

Another proposed solution is the introduction of dopants into the Cr coating to reduce inward
Cr interdiffusion and suppress the formation of intermetallic compounds. An initial investigation
by Li et al. demonstrated that the addition of tin (Sn) reduced the formation of ZrCr, by approxi-
mately 10% [11]. Although the improvement is modest, the study provides a foundation for further
exploration of alternative dopant elements. It is important to note that the inclusion of dopants may

also alter the physical properties and irradiation response of the Cr coating, both of which require
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detailed evaluation in future studies.
2.3 Safety-related impacts of Cr-coated cladding
2.3.1 Safety-related fuel limits for coated claddings

SAFDLs are limits and conditions established by the NRC that fuel pellets and cladding must
satisfy to prevent fuel failure and ensure core coolability during accident scenarios. As such, they
are classified as nuclear safety-related limits. Adherence to SAFDLSs also mitigates the risk of fuel
rod damage or failure during normal operation and anticipated operational occurrences (AOOs),
thereby improving the initial condition of the cladding at the onset of AOOs and postulated accident
events [4].

Due to the thin nature of the external chromium coating and its associated performance ben-
efits, many SAFDLs applicable to bare Zircaloy cladding remain unchanged, either because the
coating does not alter the original safety limits or improves the safety margins relative to those
limits. However, as discussed in the previous section, the unique failure modes and degradation
mechanisms associated with Cr-coated cladding are expected to affect certain SAFDLs. In addi-
tion, irradiation effects are a particular concern identified in [3] because they can lead to cracking
or localized coating delamination. These phenomena should therefore be explicitly considered in
the definition and revision of the SAFDL framework.

Based on the recommendations from [3] and [4], Table 2.1 summarizes the key SAFDLs rel-
evant to conventional bare cladding that are potentially impacted by the unique failure modes and
material characteristics of Cr-coated cladding. Notably, several of the Cr aspects are influenced by

irradiation, as outlined in the subsequent considerations accompanying each item in the table:

* Fretting: Irradiation-induced hardening and embrittlement of the chromium coating may
increase the risk of fretting. Experimental validation is required to demonstrate that the

coating does not exhibit unacceptable fretting behavior.

 Strain / Ductility: New strain and ductility limits are to be defined (TBD) through tensile

and compressive testing of irradiated Cr-coated fuel cladding [3]. Coating cracking is a po-
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tential failure mode under large cladding strain. While experimental observations suggest
that cracking in unirradiated coated tubes initiates at approximately 4% clad strain [3], ir-
radiation hardening and the brittle behavior of the intermetallic ZrCr, layer are expected to

reduce this threshold.

Fatigue (Strain): The strain-based fatigue limit is reached when coating cracking is ob-
served. Thresholds are TBD from irradiated sample testing. Irradiation hardening and the

brittle behavior of the intermetallic layer must also be considered to define the new limit.

Rod Internal Pressure: New criteria for fuel-cladding gap closure and potential cladding
liftoff must be defined based on TBD irradiation creep characteristics of Cr-coated cladding.
As a thin layer, Cr is not expected to change the cladding creep rate considerably, but irradi-

ation creep tests are considered a data gap in the licensing process [3].

Fuel Rod Ballooning / Burst: New rupture stress criteria as a function of temperature and
ballooning extent must account for coating delamination and cracking before and after de-
formation. If cracking occurs post-ballooning, high-temperature oxidation models should
be revised to reflect the performance of cladding with a cracked coating [3]. Burst-induced

blockage of coolant channels must also be considered.

Embrittlement: Existing limits are intended to prevent excessive cladding ballooning that
could lead to embrittlement. However, a chromium coating may alter the ballooning behav-
ior, potentially requiring updates to these criteria. In particular, embrittlement of the coating
itself, driven by the formation of a brittle intermetallic layer and irradiation-induced effects,
must be considered. Therefore, embrittlement limits should be validated or redefined using

unirradiated and irradiated cladding samples [3].

Cladding Melting: This limit is related to loss of coolable geometry. Although the eutectic
temperature is 1332°C, its interaction with the Cr coating and potential consequences should

be further evaluated.
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* Overheating: This limit is associated with the boiling crisis. Eutectic formation and the
presence of an intermetallic layer may intensify the severity of this regime. Despite being a

BDBA condition, its impact on the coating must be assessed.

Table 2.1: Impact of Cr coating failure modes or irradiation aspects on the current zircaloy cladding
SAFDLs.

SAFDL Previous Criterion Cr failure/aspects

Fuel Assembly
Fretting no occurrence Irradiation hardening, intermetallic layer

Normal operation and AOQOs
Strain / Ductility <1% Cracking, delamination, intermetallic layer,
irradiation hardening

Fatigue (Strain) > cycles < 1% Cracking, intermetallic layer, irradiation
hardening
Rod internal pressure < coolant pressure Irradiation creep

Accident Conditions

Fuel rod ballooning / burst as in NUREG-0630 Cracking, delamination

Embrittllement Teladding < 1200°C, toxide <  Cracking, intermetallic layer
0.17tc1adding

Clad melting Teladding < 1200°C Intermetallic layer, eutectic formation

Overheating h < CHF or Pygsembly < CP Intermetallic layer, eutectic formation

2.3.2 Performances during AOOQOs and postulated accidents

Specifically for high-temperature steam accident scenarios, such as in a LOCA, the chromium
coating is expected to impact the fuel’s performance during the accident positively. The coating’s
main design function is to reduce the oxidation rate during normal and high-temperature scenarios
compared to the bare cladding design. Consequently, the cladding might face lower temperatures

during the accident progression, reducing the core-wide inventories of liberated hydrogen [4].
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2.3.3 Nuclear safety-related aspects of Cr coating

The primary nuclear safety concerns associated with Cr coatings stem from the consequences
of their potential failure modes during accident scenarios, particularly under conditions of high
tensile stress and elevated temperature. Such conditions are characteristic of LOCA and reactivity-
initiated accidents (RIA), which therefore serve as the principal scenarios for evaluating the safety
performance of Cr coatings. The severity of the safety implications is directly influenced by the
extent of coating failure, which in turn depends on the initial condition of the coating at the onset
of the accident, including any pre-existed damage. Figure 2.7 illustrates the main safety-relevant
features of Cr coatings, categorized into three interconnected aspects: pre-damage, failure modes,

and resulting consequences.

* Delamination

‘. * Crackipg ) « Lost of coating benefits
* Pre-existing cracks * Eutectic formation (BDBA) + Cladding failure by crack tip extension
* Radiation-induced changes in * Activation of Cr-51 « Cladding embrittlement by local delamination
dlmeq3|on . * Intermetallic growth « Debris fretting
« Zr-Cr intermetallic layer » Worsen of oxidation reactions

» ECCS impacted by clogged debris filters

SlctlEliCiuld St « Inefficacy of keeping plant dose release limits

Pre-existed damage Safety

Consequences

Figure 2.7: Safety-related aspects for Cr-coated claddings before, during, and after design basis
accidents (DBA) and BDBA scenarios based on [3].

Coating delamination and cracking are the most probable damage mechanisms under accident

conditions [3]. The immediate consequences include the loss of the coating’s protective functional-
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ity and the generation of debris within the reactor coolant system. In a LOCA scenario, such debris
can clog the filters of the ECCS pumps, potentially compromising their operation and endangering
core cooling. While the current design of containment sumps in PWRs accounts for a certain level
of debris accumulation, an evaluation is needed to assess whether the presence of Cr debris could
exceed current design margins. Specifically, further investigation should determine whether Cr
debris generation jeopardizes the functionality of sump strainers under accident conditions.

Another safety degradation mechanism that, when combined with coating delamination, can
exacerbate nuclear safety concerns is the formation of the radioisotope Cr-51 through neutron acti-
vation of the stable isotope Cr-50. If released into the reactor coolant, Cr-51 must be monitored and
removed to prevent radioactive plating on reactor components [3]. At present, the amount of Cr-51
release cannot be precisely quantified. However, in the event of significant coating delamination,
the release could be substantial, potentially challenging the plant’s ability to maintain dose release
limits. This coupled risk warrants further investigation. Additionally, irradiation-induced harden-
ing of the Cr coating is anticipated, increasing its brittleness and susceptibility to debris formation
from mechanical interactions, such as fretting against other fuel system components. As a result,
even in the absence of large-scale delamination, minor quantities of Cr-51 may still be released.

A potential detrimental consequence of coating cracking is the propagation of crack tips into
the underlying substrate, which can lead to localized stress concentrations in the cladding and,
ultimately, cladding failure. Delamination may also introduce additional risks; partial or localized
delamination can result in cold spots that act as sinks for hydrogen diffusion, thereby promot-
ing localized embrittlement and increasing the likelihood of cladding failure. Furthermore, both
failure modes—cracking and delamination—are exacerbated by the formation and growth of an
intermetallic layer at the coating—substrate interface during high temperature conditions. Their
severity is also expected to be amplified in the presence of pre-existing damage.

Pre-existing crack formation during normal transient scenarios is a recognized concern [3].
Initiating an accident scenario with such pre-damage significantly amplifies the consequences of

coating cracking. As previously discussed, irradiation-induced embrittlement is expected and is
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likely to contribute to crack formation during accident transients. Also, the presence of a brittle
intermetallic layer before the onset of a LOCA can potentially jeopardize the entire progression of
the accident from its inception.

Although no radiation-induced dimensional changes in the coating were initially flagged as
safety concerns in the PIRT [3], a more recent report from the NEA [15] identified swelling and
irradiation creep as primary concerns regarding the compatibility between Cr coatings and Zr-
based substrates, and called for further investigation. As proposed in the last chapter of this work,
pre-cracking may also result from long-term irradiation under steady-state operating conditions,
depending on the synergistic effects of all misfit strains from mechanical loads, thermal expansion,

irradiation-induced dimensional changes, and creep.
2.4 Insights of irradiation effects

Most evaluations of Cr coating performance presented in the PIRT [3] and in several other
studies [2] do not fully account for irradiation effects or their potential synergistic interactions
with other degradation mechanisms, such as oxidation behavior, diffusion kinetics, mechanical
evolution, and the influence of coating deposition techniques. To address this gap, recent ion
irradiation experiments [11, 16-21] have produced valuable data, offering critical insights into the
adverse effects of irradiation on Cr-coated systems.

A pre-existed brittle intermetallic compound layer is reported to be stable under irradiation
in LWR normal operation condtions. An interlayer with tens of nanometers has been reported to
nucleate during the Cr deposition process [17, 22], and grow during normal and transient oper-
ation in LWR environments. Li et al. estimated an intermetallic growth of 1um every 260 days
[18] based on the interdiffusion coefficents without considering irradiation. This phase is brittle
and is considered the preferential nucleation site for cracking, mainly in not-so-high-temperature
conditions [11]. The ideal case would be the irradiation to avoid or reduce the layer nucleation
and growth. However, first assessments of this effect showed that the intermetallic layer is stable
during irradiation [16].

Also, irradiation effects may enhance interdiffusion at the Cr—Zr interface, increasing the inter-
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metallic layer. Ion irradiation at 400°C on bulk Cr has shown a broadening of the interlayer thick-
ness [16, 17]. Conversely, interface sharpening or dissolution was reported in in-sifu irradiations
conducted on very small lamellae under significantly higher dose rates [17]. These contrasting
results are attributed to geometrical size effects and different damage rates. However, the condi-
tions for the sharpening results might not be representative of actual reactor environments. Since
neutron irradiation more closely resembles the bulk-scale, lower-dose-rate conditions under which
broadening was observed, it is more realistic to expect an irradiation-induced growth of the inter-
metallic layer during normal reactor operation. Nevertheless, further investigation is necessary to
validate this hypothesis.

The intermetallic layer at the Cr—Zr interface may undergo irradiation-induced amorphization,
a process accompanied by internal volume change, localized plastic deformation, and potential
hardening of the affected region. In Zr-based alloys containing chromium, amorphization of pre-
cipitates such as Zr(Fe,Cr), under moderate temperatures is a well-documented phenomenon [23].
For example, amorphization of Zr(Fe,Cr), has been observed to initiate at a fluence of approxi-
mately 1 x 10%° n/m? at 290°C, equivalent to roughly 120 days in a typical LWR neutron flux.
Unlike bare cladding, coated fuel pins feature a continuous intermetallic layer that contributes to
the mechanical integrity of the coating—cladding interface. Under reactor conditions, particularly
at elevated fluence levels or during power cycling, progressive amorphization and dissolution may
occur, potentially compromising the long-term structural stability of the interface.

Recent ion irradiation studies have also reported radiation-induced amorphization in inter-
metallic compounds [24]. However, because the amorphization process is highly sensitive to the
irradiation temperature, dose, and dose rate, a direct correlation between ion and neutron irradia-
tion environments has not yet been conclusively established.

Coating—substrate misfit strain is a critical concern impacting the long-term stability of chromium
coatings [25], and irradiation-induced dimensional changes can further exacerbate this issue. Both
ion and neutron irradiation studies have confirmed the poor void swelling resistance of Cr [26-28],

while Zircaloy has demonstrated strong resistance to swelling under typical LWR dose conditions.
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This mismatch in volumetric strain behavior can induce interfacial stresses, particularly at the
brittle intermetallic layer formed between the coating and the substrate, increasing the likelihood
of crack initiation. Consequently, irradiation-induced dimensional changes represent a key factor
affecting the integrity of the coating at the onset of accidental scenarios and must be carefully

evaluated in safety assessments.
2.5 Conclusion

Chromium coatings applied to zircaloy cladding have notably improved mechanical strength
and oxidation resistance. However, degradation mechanisms and failure modes arising from Cr—Zr
interfacial kinetics associated with high-demanding stress and oxidation conditions during an ac-
cidental scenario introduce new challenges that will impact nuclear safety in LWR environments.
These failure mechanisms primarily affect the ability to meet existing cladding SAFDLs and also
give rise to new safety considerations that must be incorporated into the licensing framework and
safety design of reactors adopting this advanced cladding technology.

One critical factor that may compromise the oxidation resistance of Cr coatings is the pres-
ence of pre-existing damage at the onset of an accident, originating from degradation accumulated
during normal reactor operation. While autoclave and mechanical tests have indicated promis-
ing stability of Cr coatings in non-irradiated environments, irradiation has shown the potential
to exacerbate degradation mechanisms by accelerating interdiffusion, inducing embrittlement, and
initiating crack formation. Despite these unresolved challenges, fuel vendors including Framatome
and Westinghouse have implemented Cr-coated cladding as a key component of their ATF strate-
gies. Although the Cr coating enhances both oxidation resistance and mechanical durability, their
long-term survivability under realistic irradiation conditions remains poorly quantified.

The regulatory qualification of Cr coatings for nuclear applications is progressing rapidly, with
approval anticipated by 2027. Despite this momentum, several irradiation-driven degradation
mechanisms affecting the coating’s protective function remain poorly characterized. To address
these knowledge gaps within the accelerated timeline of ATF development, the adoption of fast

and dependable surrogate testing methods is essential. As elaborated in the following chapter,
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ion irradiation has become an increasingly reliable approach for emulating neutron-induced dam-

age. Its use offers a practical path to expedite safety-related assessments and contributes valuable

insights for supporting licensing applications of Cr-coated cladding systems.
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3. RADIATION-INDUCED EFFECTS IN PURE CHROMIUM: INSIGHTS FROM ION
IRRADIATION TECHNIQUES

3.1 Introduction

The degradation behavior of nuclear materials has traditionally been studied using neutron-
based irradiation experiments conducted in test reactors [1]. However, with the emergence of
advanced reactor designs and novel materials, along with the growing demand to improve nuclear
safety and reliability, test reactors have struggled to meet the pace required for timely materials
qualification. Existing reactor facilities can typically reach damage rates on the order of a few
tens of displacements per atom (dpa) per year, requiring several years to simulate the total damage
experienced by proposed nuclear and structural in-core materials, as depicted by Figure 3.1. As an
alternative, ion irradiation using particle accelerators offers the advantage of significantly shorter
experimental durations due to their substantially higher damage rates.

The use of ion beams to evaluate irradiation damage is not a novel approach, with founda-
tional studies dating back to the 1960s [1]. However, their application as a surrogate to emulate
radiation effects under reactor-relevant conditions has gained traction more recently. Despite the
main advantage of rapidly achieving high damage doses in short time, ion irradiation offers several
other advantages over neutron irradiation, making it a highly promising alternative. These include
the absence, or negligible presence, of residual radioactivity in the specimens, the ability , lower
operational costs, and greater experimental control over parameters such as dose rate, temperature,
and irradiation uniformity.

However, the fundamental differences in the nature of the incident particles and the accelerated
damage rate introduce several challenges when using ion irradiation as a surrogate for neutron
damage. These challenges include the limited penetration depth of ions, the continuously varying
damage rate along the depth profile, and compositional changes due to implanted interstitial atoms.

Additionally, ion irradiation is often accompanied by temperature shifts resulting from high dose

27



~10dpa/y ~20dpa/y ~100 dpa/day

A
1250 o
=
o<
3 =
o 1000 =
5 2
[+ (18]
b v
[« N
; 2
& 750 =
o S
£ &
«©
3 o
[« 8
O 500
250 L >
10-1 101 102 103

Radiation dose (dpa)

Figure 3.1: Schematic overview of applicable testing methods for different types of nuclear mate-
rials with associated operational temperature and damage ranges [2].

rates [3], as well as complex interactions among irradiation time, temperature, and the diffusional
redistribution of injected species along the depth of the sample.

Nevertheless, several techniques have been developed to improve the accuracy of ion beam
experiments and to better understand the unique effects introduced by ion-beam irradiation [4-6].
As a result, accelerator-based ion irradiation has become increasingly reliable for evaluating the
radiation response of materials and been serving as a valuable tool in the design and screening of
advanced nuclear materials.

Importantly, ion irradiation is not intended to replace test reactor experiments, but rather to
complement them by providing rapid, early-stage insights that can inform material selection, guide
system design, and support licensing processes. So, this chapter demonstrates how ion irradia-
tion has been effectively utilized to investigate the performance of Cr coatings applied to zircaloy

cladding under irradiation conditions and support licensing next steps.
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3.2 Atomic displacements

Neutrons and ions, to a similar extent, induce damage in materials by knocking out atoms from
their lattice sites, promoting the so-called damage cascade. These displaced atoms, called primary
knock-on atoms (PKA), create a ballistic effect in the crystallographic structure, momentaneously
disordering and heating (thermal spike) a certain region in the material that will reorganize again
after a short time.

Regardless of the resulting post-cascade defect topology, the damage caused by displacement
cascades can be quantified using a standardized approach. For each PKA, the total number of
atoms displaced from their original lattice positions during the cascade, denoted as v(7'), can be
estimated based on the PKA energy T. Multiplying v(7") by the number of PKAs generated and
dividing by the atomic density yields the dpa, which represents the average number of times each
atom in the material has been displaced from its lattice site. The calculation of PKA differs between
neutron and ion irradiation due to the nature of the incident particles. Neutrons have a broad energy
spectrum, whereas ion beams are typically monoenergetic. Nevertheless, once the PKAs’ spectrum
and the average beam energy absorbed by the target atoms (E,...;) are determined, the resulting
dpa can be directly compared between the two irradiation types, as illustrated in Figure 3.2.

For neutron irradiation, the PKA generation—or displacement rate—(Rpga) produces a spec-
trum of PKA energies, which is integrated with the displacement function v to determine the total
dpa. In contrast, ion irradiation simulations typically rely on binary collision approximation (BCA)
Monte Carlo codes, such as SRIM, which provide depth-resolved average PKA energy values per
incident ion.

The number of displaced atoms, v, should be evaluated similarly across both approaches. A
commonly accepted formulation is provided by the NRT model [7], as expressed in Eq. 3.1, which
is also the recommended standard practice outlined in ASTM E521. In this model, PKA energy

must be corrected by subtracting energy losses due to ionization from the resulting recoils (7).

_ 0.8(T —n)

v(T) oF,

(3.1

29



Neutron damage @ﬁ lon beam damage

SPECTRUM i
Ry |
Rpga(T) = Nf @ (E)op(E, T)dE T(x) = Eyecoi(X)
0 il
i 4

E % Rpga(T) ion fluence X v(T)
W _ fo L d%v(T)det mmm) dpax) = - /

Figure 3.2: Comparison of dpa calculation for neutron and ion beam irradiation, where N is atomic
density, Ep is the atom displacement energy, ¢ is the neutron flux, and op, is the displacement cross
section.

Using dpa as a metric to represent irradiation damage is a simplified approach, as it does not
capture the actual configuration of permanent defects following cascade cooldown, nor does it
reflect the resulting defect morphology. Nevertheless, this conventional quantity remains a use-
ful means for comparing irradiation-induced changes in materials exposed to different types of
incident particles.

It is important to note that the NRT model, while widely adopted, has limitations. It does
not account for the complex atomic interactions during the displacement cascade and typically
overestimates the number of displacements [8]. Therefore, caution is warranted when comparing
data across different studies: the method used to estimate the number of displaced atoms must be
consistent to ensure valid and meaningful comparisons.

Accurate calculation of neutron-induced damage is considerably more complex than for ion
beam irradiation, primarily due to the broad energy spectrum of neutrons and the diversity of
nuclear reactions that contribute to atomic displacements. In addition to elastic scattering, reactions

such as (n,xn), (n,7), (n,p), (n,cv), and secondary processes involving energetic daughter isotopes

30



can also play a significant role in damage production. For ion beam, a standard way to calculate
the material damage is given by Stoller et al. [9].

Nevertheless, for specific applications, such as iron-based alloys located within the fueled core
region, approximate fluence-to-dpa conversion factors can be satisfactorily employed for neutron
damage estimation. Moreover, these factors may be extended to other elements with similar atomic
numbers (Z) and comparable displacement threshold energies (Eq), such as cobalt (Co), manganese
(Mn), nickel (Ni), and chromium (Cr), provided their displacement cross-sections are comparable
and do not significantly alter the damage response function.

These conversion factors, however, must be applied with caution. Neutron damage is always
calculated relative to a defined energy threshold, since only fast neutrons, typically with energies
exceeding 0.1 MeV, possess sufficient kinetic energy to displace atoms from their lattice positions.
Consequently, any fluence-to-dpa conversion factor must be explicitly linked to the energy thresh-
old used in its derivation. For LWRs, standard thresholds are typically E>0.1 MeV or E >1 MeV
[10].

3.3 Revelant radiation-induced damage

The net consequence of displacement cascades is the continuous generation of point defects
within the material’s microstructure. Depending on the energy and frequency of the damaging
events, as well as the diffusion kinetics of the defects, which are both temperature and material
dependent, these defects can undergo various spatial redistributions. Such processes lead to di-
verse microstructural evolutions and degradation mechanisms, ultimately altering the material’s
performance under irradiation.

In addition, the physico-chemical alterations experienced by crystalline materials under bal-
listic irradiation can be profound, arising from a broad range of irradiation-induced phenomena.
These include amorphization, hardening, embrittlement, accelerated phase transformations, corro-
sion cracking, alloy segregation, and dimensional instabilities such as anisotropic growth, irradia-
tion creep, and cavity swelling [2, 11].

One of the most challenging engineering consequences of neutron irradiation is the develop-
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ment of dimensional instability, in which a structural component may undergo volumetric growth
or shrinkage, as well as shape distortion, often with both occurring simultaneously [10]. Void
swelling is particularly critical due to its potential to cause significant dimensional changes over
time.

However, based on the time frame within which each phenomenon manifests during reac-
tor operation, void swelling is considered more detrimental in fast reactor environments. While
in PWRs, a type of LWR, it is regarded as the second most critical materials issue, following
irradiation-assisted stress corrosion cracking (IASCC).

Typical PWR components susceptible to void swelling are structural elements fabricated from
austenitic stainless steels, which are commonly employed in reactor vessel internals. Historically,
void swelling was not considered a significant concern in LWRs, primarily due to the relatively
low operating temperatures and neutron doses experienced by these materials. However, under
extended irradiation exposure, such as operation beyond the standard 40-year licensing period,
even modest swelling may accumulate to levels that compromise the mechanical integrity and
dimensional stability of these components [11].

In contrast, in-core components at the fuel region are generally fabricated from swelling-
resistant materials with well-controlled growth and irradiation creep behavior. Zirconium (Zr)
has been used as material for fuel rods and space grids because its dimensional stability is pre-
dictable and does not jeopardize the fuel assemblies. The zircalloy swelling amount is negligible
during LWR operational conditions and lifetime.

This difference in swelling-resistance between components arises because the damage rate in
in fuel regions is typically orders of magnitude higher than outside. As illustrated in Figure 3.3,
fast neutrons generated during fission are highest in the core middle region, getting progressively
moderated to lower energies towards the boundaries, with a fraction also escaping the fuel region.
Therefore, the selection of any new in-core material, such as for coated-cladding, must ensure
adequate resistance to irradiation-induced degradation to preserve dimensional and mechanical

integrity under normal operation, AOOs, and accident scenarios.
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Figure 3.3: In-core radial profiles of gamma-ray (green), fast neutron (red), and thermal neutron
(blue) fluxes of a two-loop PWR [10]. Fast neutron flux (also damage) in the core region is three
orders of magnitude higher than at the RPV.

3.3.1 Void Swelling

Void swelling is a dislocation-driven mass redistribution process induced by radiation, char-
acterized by vacancy clustering that results in a macroscopic increase in the material volume (V),
which is generally isotropic [10]. It was first observed in the late 1960s in fast reactor environ-
ments. Since its discovery, it has become one of the most extensively studied irradiation effects
[10, 11]. Continued research has led to the development of a widely accepted rate theory model
[12], which captures the essential mechanisms governing cavity growth.

As with any phase transformation or microstructural evolution, void swelling undergoes a char-
acteristic progression that includes a nucleation threshold, a transient regime, and eventually a
steady-state condition. The steady-state stage is typically characterized by a prolonged and con-
stant swelling rate (AV/V  dose) driven by the continuous generation of point defects under
irradiation. However, at sufficiently high doses, swelling may approach saturation. This occurs
when cavities themselves evolve into dominant defect sinks, surpassing dislocations in their ability

to absorb point defects. The rate theory parameter that captures this competitive behavior is the
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sink strength ratio between dislocations and cavities, denoted as Q, and defined by:

d
28 L

Q= (32)

25 477, N,

where z9_, 7V

iL,ve “iv

are the bias factors of the dislocations and cavities for trapping point defects, L is
the total dislocation length, 7.N. is the average cavity size times the cavity density.

Figure 3.4 illustrates the characteristic evolution of swelling across different irradiation doses,
emphasizing how key variables influence transitions between swelling regimes. In the initial tran-
sient regime, swelling progresses slowly due to the limited cavity radius and density (Q > 1) and
the dominance of point defect (PD) recombination. As the dislocation density stabilizes near a
quasi-equilibrium value of ~ 3 x 10'° cm™ [10], and under appropriate irradiation temperatures,
cavities grow until reaching a critical radius ., at which point their sink strength rivals that of
dislocations (Q ~ 1). Although cavities begin absorbing more PDs at this stage, dislocations still
attract a greater flux of self-interstitials (SIAs) due to the dislocation bias—the preferential absorp-
tion of interstitials over vacancies. Consequently, even when sink strengths are balanced, vacancy
supersaturation persists, enabling continued cavity growth through a net flux of vacancies.

This regime of quasi-static equilibrium between defect production and selective absorption
characterizes the steady-state swelling, which is primarily governed by the material’s intrinsic
properties, such as crystallographic structure and defect energetics. On the other hand, the tran-
sient regime is influenced by both intrinsic factors, such as temperature and dpa rate, and extrinsic
parameters, including phase distribution, chemical composition, degree of cold work, and mi-
crostructural heterogeneity. In the next sections, a brief explanation of the swelling mechanisms

and the intrinsic features that affect the swelling growth is given.
3.3.1.1 Nanostructural mechanisms

Void swelling is driven by the non-equilibrium distribution of point defects generated during
displacement cascades, wherein the preferential trapping of interstitials over vacancies at dislo-

cations, known as dislocation bias, reduces the likelihood of vacancy-interstitial recombination,
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thereby generating a local gap between vacancy and SIAs concentrations. Figure 3.5 illustrates the

dislocation bias effect.
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Figure 3.5: Effect of dislocation bias for trapping self-interstitials, creating a concentration gap

between defects [13]
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The existence of dislocation bias for interstitials can be verified by examining a simplified form
of the cavity growth rate equation, under the assumption that only mono-vacancies and mono-
interstitials are generated during irradiation [11, 14]:

dr.

— 225D, (C, — C(r,)) — Z°D,C, .
at iy, ZeDe (Co = Cr)) = ZiDiC] (3.3)

where () is the atomic volume, r, is the cavity radius, D, D; are the vacancy and interstitial diffu-
sion coefficients, Z¢, Zi are the bias factors of the cavity for absorbing vacancies and interstitials,
C,, C; are the physical point defect concentrations, and C{! is the thermal concentration of point
defects at a cavity of radius r.. Eq. 3.3 can be further simplified with C, - C{4 ~ C, because in
typical irradiation conditions, where vacancies are mobile, the vacancy supersaturation created by
the irradiation is much higher than C% [11]. Also, Z¢, Z! can be taken as unity since cavities are
considered neutral (non-biased) sinks.

Assuming that the leakage of point defects due to diffusion is negligible compared to their loss

via recombination and absorption at sinks, the rate equations for point defect concentrations can

be simplified as:
dCc ) o .
’r = production rate — recombination rate — loss rate at sinks
T - 60,0 - KuDLC, (3.4)
dii =G - aC,C; — K;D;C; (3.5)

where G is the defect production rate, « is the strength of the recombination rate, and K,,K; rep-
resent the sink strengths (biased and neutral) for vacancy and interstitial absorption, respectively.
These sink strengths incorporate bias effects from various microstructural features, including dis-
locations, dislocation loops, and cavities.

At steady state, v = 9% — (), yielding the relation:
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Substituting this expression into Eq. 3.3, we obtain:

d?“c Q v
L P 7
dt Te UCU |: K2:| (3 )

If all sinks were neutral, then total strength to absorb vacancies or SIAs would be the same
(K, = K;), meaning the cavity radius would remain constant under steady-state conditions. How-
ever, experimental observations confirm the continuous growth of cavities, necessitating the pres-
ence of a bias, specifically, a stronger trapping tendency for interstitials at dislocations and other
sinks. This asymmetry in sink strengths leads to a net accumulation of vacancies and thus drives
void swelling.

The preferential absorption of interstitials at dislocations is primarily attributed to the longer-
range strain fields of SIAs compared to vacancies. The larger formation volume of an SIA, which
is approximately twice the atomic volume of a vacancy, generates a large positive strain center,
while a vacancy has a weak negative strain field [11]. The asymmetry in strain interactions with
dislocations establishes the bias.

While the simplified bias-based explanation clarifies the mechanism driving cavity growth, it
does not encompass the full range of factors influencing void swelling. Most notably, the swelling
rate is intrinsically dependent on the spatial and temporal distribution of point defects following
the displacement cascade. This distribution is primarily governed by the intrinsic properties of
the defects, including their formation energies, mobilities, and binding energies [11]. These de-
fect characteristics are strongly affected by the material’s crystallographic structure, making void
swelling highly structure-dependent. For instance, Figure 3.6 illustrates that a 25 keV PKA in
copper, which has a face-centered cubic (FCC) structure, generates a compact defect distribution
characterized by well-defined vacancy and interstitial clusters. In contrast, the same PKA energy

in BCC iron leads to a more dispersed and less ordered defect configuration.
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Figure 3.6: Molecular dynamics (MD) results of the defects spatial distribution after a 25-keV
PKA cascade transient peak (> 2 picoseconds) in BCC iron and FCC copper. [11]

These differences in defect configurations can be understood by considering the atomic packing
factor (APF) of the underlying crystal structures. FCC lattices are more densely packed than
BCC lattices, with APF values of 0.74 and 0.64, respectively. The lower packing density in BCC
inherently enhances the mobility of defects and promotes a more effective defect dispersion.

This trend is further supported by the higher-energy barriers for interstitial formation and mi-
gration, for instance, in iron-based FCC alloys about twice those in BCC alloys. As a result,
these intrinsic structural differences give rise to correlated characteristic swelling behaviors where
austenitic alloys (FCC) steady-state swelling is usually two times the ferritic rates [15]. Overall,
the general influence of crystal structure on void swelling can be summarized as FCC < BCC <

HCP [11].
3.3.1.2 Temperature dependence

Temperature exhibits a non-monotonic, bell-shaped effect on void swelling. At low tempera-
tures, vacancy mobility is limited, hindering their ability to migrate and cluster, thereby suppress-
ing void nucleation and growth. Conversely, at high temperatures, although vacancy mobility is
enhanced, the increased rate of vacancy emission from cavities can exceed the absorption rate,

leading to cavity growth reduction or shrinkage. As a result, there exists an intermediate tem-
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Figure 3.7: Representation of the three main swelling regimens induced by irradiation in most
materials. [11]

perature range where the conditions for vacancy accumulation and clustering are optimal, and
steady-state void swelling reaches its maximum. At this point, the temperature is known as the
peak swelling temperature (Tpeax).

Void swelling occurs in most metals and alloys within the temperature range of 0.3 to 0.6 T,
where Ty, is the melting temperature. Therefore, the T inside this range is also characteristic
of each material. This temperature range overlaps with the operational regimes of several nuclear
reactor systems, including liquid metal fast breeder reactors, molten salt reactors, and LWRs. Thus,
the correct selection of nuclear materials shall carefully consider the characteristic temperatures for
swelling. Below this range, PD mobility becomes limited, leading to the emergence of alternative
swelling types that are more important for ceramics, though. These are known as amorphization,
when PD mobility is negligible, causing the accumulation of unrecombined defects, and defect
cluster swelling, when only SIAs and small interstitial clusters are mobile, but they promote a
general increase in the lattice parameter. All these three regimens are illustrated by Figure 3.7.

The onset of swelling begins at the temperature at which vacancies acquire sufficient mobility

to migrate and cluster. In FCC metals, the tendency for pronounced vacancy clustering during the
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displacement cascade (Figure 3.6) requires higher thermal energy to dissolve the initially formed
vacancy aggregates. Consequently, the swelling onset temperature in FCC materials is typically
higher (~ 0.3 T,,) than in BCC structures (~ 0.2 T,,), where vacancy clustering is less prominent.
As the temperature increases, the critical cavity radius also increases, leading to a reduction in
the overall cavity density and an increase in the average cavity volume. This behavior, known as
the Ostwald ripening effect, reflects a dissociation process in which smaller cavities dissolve and
contribute to the growth of larger ones, favoring the coarsening of the cavity population.

Despite the total amount of swelling varying with temperature, for a given dose and dose rate,
temperature has a relatively small effect on the characteristic steady-state swelling rate. Instead, it
plays a more significant role during the initial nucleation and transient swelling stages. When the
dose rate changes, it interacts synergistically with temperature in complex ways to influence void
swelling behavior. For instance, increasing the dose rate can shift the peak swelling temperature to

different values, as discussed in the next section.
3.3.1.3 Dose and dose rate dependence

The dose dependence of swelling gives rise to distinct swelling phases, as illustrated in Fig-
ure 3.4. The general features of swelling behavior as a function of dose are preserved regardless of
the type of bombarding particle—whether neutrons or charged particles, particularly self-ions in
the 3—5 MeV [10]. For example, the characteristic post-transient swelling behavior observed under
ion irradiation closely resembles that induced by neutron damage, as illustrated in Figure3.8. This
similarity arises because the primary driving force for microstructural evolution in both cases is the
damage cascade generated by the PKA. Both energetic neutrons and heavy ions are capable of pro-
ducing comparable in-cascade recombination and clustering [10]. Neglecting, for the moment, the
neutron-atypical aspects of ion irradiation (e.g., injection of implanted species), the most signifi-
cant difference between neutron and ion irradiation lies in the damage rate. In neutron irradiation
environments, dose rates typically range from 1078, to 10”7 dpa/s in thermal reactors and from 107
to 10 dpa/s in fast reactors. In contrast, ion irradiation experiments are generally conducted at

much higher dose rates, in the range of 10 to 10™* dpa/s.
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Figure 3.8: Swelling profile as a function of dose of AISI 304 with different pre-treatment bom-
barded with 3.5 MeV Fe compared to neutron irradiation data, showing preserved swelling fea-
tures, such as similar steady-state swelling rate of 1%/dpa. [10]

Notably, the dose rate strongly affects two primary aspects of swelling: the corresponding tem-
perature regime and the duration of the transient regime [10, 11]. The first expected consequence
of a dose rate variation is a change in PD concentrations, which in turn alters the recombination
rate. Higher dose rates lead to elevated PD concentrations and enhanced recombination, thereby
reducing the net flux of vacancies toward cavities. Consequently, higher temperatures are required
to facilitate more efficient PD removal via sink absorption, in order to balance the increased recom-
bination. The overall effect is a shift of the swelling temperature range toward higher values as the
dose rate increases to replicate equivalent swelling conditions. On the same side of the coin, higher
recombination rates also extend the transient regime, as the evolution of cavities and dislocation
lines or loops requires more time to fully develop their sink strength when PDs are being rapidly
consumed by the recombination process.

Temperature shift models [12, 14] can be employed to estimate the corresponding temperature
at typical reactor dose rates that would replicate equivalent swelling observed in accelerator-based

experiments. A generic formula to calculate the peak-swelling temperature—under the assumption
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of unchanged dislocation densities, neutral defects, and strengths—has the form of [16]:

~a xlog K +c (3.8)
Tpeak

where a is a function of activation energy of self-diffusion and vacancy migration energy, c is
determined by various microstructural parameters including dislocation density, dislocation loop
density, and their defect trapping efficiencies, and K is the damage rate in dpa/s.

The parametrization introduced by Eq. 3.8 should be used with caution, as variations in irradi-
ation temperature can alter dislocation densities and the effective strengths of defect sinks. Nev-
ertheless, it provides a useful approximation for identifying the peak-swelling temperature region
across different damage rates, making it particularly valuable for correlating accelerator-based
experimental data with conditions in nuclear reactor environments. Furthermore, the dose rate
dependence predicted by classical rate theory modeling has shown good agreement with experi-
mental observations [11], supporting the applicability of this approach across a range of irradiation
scenarios.

Experimental data shown in Figure 3.9 illustrate an approximately linear dependence of peak-
swelling temperature on the logarithm of the dose rate. For structural metals relevant to nuclear
energy systems, such as iron and its alloys (e.g., ferritic-martensitic and austenitic steels), copper
(Cu) alloys, and nickel (Ni), the peak-swelling temperature typically ranges from 300 to 550°C
at reactor-relevant dose rates. However, when subjected to accelerator-based irradiation with sub-

stantially higher dose rates, this peak shifts to a higher interval of approximately 400-650°C [11].
3.3.1.4 Stress dependence

Stress states, mainly its deviatoric components, assist the evolution of the dislocation network,
accelerating the onset of swelling. However, different from the irradiation temperature, dose and
dose rate, the dependence of void swelling on stress state is considered a second-order effect. If
the material has a good swelling resistance, meaning a large incubation period, the effect of stress,

either tensile or compressive, can shorten the transient regimen significantly. On the other hand, if
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Figure 3.9: Peak swelling temperatures as a function of dose rate in various FCC materials (Cu,
Ni, 304 and 316 stainless steels) [11]

the material swells easily, this effect is negligible [10].

Swelling isotropic behavior in irradiated materials is independent of the applied stress state,
as evidenced by the work of Gilbert and Garner on AISI 316 stainless steel irradiated in a fast
reactor. In contrast, irradiation creep is anisotropic, responding preferentially to the direction of the
applied shear stress. This fundamental difference is particularly important because, as discussed in
subsequent sections, the onset of swelling marks the beginning of a coupled interaction between
swelling and creep, where the two phenomena become interdependent and collectively influence

the material’s deformation behavior.
3.3.1.5 Impacts on reactor operation

In unrestrained configurations, swelling can lead to distortion or the loss of dimensional tol-
erances, particularly under non-uniform irradiation conditions involving spatial gradients in tem-

perature and dose rate. In constrained components, such as those found in structural assemblies,
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the misfit strains induce stresses within the component itself and exert additional mechanical loads
on neighboring materials. This stress transfer is believed to contribute to failures such as cracking
in baffle-former bolts observed in LWRs [18]. The induced internal stresses activate irradiation
creep, which facilitates stress relaxation by redistributing deformation in unrestrained directions
[10].

Importantly, void swelling and irradiation creep are interrelated phenomena. Although irra-
diation creep can occur in the absence of swelling when stress is present, the onset of swelling
enhances the creep response, accelerating creep deformation and stress relief. When the resulting
creep strain is excessive, it can introduce spatial mismatches and mechanical instabilities between
interacting components.

Void swelling can influence several physical properties of structural materials, including elastic
modulus, electrical resistivity, and thermal conductivity [10]. While these changes are generally
modest at low swelling levels, they become more significant as swelling increases. For example,
reductions in Young’s modulus of approximately 1-3% per 1% swelling have been reported for
standard reactor alloys. Although thermal conductivity is also expected to decline with swelling,
available data are scarce due to the inherent difficulty of such measurements. Notably, the coeffi-
cient of thermal expansion remains largely unaffected by void swelling [10].

Beyond these physical properties, void swelling may lead to loss of fracture strength through
the degradation of grain boundary cohesion, driven by the accumulation of voids at these bound-
aries—an type of sink not considered by classical rate theory models [19]. Another mechanism
by which void swelling undermines fracture toughness is through the development of stress con-
centration zones between adjacent voids. When the void volume fraction exceeds a critical limit,
these localized stresses can trigger severe embrittlement. In austenitic stainless steels irradiated at
400°C, such embrittlement has been observed at swelling levels approaching 10% [20], reflecting
a state of pronounced microstructural deterioration.

Cavity swelling encompasses both void and bubble swelling, each driven by different mech-

anisms and conditions. While void swelling is primarily associated with point defect dynamics,
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bubble swelling is strongly influenced by the presence of noble gases such as helium (He), krypton
(Kr), and xenon (Xe). In fission environments, He is predominantly generated through (n,«) reac-
tions, while Kr and Xe are common gases of the fission product. Bubble swelling is particularly
relevant in fusion first-wall components and fast and thermal reactor fuel elements, with limited
relevance in structural components of thermal reactors. In the context of this study, which evaluates
chromium (Cr) as a protective coating for Zircaloy cladding in a thermal reactor, bubble swelling
is not considered significant and is therefore excluded from further discussion. Readers interested

in detailed mechanisms involving helium and its role in cavity evolution are referred to [10, 11].
3.3.2 Irradiation Creep

In environments where thermal creep is negligible by low temperatures, irradiation serves as a
dominant driver of creep deformation. This irradiation-enhanced creep results from the interplay
between radiation-induced defect generation and stress-assisted mechanisms that promote direc-
tional dislocation formation and motion, particularly via climb and climb-assisted glide.

When stress is present, loops nucleate preferentially on planes oriented with respect to the shear
stress—parallel for interstitial loops and perpendicular for vacancy loops—through a mechanism
termed stress-induced preferential nucleation (SIPN). SIPN causes the solid to increase in length in
the direction of the applied tensile stress. Moreover, the stress field induces anisotropic absorption
of SIAs by dislocations, adding atoms to the extra half-planes of the aligned dislocations (stress and
Burgers vector alignment) and removing atoms from non-aligned dislocations (preferred vacancy
absorption). The net effect is the climbing of the aligned dislocations. This process is known as
stress-induced preferential absorption (SIPA). If the stress state allows gliding of the dislocation
following each climb step, additional deformation is accumulated through climb and glide, referred
to as preferential absorption glide (PAG). The consequences of these underlying mechanisms are
schematically depicted in Figure 3.10.

Even without external stress, irradiation inherently drives the formation of loops and promotes
PD absorption. This process underlies the same dislocation-driven mass redistribution that con-

tributes to swelling, where material is isotropically shifted from void sites to the grain boundaries
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Figure 3.10: Schematics of irradiation-stress-assisted mechanisms that promote creep through dis-
location network anisotropic formation (a), dislocation climb promoted by net flux of interstitial
(b), and climb-assisted glide by dislocation bowing (c). The illustrations were combined from [8]
and [21].
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Figure 3.11: Illustration of the dislocation-driven motion of mass enhanced by void swelling.

[10].

Importantly, mechanisms such as SIPN, SIPA, and PAG are already active at early stages, well
before voids begin to nucleate and grow, accounting for the presence of irradiation creep in the
pre-swelling regime. As the irradiation dose accumulates and recombination becomes less effec-
tive, vacancy sink strength increases, resulting in a net vacancy flux toward cavities. This, in turn,
drives an opposing flux of SIAs toward dislocations, amplifying dislocation climb, as depicted in
Figure 3.11. Thus, in the presence of applied stress, swelling synergistically enhances SIPA and
PAG, culminating in a compound mechanism referred to as climb and glide driven by disloca-
tion bias. At this stage, irradiation creep becomes largely governed by the swelling process, with
creep strain rates strongly correlated to the swelling rate. This behavior is validated by experimen-
tal results shown in Figure 3.12, which clearly demonstrate the dominance of swelling onset in

accelerating irradiation creep.
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Figure 3.13: Irradiation creep results in a reactor test when swelling is either zero or just beginning
[10], showing the features of Eq. 3.9.

48



3.3.2.1 Creep stages

Consistent experimental data show four distinct stages for irradiation creep. These are the
transient regime, the creep regime in the absence of swelling, swelling-enhanced creep, and creep
disappearance [10]. When swelling is negligible (S ~ 0), the creep strain has a transient and

steady-state term, as depicted in Figure 3.13, which can be fitted as:

50 =4 {1 — exp <—@)} G+ Byog"¢™t (3.9)
T

where the time dependence is given by the amount of damage in dpa, A and 7 are material-specific
constants determined experimentally, m and n are fitting parameters, o is the effective stress, and
By is the creep compliance term.

SIPN and several other mechanisms have been proposed to govern the transient regime of ir-
radiation creep and swelling [8]. However, in practical terms, the duration of the transient phase
can be interpreted as the time required to establish a quasi-equilibrium dislocation density. This
balance may be achieved either through recombination—annihilation mechanisms that reduce dislo-
cation density or through irradiation-induced dislocation formation that increases it, particularly in
pre-annealed materials. In applications involving high irradiation doses and long exposure times,
the transient phase is typically short and often negligible [10].

In the steady-state regime, particularly for iron-based alloys, the coefficient B is considered
a material-specific constant primarily governed by the crystallographic structure. This parallels
the behavior of the steady-state swelling rate, as detailed in Section 3.3.1.1. Notably, B, has
been observed to remain invariant with respect to dpa rate and temperature across a broad range of
reactor-relevant conditions [10]. Additionally, experimental observations suggest that the empirical
exponents m and n generally take values close to unity [8].

When void swelling initiates, the steady-state creep strain rate is augmented by an additional
term proportional to the swelling rate (S), as described by Eq. 3.10. This relationship captures the

linear coupling between swelling and irradiation creep, particularly through dislocation climb and
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glide mechanisms activated by dislocation bias [8]. The coefficient D, known as the creep-swelling
coupling factor, quantifies this contribution and has been found to exhibit a near-universal value
of ~ 0.6 x 102 MPa™! in iron-based alloys. This near-universal behavior is attributed to the fact
that both swelling and creep reach steady-state values, characterized by B, and S respectively, that
are intrinsically tied to the crystallographic structure, making the coupling between them largely

invariant across different materials.

€or = 3(By + DS) (3.10)

The final phase of the irradiation creep response is marked by a decline or disappearance of
creep, which does not necessarily align with the saturation of swelling, as depicted in Figure 3.4. In
fact, significant swelling can induce fluctuations in material response and lead to a sharp decrease
in creep rate. This behavior has been documented in multiple experiments involving austenitic
stainless steel fuel pins, as illustrated by Figure 3.14, where a noticeable reduction in creep occurs
once the steady-state swelling rate of approximately 1%/dpa is reached [10]. Despite these obser-
vations, the mechanisms driving this phenomenon remain inconclusive [10]. Therefore, the onset
of creep reduction must be interpreted with caution and evaluated based on each case’s specific

material and irradiation conditions.
3.3.2.2 Practical effects of irradiation-enhanced creep
The expected creep effect is to relax any stress state during an operational scenario inside a

reactor. The major consequences are [10]:

* Preload stresses—such as those from bolt preloading or residual stress in as-deposited coat-
ings—are almost entirely relaxed after a certain damage threshold. A rule of thumb for

austenitic stainless steels is that less than 10% of the initial stress remains after 10 dpa.

* Swelling-gradient-induced stress, arising from spatial variations in dose rate and tempera-
ture, is significantly mitigated by corresponding gradients in irradiation creep strain across

the material.
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Figure 3.14: Instantaneous creep coefficient (By + D) calculated for high swelling conditions of
stainless steel irradiated in a fast reactor [10]

D! defines the operating stress (in MPa) under swelling-driven conditions, indicating that

the internal stress induced solely by restrained swelling cannot exceed ~ 160 MPa.

Reduction of stress concentrations caused by internal and external sources and, consequently,
reduction of potential failures or damages caused by a high stress state condition, such as

IASCC, fracture, and cracking.

Significant stress levels acting continuously on a component will induce a continuous per-
manent deformation process. The accumulated strain may compromise the component’s

dimensional stability if the exposure time is sufficiently long.

If two bonded components exhibit differential swelling and creep behavior, their combined
response can lead to structural distortions. While swelling is mechanically restrained at the
interface, irradiation creep accommodates the internal stress by redirecting mass flow toward

the unconstrained directions.

Unlike thermal creep, irradiation creep does not cause microstructural damage that promotes
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material failure, such as triple-point cracks, grain boundary voids, plastic deformation, or marten-
site formation [10]. Therefore, it reduces stress concentrations by promoting a non-damaging re-
allocation of internal mass. Also, in higher temperatures where thermal creep is active, irradiation

is expected to reduce its harmful effects.
3.4 Ionirradiation as a surrogate for neutron damage

Ion irradiation can be considered a valid surrogate for neutron irradiation if it yields comparable
post-irradiation effects to those observed under neutron exposure [8]. The equivalence lies in the
ability of ion irradiation to generate qualitatively and quantitatively similar damage, regardless of
the irradiation method. When this condition is satisfied, ion irradiation experiments may serve as
a direct substitute for neutron irradiation in materials testing and evaluation.

On one hand, several inherent limitations of accelerator-based testing prevent ion irradia-
tion from fully replicating all neutron-induced effects. These include the absence of transmu-
tation gases, the inability to simulate long-term phase transformations, and the micron-scale of
ion-irradiated volumes, which may not accurately represent bulk mechanical behavior. Some of
these limitations can be mitigated by implementing dual-beam irradiation techniques, such as co-
injection of helium (He), or by using neutron pre-conditioned samples. However, dimensional
constraints related to small sample volumes remain a significant gap.

On the other hand, ion irradiation has demonstrated excellent agreement with neutron irradi-
ation for certain phenomena, particularly void swelling. Steady-state swelling rates observed in
ion-irradiated materials have matched those found in reactor environments, and the temperature
shift with varying dpa rates has also translated well to neutron irradiation data. Therefore, al-
though complete equivalence between the two methods is not universally achieved, ion irradiation
remains a reliable surrogate in cases where strong correlation is observed.

The establishment of rigorous and accurate accelerator testing protocols is critical to ensuring
the reliability of ion beam experimental results. Findings from the TAMU Accelerator Laboratory
[4, 5] revealed that swelling data could be significantly suppressed under certain experimental

conditions, such as beam rastering or inadequate filtering of carbon contamination. These results
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underscore the importance of carefully controlled experimental conditions and the development of
standardized ion irradiation procedures tailored to the specific radiation effects under investigation.

Another important procedure that has improved the fidelity of void swelling measurements in
ion irradiation studies is the definition of a safe analysis zone [6]. This approach helps mitigate the
combined effects of surface artifacts, injected interstitials, and local compositional changes that
can distort swelling behavior. As ions penetrate the material, they create a non-uniform damage
profile along the depth, illustrated by the white curve in Figure 3.15. However, not all regions
in this profile yield reliable swelling data. Near the surface, defect-denuded and surface-affected
zones form due to enhanced sink behavior and irradiation-induced artifacts, which suppress void
formation. Deeper in the material, excess injected interstitials elevate recombination rates, limiting
vacancy availability for void growth. Between these regions lies the safe analysis zone, where
swelling behavior more closely reflects that observed under neutron irradiation. This region is
critical for extracting meaningful and representative swelling data.

The correspondence between neutron and ion irradiation is not inherently straightforward due
to the coupled effects of temperature and damage rate. As a result, the appropriate equivalence
conditions must be established individually for each damage mechanism and material system.
However, conducting a comprehensive comparison with neutron data is not always necessary. For
example, in the evaluation of a new candidate alloy, a practical and confident approach involves ir-
radiating the new material side-by-side with a well-characterized reference alloy whose irradiation
response under neutron exposure has already been validated [10]. In such cases, even though spe-
cific microchemical and microstructural features must still be assessed, ion irradiation can provide
a rapid initial evaluation of the candidate material’s improved radiation tolerance. This strategy
enables faster screening and integration of new materials into nuclear design, while detailed opti-

mization studies can proceed in parallel.
3.5 Assessing radiation response through accelerator testing

Ion irradiation experiments follow a simplified sequence of steps: atoms are ionized, acceler-

ated, and directed toward a target material. The process begins with an ion source generating the
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Figure 3.15: TEM micrograph showing the ion-affected zones along the damage profile created by
the ions when penetrating the material.

desired ion species, which are then accelerated to high energies—typically in the range of a few
mega-electronvolts (MeV), and selectively conducted to ensure beam purity and energy consis-
tency. Upon impacting the target, these ions penetrate the material and transfer their energy to the
atomic lattice, initiating displacement cascades and producing radiation damage. Once the desired
damage dose is achieved, the sample is removed for microstructural characterization, typically
using electron-based microscopy techniques.

Several electron-based microscopy techniques support the detailed characterization of mate-
rials’ microstructure. Among the primary features examined are dislocation loops, precipitates,
and voids, which are typically identified using transmission electron microscopy (TEM) through
distinct imaging modes. For instance, for the case of voids, they best revealed using bright-field

through-focus or high-angle annular dark-field (HAADF) imaging [1]. To prepare samples for this
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analysis, a focused ion beam (FIB) is used to mill a very thin lamella from the irradiated material,
oriented along the cross-sectional plane of irradiation to capture the full depth of the damage pro-
file. This precise milling approach enables accurate correlation between the damage gradient and
the observed microstructural features.

One of the key advantages of ion irradiation is the precise control it offers over experimental pa-
rameters such as dose rate and temperature, enabling systematic investigation of swelling behavior
under a wide range of irradiation scenarios. These controlled conditions are essential for gener-
ating reliable input data for applications such as risk-informed structural assessments. For each
irradiation condition studied, the density and spatial distribution of voids are quantified through
a combination of FIB sample preparation and TEM imaging. Post-acquisition image analysis is
then conducted to count and measure individual voids, enabling the calculation of void volume
fractions.

This systematic workflow, illustrated in Figure 3.16, provides a procedural approach for map-
ping the swelling behavior of new materials or those with previously uncharacterized irradiation re-
sponses. The complete evaluation is structured into three primary stages: a temperature-dependent
study, a dose-dependent study, and a dose-rate-dependent study. By compiling the results from
all three stages, it becomes possible to estimate the swelling behavior under reactor-relevant op-
erational conditions. These estimations can subsequently be integrated into FEA frameworks to
support nuclear safety-related assessments and decision-making processes.

A step-by-step of the three stages to quantify a material swelling behavior is given in the section

below.
3.5.1 Void swelling acquisition

Mapping the swelling behavior of materials using ion irradiation can be conducted systemati-

cally. For new materials, this can be done in three stages.
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Figure 3.16: Flowchart illustrating the steps of combining ion irradiation testing and finite element
analysis for risk assessment.

3.5.1.1 Stage 1: Temperature-dependent Study

The objective of this study is to identify the peak-swelling temperature for a given dose and

dpa rate. The steps for this study should follow the suggested ones below:

1. Define the irradiation experiment matrix
* Dose: select a high total dose sufficient to surpass a possible transient swelling phase
and reach steady-state conditions.
* Dose rate: use a high dpa rate to accelerate the experiment.

» Temperature: base the several temperatures to be investigated, for instance five condi-

tions, on the material’s melting temperature T;:

— General range: 0.3 - 0.6 T,

— BCC materials: usually between 0.3 - 0.4 T,,,, with typically swelling starting at ~

02T, [11]
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— FCC materials: usually between 0.4 - 0.5 T,,, with typically swelling starting at ~

0.3 T, [11]
2. Conduct ion irradiation
* Irradiate samples at the defined matrix.

3. Analyze swelling response

Lift out FIB samples far from the free surface and injected interstitial zone.
* Characterize microstructure using TEM.
* Calculate the depth profile void diameter and density for different temperatures.
 Calculate void swelling and determine the temperature corresponding to maximum
swelling.
3.5.1.2 Stage 2: Dose-dependent study
Here, the investigation should focus on identifying the transition between swelling phases and

characteristic steady-state swelling rate. The steps are:

1. Fix the irradiation temperature and dose rate
* Use the same dose rate and the peak-swelling temperature identified in Stage 1.
2. Vary the dose

* Irradiate multiple samples over a range of doses, covering transient and steady-state

regimes.

* Dose selection should also be guided by the anticipated irradiation exposure relevant

to the material’s intended nuclear application.
3. Conduct irradiation and swelling evaluation

* Repeat the steps 2 and 3 of stage 1.
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* Identify where swelling linearly varies with dose.

* Make a linear trend to estimate the steady-state swelling rate.
3.5.1.3 Stage 3: Dose rate-dependent study

The swelling at different dose-rate should be investigated to construct a swelling map and
estimate swelling for low-dose-rate applications out of possible accelerator dose rate ranges. The

steps are:

1. Design the dpa rate matrix

* Include the dpa rate used in earlier stages.

* Expand the range to cover very high to low dpa rates (within experimental feasibility).
2. Set irradiation temperatures

* For each dpa rate, select a range of temperatures points convering the shift of the peak-

swelling temperatures to lower values.

* Prioritize temperatures around the expected peak. At this point, slightly deviations of

the 0.3-0.6 7;,, range might occur.
3. Conduct irradiation and swelling evaluation
* Repeat the steps 2 and 3 of stage 1.
4. Construct the swelling map

* Compile data into a 2D swelling matrix (dose rate vs. temperature).
* Plot swelling vs. temperature for each dose rate.

* Identify/estimate the peak-swelling temperatures for each dpa rate.
5. Fit and Extrapolate

* Apply a fitting model based on the Eq. 3.8 to determine trends.

» Extrapolate the behavior to lower dpa rates not accessible by ion irradiation.
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3.5.2 Irradiation creep acquisition

Irradiation creep is a highly complex phenomenon, making creep testing particularly challeng-
ing. Numerous published experimental studies on irradiation effects report ambiguous or even
contradictory results. This inconsistency arises because dimensional changes during irradiation
are governed by several concurrent processes, including void formation, radiation-stimulated phase
transformations, and densification. These mechanisms are often interdependent, complicating the
interpretation of experimental data. In many cases, it is difficult to decouple their individual con-
tributions, and highly accurate data processing and analysis are required.

For in situ ion irradiation experiments, the complexity increases further. The extremely small
thickness of the specimens and the significant temperature gradients induced by the ion beam
make it difficult to maintain uniform and stable thermal conditions. Despite these challenges,
advancements in experimental techniques are underway to overcome these limitations. Ongoing
research has been proposing designs to make irradiation creep measurements more reliable and

interpretable [22-24].
3.6 Current results for irradiation damage on Chromium

A key concern in the irradiation performance of Cr for nuclear applications is its short swelling
incubation period, particularly under conditions relevant to LWRs. Initial studies conducted in
the 1990s using high-dose-rate experiments revealed that Cr exhibits a brief incubation phase of
approximately 1-2 dpa at elevated temperatures between 550 and 800°C [16]. More recent evalua-
tions of Cr as a coating material for ATF applications, such as the study by Doyle et al. in a research
reactor, showed that Cr begins to swell at much lower doses, around 0.5 dpa, under LWR-relevant
temperatures. This poor swelling resistance shows a deviation from the typical BCC crystal struc-
ture’s behavior, characterized by good swelling resistance. Consequently, it poses several risks for
coated cladding systems, as it may: (1) the induction of detrimental stress at the substrate—coating
interface, (2) geometric instability of the protective layer, (3) increased likelihood of coating crack-

ing or delamination, and (4) the early onset of property degradation such as irradiation hardening

59



and embrittlement.

To advance the characterization of chromium swelling behavior, two ion irradiation studies
were systematically conducted at TAMU [16, 26], aiming to map the effects of temperature and
dose on Cr swelling. The first study, performed by Ryabikovskaya et al. [26], corresponded to the
stages 1 and 2 described in Section 3.5.1. Five irradiation temperatures were explored, 450, 500,
550, 600, and 650°C, with the peak swelling temperature identified at 550°C.

The dose-dependent investigation included samples irradiated to peak doses of 50, 100, and
150 dpa. Swelling measurements were performed across different depth intervals but were con-
sidered valid only within a defined safe analysis zone, ranging from 200 to 600nm in depth. This
region was selected according to the best ion irradiation practices to ensure measurement reliabil-
ity. Within this zone, the dose rate was approximately 3.5x 107 dpa/s, providing a uniform damage
distribution and minimizing the influence of near-surface effects and ion end-of-range artifacts.

At the highest dose levels, a well-defined void superlattice was observed, aligned along the
(111) crystallographic direction, consistent with the known tendency of BCC materials to form
ordered void arrays under irradiation [11].

The steady-state swelling rate ranged between 0.03 and 0.04 %/dpa, approximately an order of
magnitude lower than the typical values observed for other BCC metals, generally between 0.1 and
0.5 %/dpa. A more recent ion irradiation study conducted by Cui et al. [27] at the same irradiation
temperature but under a slightly lower dose rate further explored this behavior. The study identified
the formation of nested vacancy and interstitial loops and proposed this microstructural feature as
a key factor contributing to the reduced swelling rate in Cr. These nested loops are believed to
enhance local defect recombination and annihilation processes, thereby suppressing the overall
swelling rate.

The second study was carried out by Gabriel et al. [16], focusing on the dose-rate-dependent
analysis (stage 3) to evaluate swelling behavior and determine applicable swelling rates for in-
reactor dose conditions. Compared to the previous work, this study expanded the irradiation matrix

by incorporating two additional lower dose rates and a reduced irradiation temperature of 350°C.
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Figure 3.17: TEM image of Cr irradiated by 5 MeV Fe ions at (a-1) 350 °C using a high dpa rate of
3.5 x 107 dpafs, (a-2) 350 °C using a medium dpa rate of 3.5 x 10™* dpa/s, (a-3) 350 °C using a low
dpa rate of 3.5 x 10 dpa/s, (b1-b3) 450 °C using three different dpa rates, (c1-c3) 550 °C using
three different dpa rates, and (d1-d3) irradiation at 650 °C using three different dpa rates [16].

The experimental matrix thus comprised three dose rates, 3.5x 1073, 3.5x 10*, and 3.5x 107
dpa/s, combined with six different temperatures.

The two orders of magnitude variation in dose rate was considered sufficient to capture the
temperature shift associated with peak swelling behavior. A maximum irradiation dose of 15 dpa
was selected to encompass the full range of swelling levels relevant to LWR fuel rod applications.
One limitation of this methodology was the extended irradiation duration required for the lowest
dose rate; at 3.5x 103 dpa/s, the exposure lasted approximately 120 hours. Figures 3.17 and 3.18
summarize the swelling behavior of Cr as a function of dose rate and temperature, with all reported
values obtained from the safe analysis zone defined in [16].

The bright field TEM images in Figure 3.17 gives a general idea of the voids distribution. For

lower temperatures, the voids density is higher but with smaller diameters, as illustrated by Figure
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Figure 3.18: Swelling as a function of irradiation temperature for three dpa rates (3.5 x 10~ dpa/s,
3.5 x 10 dpa/s, 3.5 x 10 dpa/s). Swelling data is averaged in the safe analysis region [16].

3.17a-2 and a-3. For higher temperature, for instance in Figure 3.17c-2 and c-3, the opposite trend
occurs with lower density and large voids, showing the coarsening effect explained in Section
33.1.2.

Another notable observation is the transformation in void morphology from near-spherical to
faceted, "tetragonal" shapes of voids at lower dpa rates and higher irradiation temperatures. This
shape evolution is attributed to sustained atomic mobility at the void surface, which enables the
system to minimize surface energy. In crystalline materials, the equilibrium shape of a particle typ-
ically conforms to specific crystallographic planes, resulting in faceted particles with directionally
dependent morphology. Due to their atomic arrangement, these preferred orientations correspond
to planes with lower surface energy.

Under irradiation, however, the continuous production of point defects introduces a non-equilibrium
reaction term that drives voids toward a more spherical geometry, counteracting the crystallograph-

ically faceted form. As the influence of this irradiation-driven reaction diminishes, such as at lower
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Figure 3.19: The plot of the reciprocal of the maximum swelling temperatures as a function of
peak dpa rates in log scale. The solid line is a linear fitting [16].

dose rates or higher temperatures, thermal diffusion becomes sufficient to reorganize vacancy dis-
tribution at the void surface. This facilitates reestablishing a surface-energy-minimizing morphol-
ogy aligned with the underlying crystal structure.

The average swelling within the valid range of the safe analysis zone is presented in Figure 3.18
for all datasets acquired. As the dose rate decreases, a clear temperature shift in the swelling peak
is observed toward lower temperatures. Based on Gaussian fits applied to the swelling data, the
peak-swelling temperatures are approximately 565, 520, and 480°C for the highest, medium, and
lowest dose rates, respectively. In the high and low dose rate cases, the peak swelling values are
close to 1%. Notably, the reduced peak height observed for the intermediate dose rate appears to
be an experimental artifact. This is likely the result of a trade-off between vacancy diffusivity and
irradiation time. At this dose rate, the irradiation duration may have allowed increased diffusion
toward the free surface, leading to enhanced vacancy loss and an apparent reduction in measured

swelling.
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By applying the logarithmic fitting equation (Eq. 3.8) to the peak-swelling temperatures ob-
tained at each dose rate, a linear trend is observed, as shown in Figure 3.19. Extrapolating this trend
to typical in-reactor dose rates, ranging from 10" to 10”7 dpa/s, yields projected peak-swelling tem-
peratures between approximately 364°C (637K, not shown in Figure 3.19) and 398°C (671 K). This
estimated range aligns closely with the expected operational temperature of Cr-coated cladding in
conventional LWRs, suggesting that peak swelling conditions may be active during normal steady-
state operation.

Figure 4.5 summarizes the Cr swelling data obtained by both Ryabikovskaya et al. [26] and
Gabriel et al. [16] studies (at 550°C and a peak dpa rate of 10~ dpa/second). As explained above,
the swelling curve observed is assumed to be close to what would be expected in a PWR environ-
ment. The solid line in Figure 4.5 represents the best fit for the dataset, showing a swelling rate
trend of 0.05%/dpa. The lowest acquired local dpa value is ~ 5.9 dpa (dashed line). Since the solid
line does not pass through the origin, this suggests the existence of a transient swelling region for
dpa < 5.9 dpa with higher swelling rates. If one assumed an average rate from the origin to the
lowest dpa data point, it would be ~ 0.14%/dpa.

The investigated Cr swelling behavior was done for a bulk material with grains of an average
size between 200 and 600 pm, much larger than grains characteristic of coatings structures. Addi-
tionally, for some coating deposition methods, like physical vapor deposition (PVD), an elongation
of the coating grains towards the out-of-plane direction is expected. These two conditions might
change the equilibrium swelling rate magnitude to lower values but not affect the transient regimen
much, which is already too short. Therefore, the reported swelling behavior herein might represent
the maximum swelling the Cr coating can develop under irradiation.

Cr exhibits a swelling behavior characterized by higher swelling rates during the transient
regime than in the steady-state, a reversal of the typical swelling progression outlined in Sec-
tion 3.3.1.

Table 3.1 summarizes recent findings, showing that average transient swelling rates (é) for

Cr exceed the established steady-state value of 0.05 %/dpa by factors ranging from 3 to 8. This
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Figure 3.20: Cr swelling as a function of local dpa for irradiation at 550°C, for peak doses of 15,
50, 100, and 150 peak dpa. Linear trend shows a swelling rate of ~ 0.05 %/dpa with the lowest-
swelling data point at ~ 5.9 dpa [16].

atypical behavior will induce elevated irradiation creep rates at the beginning of irradiation and

accelerated stress relaxation.

Type Material Temp. Dose rate Dose S S Reference

Neutron Coating 340°C 8.8 x 10%dpas! 05dpa 02% 0.4 %.dpa’! [25]
2.8 MeV Fe** Bulk 550°C 2.1 x 1032 dpas!' 3dpa 09% 0.3 %.dpa'! [28]
5MeV Fe>*  Bulk 550°C 3.5 x 103 dpas!' 59dpa 08% 0.14 %.dpa’ [16]

Table 3.1: Cr irradiation data for different experiments showing high swelling rates for low doses.

3.7 Expected Cr coating response

The very short incubation period and elevated transient swelling rates of Cr are expected to
generate significant volumetric misfit strain at the onset of normal LWR operation. Given that the

substrate constrains the volumetric expansion of the coating, the compressive swelling-induced
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stress will enhance irradiation creep mechanisms, thereby promoting substantial relaxation of both
swelling-induced and any pre-existing residual stresses. This behavior was experimentally ob-
served by Ribis et al., who reported that the initial residual compressive stress of approximately
410 MPa in as-deposited Cr-coated Zircaloy samples was reversed to a tensile stress of roughly
310 MPa following ion irradiation [29]. This reversal is attributed to stress relaxation occurring
at elevated temperatures relative to the temperature at which final stress was measured, indicating
that the phenomenon was thermally induced.

The final stress-relaxed state of the coating is inherently time-dependent and cannot be read-
ily calculated due to the simultaneous influence of other stress-generating phenomena, such as
swelling, irradiation creep, thermal gradients, and substrate constraints. As a result, drawing re-
liable conclusions requires the development of a representative numerical model capable of re-
solving the coupled thermo-mechanical response over time. Such a model should incorporate
material-specific properties, swelling, creep behavior, and thermal boundary conditions to simu-
late the stress evolution with adequate fidelity.

The stress relaxation process occurring in the coating promotes permanent, directional defor-
mation by redistributing mass from the in-plane directions toward the non-constrained out-of-plane
direction. If the accumulated strain becomes significant, it may lead to mechanical or geometri-
cal instabilities within the coating. This risk is particularly pronounced for thin coatings, which
typically exhibit low strain thresholds for the onset of such instabilities.

The current Cr coating design and proposed evolutionary modifications presented in Chap-
ter 2, such as incorporating a diffusion barrier or alloying with dopants, must be systematically
evaluated under irradiation conditions. While interdiffusion is a primary concern at high tempera-
tures, long-term irradiation effects at normal reactor operating temperatures also warrant attention.
These include swelling, irradiation-induced creep, and radiation-enhanced diffusion phenomena
such as segregation and accelerated interdiffusion. Proton irradiation is a valuable approach for
evaluating these combined effects on multi-layered samples, because it has a relatively uniform

and deeper damage profile along the irradiation depth profile. This would enable the assessment
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of the irradiation-driven interactions among the layers in a fast and reliable way.
3.8 Conclusion

Among the various irradiation-induced damage mechanisms, void swelling poses a particularly
detrimental challenge for the Cr-coated cladding design due to notable differences in irradiation
response between the coating and the substrate, promoting misfit strains at the interface.

Swelling leads to a non-conservative volumetric expansion, which not only degrades the in-
trinsic properties of the material but also induces mechanical incompatibilities when the swelling
material is externally bonded to another with a dissimilar dimensional response. Over time, the
combined effects of swelling and irradiation creep can accumulate significant strains and interfa-
cial stresses, potentially becoming a major source of mechanical degradation. This highlights the
critical importance of thoroughly investigating these phenomena.

Ion irradiation has gained increasing reliability through the standardization of accelerator-based
procedures and methodologies. Key improvements include: (1) defining a safe analysis zone to
minimize surface effects and excess injected interstitials; (2) employing a static, defocused, and
non-rastered beam to ensure uniform damage distribution; and (3) reducing carbon contamination
by implementing multiple beam deflection techniques. These advances have made ion irradiation
a more widely accepted and effective surrogate for emulating neutron-induced damage.

While the irradiation response of Zircaloy is well established within the nuclear materials com-
munity, the same cannot yet be said for chromium. Recent systematic ion irradiation studies con-
ducted at TAMU have characterized the swelling behavior of pure chromium, revealing a steady-
state swelling rate of approximately 0.05%/dpa, a short transient regime marked by higher swelling

rates and a notably short incubation period.
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4. MULTISCALE MODELING: COMBINING ION IRRADIATION AND FINITE
ELEMENT ANALYSIS TO ASSESS THE EFFECT OF SWELLING ON CR-COATED
1
CLADDING

4.1 Introduction

Cr experiences void swelling under neutron irradiation, which can lead to stress buildup when
bonded to Zircaloy, a material resistant to swelling at LWR-relevant temperatures. This stress
arises primarily from the mismatch in the swelling behavior of Cr and Zircaloy. Another signifi-
cant contribution to interfacial stress comes from differences in their thermal expansion. Moreover,
irradiation creep plays an important role in relieving these stresses during reactor operation at ele-
vated temperatures, reducing the likelihood of immediate failure. However, at lower temperatures,
such as during refueling, a sudden reversal in interfacial stress is expected, arising from differ-
ences in thermal expansion. This corresponds to a situation where both swelling and creep-related
dimensional changes exist, while thermal expansion-induced dimensional changes are reduced,
potentially leading to interface failure.

Ion irradiation has been widely used as a surrogate for neutron irradiation due to its lower cost
and higher damage introduction rate [1-3]. Although various neutron-atypical factors can be intro-
duced during ion irradiation, such as surface effects and injected interstitial effects, methods have
been developed to quantitatively predict the safe analysis zones where swelling data are reliable
and self-consistent [4]. For the injected interstitial effect, the safe zone is slightly deeper than half
of the projected range, as derived from an empirical observation in self-ion-irradiated Fe.

Applying ion irradiation, the swelling behavior of Cr during Fe ion irradiation has been previ-
ously investigated by our group. In one study by Ryabikovskaya et al. [5], the following obser-

vations were made: (1) swelling of Cr has a very small incubation period at negligible dose; (2)

"Part of the data reported in this chapter is reprinted or modified with permission from “Ion irradiation and finite
element analysis to assess the effect of swelling on Cr-coated cladding” by Artur Santos Paixao, Rijul Chauhan, Zhihan
Hu, Frank A. Garner, Michael Nastasi, and Lin Shao, in Nuclear Instruments and Methods in Physics Research Section
B, 563 (2025) 165702 by Elsevier B.V.
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voids in Cr exhibit self-organization producing a superlattice structure; and (3) the swelling rate
peaks at 550°C.

In another study by Gabriel et al. [6], swelling obtained at peak dpa rates ranging from 3.5 x
107 to 3.5 x 10 dpa/sec exhibited a shift of the maximum swelling temperature as a function of the
dpa rate. The maximum swelling temperature shifts downward from 565°C at 3.5 x 10~ dpa/sec
to 480°C at 3.5 x 10” dpa/sec. Extrapolation of the peak temperature curve suggests that the
maximum swelling temperature at LWR-relevant dpa rates is around 400°C. Therefore, swelling
data obtained at high dpa rates typical of ion irradiation are assumed to be a good simulation of the
swelling behavior to be expected in LWR environments.

The swelling data needs to be combined with mechanical property data for safety analysis of
coating concepts. In the present study, the swelling data were first compiled after reviewing the
experimental procedure used in its derivation. The dpa-dependent swelling curve was then used
as input in the FEA to predict the dimensional change of Cr coating as a function of reactor ser-
vice time. For the study, the FEA was performed using the commercial software Ansys 2023-R2
[7]. The analysis further considered thermal expansion and creep. To accurately represent reactor
conditions, the modeling included the pressure buildup in the Zircaloy fuel cladding arising from
fission gas release, as published in reactor literature sources [8]. To link the model to fuel perfor-
mance, this study used published Zircaloy-4 fuel cladding data for a pressurized water reactor. The
simulated time period spanned two years, including reactor shutdown for refueling at the end of

every 12-month fuel life cycle.
4.2 Experimental Procedure

As discussed in references [5] and [6], Cr of 99.95% purity was cut and polished into pieces
with dimensions of Smm x Smm x 1mm. Cr samples were first finely polished mechanically
using SiC paper and then electropolished with a Tenupol 5 twin-jet electropolisher. The solution
contained 5% perchloric acid in methanol and was cooled down to -20 °C during polishing. The
polished samples were irradiated with 5 MeV Fe*? ions using a 3 MV NEC tandem accelerator

at Texas A&M University. The irradiation temperatures chosen ranged from 450 to 650°C, and
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the dose levels ranged from 15 to 150 peak dpa. The 2013 version of the Stopping and Range of
Ions in Matter (SRIM) code was used to calculate damage vs. depth profiles [9]. The Kinchin-
Pease (KP) mode was used, and the displacement energy of Cr was 40 eV [10]. Fe ions, instead
of Cr ions, were used for irradiation since Cr beam currents are not very stable, due to their strong
oxygen affinity. The Fe beam passed through multiple beam deflectors to filter out contaminants,
especially C, N, and O [11]. To avoid the beam pulsing effect, a static non-focused beam with
a spot size of about 6mm x 6mm was used [12]. A liquid nitrogen trap was used to improve
the vacuum. The vacuum of the target chamber during the entire irradiation was always 6 x 108
torr or better. After ion irradiation, the FIB technique was used to prepare specimens for TEM
characterization using a FEI Tecnai F20 STEM with an operating voltage of 200 kV. The void
images were analyzed using ImageJ software [13]. Local swelling was calculated using Swelling

90 = V9%/(1-V%), where V% is the volume percentage fraction of voids.
4.3 Modeling Procedure

4.3.1 Swelling

It is feasible to introduce a modified thermal expansion coefficient that accounts for both
swelling and thermal expansion effects. One such formula, previously proposed by Lee and Kazimi

[14], is given by:

S

T T 0

Amodified = & +

where « is the thermal expansion coefficient, S is the accumulated swelling level, T is the current
temperature, T, 1s the reference temperature at which thermal expansion is zero.

This formula effectively links swelling and thermal expansion into a unified model, useful for
predicting dimensional changes exposed to arbitrary radiation damage and heated at high temper-
atures. The 1/3 factor in the second term accounts for the fact that swelling is a three-dimensional
phenomenon, while « is a one-dimensional measurement. The term 1/(T - T¢) removes the tem-

perature dependence of swelling, treating it as an athermal dimensional change when applying «
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for calculating volume changes.

For the swelling rate S, two distinct rates were observed: a transient rate of 0.14% per dpa for
damage levels < 5.9 dpa, and 0.05% per dpa for damage levels > 5.9 dpa. The detailed behavior
at the early stages of swelling, such as whether Cr has a swelling incubation period, has only
a small effect on the final stress value. This is because the results are 1) more sensitive to the
accumulated swelling at high dpa levels and 2) because relaxation of swelling-driven stresses by
irradiation creep is proportional to the swelling rate. As a consequence, swelling-driven stresses
cannot increase indefinitely and will saturate at a level well below the yield stress, no matter what
the swelling rate [15].

Swelling is known to be sensitive to imposed stress states for various alloys and irradiation
conditions, usually shortening the incubation period [15], but no information is available for Cr,
which has essentially no incubation period, and therefore potential stress effects on swelling will

not be considered in this paper.
4.3.2 Irradiation creep

The formulation for a steady-state creep regime has two primary components, one is indepen-
dent of swelling (By), designated as the creep compliance. The second component is much more
significant and is directly proportional to the swelling rate. Together, these two components relax

the swelling-induced stress state. The creep rate is therefore described by:

€er = 0eg(Bo + DS) (4.2)

where o is the equivalent stress [15] and D! defines the operating stress in MPa for a swelling-
driven stress state.

For irradiation creep of pure chromium, there is currently no available data from any irradiation
environment. However, we can utilize certain universal features observed in other metals during
neutron irradiation to develop a reasonable creep formulation. First, the B, coefficient appears

to scale with the swelling rate in Fe-based alloys, including both face-centered cubic (FCC) and
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BCC structures. For example, By = 1 x 10 (MPa.dpa)™! is a consistent value observed in several
experiments conducted in PWR temperature ranges for austenitic steels [15]. The swelling rate
for chromium in the TAMU ion studies is approximately 10 times lower than that of BCC iron
alloys and 20 times lower than that of FCC iron alloys. Additionally, the D coefficient, called
swelling—creep coupling coefficient, appears to be independent of both metal type and crystal
structure, at least in Fe-based alloys [15]. Our estimated coefficients for Cr irradiation creep are
provided in Table 4.1.

Zircaloy-4 has a zero swelling rate, which means that its deformation under irradiation primar-
ily results from creep rather than swelling. Thus, the creep compliance term dominates. A different
but equivalent empirical formulation for the creep rate of Zircaloy-4 under fast neutron flux and
effective stress is given by Equation 4.3 [16]:

éc1"7Z1"4 = CVOCI)C1 002 (43)

eq

where ® is the fast neutron flux (n/m?.s). The adopted material constants are shown in Table 4.1.
Irradiation creep is orders of magnitude greater than thermal creep at temperatures typically
found in the normal operational range of nuclear reactors. Therefore, thermal creep strain rates are

negligible in this analysis.

Irradiation creep material constant Value

Stress Relief Anneal (SRA) Zircaloy-4

Co 9.881 x 1028

Cy 0.85

G 1

Chromium

By 0.05 x 10° MPa! dpa’!
D 0.6 x 102 MPa™!

Table 4.1: Irradiation creep constants for Zircaloy-4 and pure Cr.
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4.3.3 Irradiation growth

Irradiation growth is a volume-conserving strain process that comes from the inherent anisotropy
crystallographic structure (zircaloy); therefore, isotropic structures, such as Cr, do not undergo ir-
radiation growth [17]. However, irradiation growth is strongly affected by cold work (Burgers
vectors distribution) and texture, both consequences primarily of tube production. Therefore, it
is possible to assume that no dimensional changes on the zircaloy cladding arise from irradiation

growth since the strain behavior can vary considerably from heat to heat.
4.3.4 Other Properties of Zircaloy-4

The mechanical properties of Zircaloy-4 undergo significant changes due to neutron irradiation,
resulting in increased strength and hardness, along with reduced ductility. The main structural
changes behind the hardening are the increase in <a> type dislocation loop density in the early
irradiation stage and continuous increase in <c> type loop density without saturation [18]. The
strength increases to 600 MPa for the neutron fluence analyzed [18]. The thermal conductivity of
Zircaloy-4 is strongly dependent on the temperature, but no dependence on accumulated neutron
exposure was observed [19]. Thermal conductivity (W/mK), within the temperature range between

285 and 1770 Kelvin (K), is calculated by [19]:

E(T)="7.51+2.09 x 107*T — 1.45 x 107°T% + 7.67 x 1077 (4.4)

Elastic modulus (Pa), within the temperature range between 293 and 1474 K and considering

the effect from accumulated exposure, is calculated by [19]:

1.088 x 10 — 5.475 x 10°T
E(T,®) = . . 4.5)

Co
with ¢y = 0.88 + 0.12 x (1)

Poisson’s ratio is considered nearly temperature independent (v = 0.41 for Zircaloy-4) [20].

Thermal expansion, within the temperature range between 280 and 1073.15 K is described by
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[19]:

€aziat(T) = —2.506 x 107° + 4.441 x 107° x (T — 273.15) (4.6)

Ecireumferential(T) = —2.373 x 107* 4+ 6.721 x 107 x (T — 273.15) 4.7

4.3.5 Other Properties of Cr

The thermal conductivity of Cr (in W/mK) within the temperature range of 300 to 1300 K can

be calculated using the formula provided by [21]:

E(T) = —2.07 x 10737 + 4.85 x 107°T% — 0.06 x T + 101.75 (4.8)

Elastic modulus (GPa), within the temperature range between 300 and 1300 K, is calculated by
[22]:
E(T) = —2.5 x 107°T% — 0.01 x T + 264.11 (4.9)

The Poisson ratio is 0.22 [21], assumed temperature-independent. The thermal expansion co-

efficient (K™!) for the temperature range between 300 and 2130 K is calculated by [23]:

a(T) =122 x 107°T — 1.415 x 10737 + 1.132 x 10" 72 — 0.507/T*> (4.10)

4.3.6 Finite Element Analysis Simulations

The model simulated the stress evolution of the coated cladding system over a two-year reactor
service period, with a time step of one month and refueling life cycles of 12 months. At the end of
the simulation, the model accounted for the time involved for reactor refueling at low temperatures.
Figure 4.1 illustrates the flowchart of the analysis. A key aspect of the model is incorporating
neutron fluence-dependent swelling, alongside thermal expansion effects, to calculate the stress in
both the cladding and the Cr coating. This stress triggers creep relaxation, which is factored into

the next iteration step of the simulation.
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Figure 4.1: Simplified FEA analysis flowchart.

Figure 4.2 shows the schematic of Cr-coated fuel cladding. The vertical dashed line represents
the fuel rod and fuel pellet centerline. Fuel-cladding interactions were not modeled in this analysis.
The cladding has a through-thickness temperature gradient due to the heat generated by the fuel and
the coolant effect on the outside of the fuel pin. This temperature gradient was used to simulate
the buildup of thermal stresses. Additionally, the model includes pressure effects from helium
cover gas and developing fission gases on the fuel side and from the highly pressurized water on
the coolant side. The fuel cladding in this simulation is allowed to expand freely in the vertical
direction. The dimensions of the cladding are 5 mm in height and 0.6 mm for the cylindrical wall
thickness. The outer diameter of the fuel cladding is 5.27 mm, and the Cr coating thickness is 20
micrometers.

Note that the tube is under an overall compressive state in a “pressurized” water reactor, a stress
condition that will be modified somewhat during irradiation cycles but will not be reversed in sign.

The total strain (&) in a given position r is the sum of contributions of elastic (¢.) and permanent
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Figure 4.2: Schematics of Cr-coated Zircaloy-4 tubes for the simulations.

(€p) strain components (as described by Equation 4.11). The elastic deformation comes from the
thermal (eg) and mechanical (e,,) loads (as described by Equation 4.12). The permanent strain
arises from the irradiation-induced swelling () and irradiation creep (e.). (as decribed by Equation
4.13). Previous studies have shown that both FEA and analytical solutions were in good agreement

for predicting these strain components [14, 24].

(1) =ee(r) + €,(r) 4.11)
(1) =€ (r) + €m(r) (4.12)
ep(r) =€s(r) + €.(r) (4.13)

Regarding the reactor conditions, both the operational and refueling conditions are based on
literature data available for a typical PWR [8, 25-28], as listed in Table 2. The assumed damage
rate of ~ 5 dpa/yr for the modeled fuel pin, leading to total neutron damage of 10 dpa after a 2-year
operation, is within typical damage rates for in-core components. The damage conversion factor

used for LWRs is ~14 dpa per 10% n/m? (E > 1.0 MeV) [15], leading to ~ 4.4 dpa/yr, with an

80



acceptable variation of up to 15% due to spatial variations across the core. Current cases of in-core
damage level at the last refueling outage (after two cycles) can reach up to 20 dpa at a burnup of 40
GWd/tU, considering that newer generations of LWR reactors have been increasing their burnup
levels up to 60 GWd/tU at end of life (EOL) [29].

Our simulation does not consider any residual stress from the coating process, assuming that the
Cr layer is relaxed at the very beginning. In reality, residual stress exists and varies depending on

the coating method. Therefore, the present modeling assumes ideal deposition coating conditions.

Parameter Value Reference
Linear heat generation (Uniform) 200 W/cm [8]
Fast neutron flux (E > 1 MeV) 9.5 x 10" n/m?s  [8], [25]
Dpa rate 1.61 x 107 dpals -
Operating cooling pressure 15.5 MPa [8]
Operating cooling temperature 307 °C -
Operating convection coefficient 30 kW/m?K [26]
Refueling coolant pressure 0.1 MPa -
Refueling cooling temperature 75°C [27]
Refueling convection coefficient 0.5 kW/m?K [28]
Rod fill gas Helium [8]
Fill gas initial pressure 2.0 MPa [8]
Fill gas operational pressure range 4-6.85 [8]
Clad emissivity 0.8 [8]

Table 4.2: Assumed operating and refueling conditions (FEA analysis input data).

4.4 Results and Discussion

Figure 4.3 shows a typical cross-sectional bright field TEM image of Cr irradiated to a peak
dose of 15 dpa at 550°C. Void sizes range from 2 to 10 nm. Figure 4.4 plots the swelling as
a function of depth, with the solid line representing the SRIM-obtained dpa profile. The dpa
values peak at a depth of approximately 1.2 microns. Overall, swelling shows a strong correlation
with local dpa values, increasing as dpa increases. Due to the combined effects of compositional

changes and injected interstitials from Fe implants, swelling data around the peak damage region
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cannot be used [4]. Only the data from the region between 0.3 microns and 0.9 microns was

considered to be valid to reactor irradiation.

Figure 4.3: Cross-sectional TEM image of Cr irradiated to 15 peak dpa at 550°C, showing a high
density of voids.

Void swelling is affected by the injected Fe implants, both due to local composition changes and
the injected interstitial effect. The Fe projected range is about 1.4 microns. To avoid suppressed
swelling near the Fe projected range, the extraction of swelling data is limited to depths shallower
than 1.1 microns.

Figure 4.5 summarizes the swelling data obtained at 550°C and a peak dpa rate of 10 dpa/second.
Both the irradiation temperature and the dpa rate are much higher than those typically found in
light water reactors. However, as mentioned in the introduction, these two parameters introduce
compensating effects. According to the temperature-shift model [30], reducing the dpa rate would
shift the swelling profile to a lower temperature. Consequently, the swelling curve observed here
is assumed to be close to what would be expected in a PWR environment. The solid line in Figure
4.5 represents the best fit for the data set, showing a swelling rate trend of 0.05%/dpa. The lowest
acquired local dpa value is =~ 5.9 dpa. Since the solid line does not pass through the origin, it sug-

gests the existence of a transient swelling region for dpa < 5.9 dpa with higher swelling rates. If
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Figure 4.4: Void swelling profile in Cr irradiated to 15 peak dpa at 550°C. The solid line is the
SRIM predicted dpa profile for 5 MeV Fe*? ions incident on pure Cr.

one assumed an average rate from the origin to the lowest dpa data point, it would be ~ 0.14%/dpa.
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Figure 4.5: Swelling as a function of local dpa for irradiation at 550°C, for four irradiations with
peak doses of 15, 50, 100, and 150 peak dpa.

Figures 4.6 and 4.7 compare the hoop and longitudinal stress components across the cladding

at the beginning of reactor operation, at operating temperature but at zero dpa, for two conditions
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(no coating vs. coated). The black dot line is the calculated temperature profile. The thermal
stress arises from a combination of the temperature gradient and the thermal expansion difference
between the Cr coating and the Zircaloy-4 substrate, both of which are dependent on local temper-
atures. The simulation corresponds to the beginning of the operation with P; = 4.5 MPa (pressure

from the fuel side) and P, = 15.5 MPa (pressure from the coolant side, as marked in Figure 4.2).
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Figure 4.6: Hoop stress as a function of position in Zircaloy cladding with or without Cr coating.
The black dot line represents the temperature profile. The thermal stress arises from both the
temperature gradient and the thermal expansion difference (for the coated system). The mechanical
stress arises from the boundary conditions (from the fuel pellet side and the coolant side). The
black squares represent the combined total stress.

The comparison between the red square (coated system) and the blue dashed line (non-coated
system) indicates an increase in stress due to the thermal expansion difference between Cr coating
and Zircaloy-4. In both Figures 4.6 and 4.7, the Cr coating experiences compressive stress, whereas
the Zircaloy-4 tube near the interface experiences a small tensile stress. Note that the coated system
and the non-coated system are set to have the same thickness. Hence, the last two points in Figs.

4.6 and 4.7 for the coated system correspond to the stress in the Cr coating. Additionally, the
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Figure 4.7: Longitudinal stress as a function of position in Zircaloy cladding with or without Cr
coating. The black dot line represents the temperature profile. The black squares represent the
combined total stress.

anisotropic thermal expansion of Zircaloy-4 produces higher stress in the axial direction. Radial
stresses are not shown because they are negligibly small compared to the axial and circumferential
stresses.

Regarding the mechanical stress due to pressure boundary conditions, the coated system shows
slightly lower stress compared to the non-coated system in hoop stress and almost no difference in
longitudinal stress. The cladding temperature at the outer boundary is about 327°C, while the inner
temperature is around 346°C. Overall, the temperature gradient is small, and the thermal stress is
minor. However, the stress induced by the thermal expansion coefficient difference is significant,
as indicated by the large compressive stress in the Cr coating.

here

Figures 4.8 and 4.9 compare the time-dependent stress evolution in the Cr coating under dif-
ferent modeling conditions. Note that the simulated time period for both figures spans two years,
ending with shutdown for reactor refueling after 12 and 24 months. The black squares represent

the hoop stress, and the red circles represent the longitudinal stress when both swelling and creep
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are considered. Figure 4.8a compares the cases with and without swelling included. Figure 4.8b is
the enlarged figure showing details close to the end of the reactor shutdown for refueling after 12
months. Figure 4.9a compares the cases with and without creep included, with the same enlarged
details at the end of the reactor shutdown shown in Figure 4.9b.

Initially, without irradiation damage, the Cr coating starts with compressive stress due to ther-
mal expansion and elastic modulus mismatch with Zircaloy-4. The stress gradually reduces with
irradiation creep but remains compressive until the end. At 14 months, corresponding to 5.9 dpa,
the swelling rate reduces to the steady-state value. This change affects the relaxed stress levels,
causing them to stabilize at different values. The maintenance of these stress states is a balance be-
tween the buildup of stress due to swelling and the process of irradiation creep. While the increase
in stress is proportional to the swelling rate, the creep rate depends on both the level of stress and
the swelling rate. Therefore, as the swelling rate decreases, the significance of creep relaxation
becomes less pronounced. At every shutdown, the Cr film suddenly exhibits a pronounced spike
in tensile interfacial stress due to the temperature change, dropping to 76.5°C. The hoop and lon-
gitudinal stress spikes shown in Figures 4.8a and 4.9a are for shutdowns after 12 and 24-month
operational times, respectively. The highest level of stress spike is expected to occur during the
first recycling outage, ~200 MPa for both hoop and longitudinal stresses. The abrupt change in
interfacial stress, combined with accumulated irradiation damage defects and associated hardening
in both metals, could trigger failures, such as transverse cracks or interfacial delamination [31].

One interesting observation in Figure 4.8 is the comparison of stress with and without swelling.
If swelling is not considered, and therefore the Cr creep rate is constituted only by the low rate of
the creep compliance term in Equation 2, the stress is much more compressive. Lee et al. obtained
similar results showing the stress build-up at the interface due to differences in the cladding and
coating creep rates [24]. The effect of swelling is complex. While the volumetric expansion caused
by swelling exacerbates the dimensional mismatch between the Cr coating and the substrate, as
shown in Equation 1, it also increases the creep rate, as shown in Equation 2, thereby accelerating

the creep relaxation of the Cr coating. These combined (or competing) effects ultimately result in
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a reduction of compressive stress when swelling is considered. Thus, swelling is, to some extent,
beneficial in reducing the possibility of delamination.

As for the role of creep, Figure 4.9 a shows that creep plays a significant role in stress re-
laxation, as expected. Without creep, both hoop and longitudinal stresses drop significantly into
negative values. Similarly, these stress levels, represented by the blue and green triangle curves
in Figure 4.9a, have a slight change in slope at around 14 months caused by the change in the
swelling rate. Throughout the operation period, the compressive stress in the Cr coating begins to
decrease as creep is activated, indicating that power operation itself is not a significant concern in
terms of material failure (e.g., buckling or delamination). The final interfacial stress is primarily
determined by the cladding thermo-mechanical condition at the end of the cooldown and is insen-
sitive to the cooling rate (within the range typical of realistic reactor operation). This is because
creep relaxation during the cooling process is negligible due to the relatively short cooldown pe-
riod. The simulations consider realistic cooling rates, assuming the cooling process is completed
in approximately one day.

The in-plane stress distributions in the coating—cladding system at the beginning and at the
end of the cool-down process during the first refueling outage are depicted in Figure 4.10. Fig-
ures 4.10a and c represent the stress state under operational thermo-mechanical conditions, while
Figures 4.10b and d correspond to typical outage conditions—ambient pressure and reduced tem-
peratures—as detailed in Table 4.1. Within the coating, no significant stress gradient is observed,
primarily due to its thin geometry. A similar condition is found at the beginning of operation, as
shown in Figures 4.6 and 4.7. In contrast, the cladding exhibits noticeable stress gradients as a
result of the imposed thermo-mechanical conditions. After 12 months of operation (Figures 4.10a
and c), the stress levels in the cladding are not significantly reduced from their initial values, in-
dicating limited stress relaxation due to the relatively low stress environment during operation.
Conversely, the coating undergoes more substantial relaxation, driven by the complex interaction
between differential creep and swelling behaviors, which results in higher stress magnitudes and

enhanced creep deformation capacity.
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Figure 4.8: (a) Stress evolution as a function of reactor operation time (total irradiation damage of
10 dpa) in Cr coating, with or without swelling considered. P. = 15.5 MPa for the 24-month steady-
state operation with two refueling outages. P, = 0.1 MPa and T,uuin, = 76.5°C for the refueling
condition. (b) Same as (a), but corresponding to the end of the first fuel cycle (12 months), enlarged
to show details.

The differential stress resulting from mismatched material properties has a more pronounced
effect on the coating than on the cladding. Due to the significantly lower mass of the coating,
interfacial stresses have a minimal impact on the cladding’s stress gradient. This condition is also
illustrated in Figures 4.6 and 4.7, where the thermal and mechanical stress distributions of the
coated cladding are compared to those of the bare cladding. During normal operation, the high
compressive stress in the coating induces a corresponding tensile stress in the cladding near the
coating—cladding interface. The opposite behavior is observed under refueling outage conditions
(Figures 4.10b and d), where the tensile stress developed in the coating results in a compressive
response in the adjacent cladding region. This stress-counterbalancing effect becomes more pro-
nounced during refueling, when the overall thermo-mechanical stresses are relatively lower than
those experienced during reactor operation.

Similar to all BCC metals, Cr is expected to exhibit a propensity for ductile-to-brittle transition

at low temperatures, especially for low levels of common impurities, a problem that is further ex-
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Figure 4.9: (a) Stress evolution as a function of reactor operation time (total irradiation damage of
10 dpa) in Cr coating, with or without creep considered. P, = 15.5 MPa for the 24-month steady-
state operation with two refueling outages. P, = 0.1 MPa and T,uuin, = 76.5°C for the refueling
condition. (b) Same as (a), but corresponding to the end of the first fuel cycle (12 months), enlarged
to show details.

acerbated by irradiation hardening/embrittlement and neutron-induced transmutation [32-34]. Al-
though the material should withstand the tensile stresses (=200 MPa in both hoop and longitudinal
directions) during refueling, there is a risk of multiple crack formation. Furthermore, void-induced
weakening at grain boundaries near the cladding interface, as well as the growth of the brittle Cr-Zn
intermetallic layer [35], could increase the likelihood of debonding. Other factors, such as cyclic
thermal loads and residual stresses from the coating deposition process, will also contribute to the
evolution of the stress profile, potentially affecting crack formation and propagation.

While brittle fracture models for bulk BCC metals are available in the literature, they are not
entirely representative of thin coatings under irradiation conditions. Even though stress limits for
crack formation and propagation in Cr-coated Zircaloy tubes at low temperatures (around room
temperature) were reported by Cheikh et al. [36] to be approximately 1 GPa, these results did not
account for irradiation effects. Thus, potential cracking propagation or coating delamination dur-

ing refueling outages should not be disregarded. A thorough risk assessment of coating failure
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Figure 4.10: Isometric view of the in-plane, longitudinal and hoop, stress distributions in the coated
cladding after (a,c) 12-month operation and (b,d) subsequent cool-down state with a graph showing
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should consider the combined swelling-creep effect on the coating integrity, identifying the con-
sequences of the foregoing accumulated damage/fracture when engaging in accident conditions.
This assessment should guide the design of accident-tolerant fuel cladding systems, ensuring their
reliability over extended operation periods. To reduce these risks, future studies should explore the
inclusion of an intermediate layer with suitable thermal, mechanical, and chemical properties to
minimize stress buildup between the Cr coating and the Zircaloy substrate.

Another critical concern is the amount of creep deformation driven by the stress relaxation pro-
cess. Since stress levels within the coating do not diminish to zero, creep deformation continues
to accumulate throughout reactor operation. As illustrated by the orange curve in Figure 4.11, the
equivalent permanent creep strain at the coating may reach up to 1.5% after 24 months. While
irradiation creep occurs without introducing internal microstructural damage [15], its effects can
still be detrimental for two primary reasons. First, thin coating layers typically have low strain
thresholds for the onset of mechanical instabilities. Second, imperfections at the coating—substrate
interface can lead to localized distortions, exacerbating stress concentrations. Both factors reduce
the coating’s resistance to buckling, increasing the risk of delamination during steep thermal gra-
dients, particularly in the early stages of a loss-of-coolant accident. Given that strain accumulates
over time, this issue becomes especially significant in the later fuel cycles, distinguishing it from

initial cracking concerns that may emerge earlier in the cladding’s service life.
4.5 Future Work

The incorporation of residual stress and Zircaloy irradiation-induced growth effects represents
an important area for future development. Cold spray deposition typically produces compressive
residual stresses of approximately 200 MPa in the hoop direction and 100 MPa longitudinally [37].
In contrast, physical vapor deposition (PVD) methods introduce substantially higher hoop stresses,
often exceeding 400 MPa, with minimal longitudinal stress components [37, 38]. Moreover, irra-
diation growth in Zircaloy has been identified as a source of continuous strain mismatch in coated
cladding systems [24]. Although not considered in this study, it should be included in future mod-

eling efforts, as it imposes a sustained tensile stress on the coating. This process will reduce the
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Figure 4.11: Stress and strain evolutions over 24 months of operation. The amount of potential
compressive stress (blue curve) is relaxed during operation (orange curve), leading to permanent
creep strain (orange data points).

stabilized compressive stress during operation, increasing the magnitude of the reversed tensile

stress conditions during reactor shutdown or refueling cycles.
4.6 Conclusion

This study employed a multiscale approach by combining atomic-scale results from ion ir-
radiation experiments to evaluate the macroscopic swelling behavior of Cr and coupled it with
finite element analysis to model the stress evolution in Cr-coated fuel cladding. The modeling
covers a two-year period, including two refueling shutdowns. The results highlighted the effects
of irradiation-induced swelling and creep relaxation on stress evolution. Both mechanisms help
reduce stress buildup during operation, which arises from the temperature and externally imposed
stress gradients and the mismatch between the elastic modulus and thermal expansion coefficients
of the Cr coating and Zircaloy cladding.

However, during the refueling stage at low temperatures, the permanent dimensional changes
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caused by both swelling and creep lead to a significant tensile stress spike in the Cr film, especially

at the interface, suggesting a potential risk of mechanical failure and/or debonding of the coating.

Additionally, significant permanent creep strains in the coating may reduce its resistance to

buckling-driven fracture, presenting a critical risk that should be evaluated as a potential initial

condition under large thermal gradients, such as those encountered during LOCA scenarios.
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5. CONCLUSION

One of the main concerns for licensing Cr-coated claddings lies in the limited understanding of
irradiation effects, particularly how radiation damage may affect the coating-cladding system under
operational and off-normal conditions. As discussed in Chapter 2, our project sought to address
this gap by highlighting safety-relevant degradation mechanisms, with special emphasis on the role
of ion irradiation in accelerating the qualification process for this promising ATF technology.

Understanding swelling behavior under irradiation is key to that goal. In Chapter 3, we demon-
strated the effectiveness of ion irradiation as a tool to emulate neutron damage, systematically
assess void swelling in pure Cr, and provide fast and reliable data to support material evaluation.
Importantly, we observed the expected Cr’s low incubation period and identified an atypical low
steady-state swelling rate near 0.05%/dpa.

In Chapter 4, these experimental insights were incorporated into a finite element model that
simulates PWR conditions and captures stress evolution in the coated-cladding system. The results
raised two key issues: (1) the risk of cracking during refueling, when tensile stress spikes may act
in combination with radiation-induced embrittlement; and (2) a progressive reduction in buckling
resistance due to accumulated creep strain and geometric deformation in the thin coating layer.

Altogether, this thesis reinforces the need to consider swelling and irradiation creep when eval-
uating coated cladding performance. These effects may require revisiting traditional safety limits,
such as strain, ballooning, and embrittlement thresholds, for licensing applications. They should
also be incorporated into computational tools and qualification tests, whether through model-based

analysis or irradiation of pre-irradiated samples.

98



	ABSTRACT
	DEDICATION
	ACKNOWLEDGMENTS
	CONTRIBUTORS AND FUNDING SOURCES
	NOMENCLATURE
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	Introduction on Accident-Tolerant Fuels
	The Fukushima-Daiichi accident
	The short-term evolutionary ATF solution: coated cladding
	Pure Chromium as a coating
	Scope of the present thesis
	References

	Degradation Mechanisms and Safety Considerations of Chromium-Coated Cladding under Extreme Conditions
	Introduction
	Performance and degradation mechanisms under reactor conditions
	The oxidation protective function
	The mechanical response
	Possible improvements for the Cr coating design

	Safety-related impacts of Cr-coated cladding
	Safety-related fuel limits for coated claddings
	Performances during AOOs and postulated accidents
	Nuclear safety-related aspects of Cr coating

	Insights of irradiation effects
	Conclusion
	References

	Radiation-Induced Effects in Pure Chromium: Insights from Ion Irradiation Techniques
	Introduction
	Atomic displacements
	Revelant radiation-induced damage
	Void Swelling
	Nanostructural mechanisms
	Temperature dependence
	Dose and dose rate dependence
	Stress dependence
	Impacts on reactor operation

	Irradiation Creep
	Creep stages
	Practical effects of irradiation-enhanced creep


	Ion irradiation as a surrogate for neutron damage
	Assessing radiation response through accelerator testing
	Void swelling acquisition
	Stage 1: Temperature-dependent Study
	Stage 2: Dose-dependent study
	Stage 3: Dose rate-dependent study

	Irradiation creep acquisition

	Current results for irradiation damage on Chromium
	Expected Cr coating response
	Conclusion
	References

	Multiscale modeling: Combining Ion irradiation and finite element analysis to assess the effect of swelling on Cr-coated cladding
	Introduction
	Experimental Procedure
	Modeling Procedure
	Swelling
	Irradiation creep
	Irradiation growth
	Other Properties of Zircaloy-4
	Other Properties of Cr
	Finite Element Analysis Simulations

	Results and Discussion
	Future Work
	Conclusion
	References

	Conclusion

