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ABSTRACT

In light water reactors the fuel is encapsulated in Zr-based claddings that withstand the harsh
environment (neutron bombardment, high temperature and water under pressure); without
absorbing too many neutrons to sustain the chain reaction in the reactor core. Relatively high
corrosion resistance of Zr is achieved when alloyed (e.g. with Sn, Fe, Cr, Ni, or Nb). Some
elements form second phase particles (SPPs) and provide protection against rapid corrosion.
The cladding undergoes compositional and microstructural changes, such as irradiation-
induced SPP dissolution. Zr oxidizes at the metal-oxide interface by diffusion of the oxidizing
species through the oxide layer. Therefore, a protective inner barrier oxide is essential to prevent
the metal from fast reaction with different species. Hydrogen is released as a by-product of the
oxidation, and by the radiolysis of the coolant. If H enters the metal it precipitates as brittle Zr-
hydrides degrading the cladding’s mechanical properties. The H-uptake is a critical safety issue.
Although, extensive literature is available on this topic, there are some aspects that need better
understanding. Increasing H-uptake of certain cladding types at high burnups was reported. The

causes are not yet fully understood.

To better understand the causes of increased H-uptake at high burnups, an extremely high
burnup cladding (9 cycle LK3/L Zircaloy-2) from boiling water reactor provided the basis of
the study. The same type of cladding after different service times was examined revealing the
compositional and microstructural evolution. Two types of cladding from pressurized water
reactor with medium burnup were studied to separate the reactor- and alloy-specific parameters
from the generic ones.

FIB tomography was used for the 3D reconstructions of the microstructure; EPMA and

ChemiSTEM for the micro- and nanometric chemical analysis.



It is revealed that regardless of alloy- and reactor-type, crack-free oxide and the absence of
large hydrides in the vicinity of the metal-oxide interface; undulated interface; and presence of
SPPs are among the essential factors for the cladding’s high performance.

It is demonstrated that the oxidation of the hydrides at the metal-oxide interface induces crack
formation in the oxide, reducing its protectiveness.

High level of SPP dissolution, large hydride phases in the metal and high level of porosity in
the oxide at the interface, straight metal-oxide interface, stoichiometric oxide, increased Ni
concentration in the inner oxide, segregation of Fe, Ni, Sn and slightly Cr in the metal grain
boundaries, Sn segregation at the interface oxide are identified as the causes of increased H-
uptake of the LK3/L cladding at high burnups. Although all of these factors are present after 9
cycles, the cladding does not show extremely fast oxidation and H-uptake even beyond the

designed service time.
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LIST OF DEFINITIONS

Burnup: A measure of how much energy is extracted from a primary nuclear fuel source. It is

most commonly defined as the fission energy release per unit mass of fuel.

MWd/kgU: Megawatt-days/kilogram Uranium — Unit of burnup. Indicates that how much of

energy is extracted from the fuel source (e.g. uranium pellet).

Medium burnup: In this thesis samples with the range of ~40-55 MWd/kgU burnup are

considered as medium burnup.

High burnup: In this thesis samples with the range of ~ 55-75 MWd/kgU are considered as
high burnup.

Extreme high burnup: In this thesis samples above 85 MWd/kgU are considered as extreme

high burnup.

Cycle: The measure of time that a cladding has served in the reactor. Each cycle is 11 months,
in the reactors studied in this project and the reactor is shut down for service for approximately

one month per year. The burnup increases with the number of cycles.



Crud: “Chalk River Unidentified Deposits” or CRUD is the deposit on the surface of cladding

during the service.

Slice-and-view: Image batch collecting process in SEM/FIB systems that uses subsequent

slicing and imaging of the material by FIB and SEM.

Image segmentation: An image processing method for 3D visualization. The process of
partitioning a digital image into multiple regions by assigning a label to every pixel that have
similar characteristics. In this thesis the different phases of the material were the basis of the

segmentation.

Bounding box (of a 3D reconstruction): In Avizo: “the bounding box of an object is the

smallest rectangular, axis-aligned volume in 3D space that encompasses the object”.

ChemiSTEM: A technology developed by FEI (part of Thermo Fisher Scientific) providing
high resolution compositional and microstructural information (i.e. EDS mapping is paired with

imaging) using Scanning Transmission Electron Microscopy.

QMap: For each pixel of the ChemiSTEM map a full EDS spectrum is collected and saved.
QMap is a quantified ChemiSTEM map.



LIST OF PUBLICATIONS

Papers with content that is included partially or entirely in the thesis:

Baris, A., Restani, R., Grabherr, R., Chiu, Y.L., Evans, H.E., Ammon, K., Limbéick, M. and
Abolhassani, S., 2018. Chemical and microstructural characterization of a 9 Cycle Zircaloy-2

cladding using EPMA and FIB Tomography. Journal of Nuclear Materials, 504, pp.144-160.

Baris, A., Abolhassani, S., Chiu, Y.L. and Evans, H.E., 2018. Observation of crack

microstructure in oxides and its correlation to oxidation and hydrogen uptake by 3D FIB

Tomography—case of Zr-ZrO2 in reactor. Materials at High Temperatures, 35(1-3), pp.14-21.

Baris, A., Abolhassani, S., Gabherr, R., Restani, R., Schaublin, R., Chiu, Y.L., Evans, H.E.,
Ammon, K., and Limbéck M., 2018. Causes of increased hydrogen uptake of Zircaloy-2
cladding at high burnups — A comparative stud of the chemical composition of a 3 cycle and a

9 cycle cladding. TopFuel 2018, Conference Proceeding

Abolhassani, S., Baris, A., Hawes, J., Grabherr, R., Colldeweih, A., Bertsch, J., Chollet, M.,
Kuri, G., Martin, M., Portier, S., Ammon, K., Ledergerber, G., Limback, M., 2019. Towards an
improved understanding of the mechanisms involved in the increased hydrogen uptake and
corrosion at high burnups in zirconium based claddings. Submitted to 19th ASTM International

Symposium on Zirconium in the Nuclear Industry.

Relevant papers that are not included in the thesis:

Colldeweih, A.W., Baris, A., Spitig, P. and Abolhassani, S., 2019. Evaluation of mechanical
properties of irradiated zirconium alloys in the vicinity of the metal-oxide interface. Materials

Science and Engineering: A, 742, pp.842-850.



1. INTRODUCTION

A brief background of the work is presented here including a short description of the basics of
the light water nuclear reactors, their water chemistry and the irradiation induced damage of the
material; together with the motivation and aims of the thesis. The structure of the thesis is also

described.

1.1. Background of light water nuclear reactors

Zirconium (Zr) based alloys are used as fuel cladding in light water nuclear reactors (LWR)
such as boiling water reactors (BWR) and pressurized water reactors (PWR) [1], [2]. Light
water reactors are thermal nuclear reactors that use normal water as coolant and neutron
moderator [3], [4]. The heat is produced by controlled nuclear fission which takes place in the
reactor core. The reactor core contains the nuclear fuel (e.g. UO2 pellets made of fissile
uranium-235) inside the claddings, and the control element (e.g. control rods made of Cd or Hf
which can capture and stop the neutrons if needed). The claddings are about 4 m long and
hundreds of them are assembled in groups inside the core. The produced heat is used to increase
the temperature of the water in order to generate steam that is used to drive the turbine. The
turbine is connected to the generator providing electricity that is conducted to the populated and
industrial areas. The steam goes through a condenser system that cools down the steam and
turns it to water so that the water can be conducted back to the reactor core [3], [4].

In Figure 1-1 the basic schematics of the BWR and PWR is shown. The major difference
between them is that in BWR the steam is generated directly in the reactor vessel, while PWR

uses a secondary loop steam generator that is separated from the main reactor vessel.



Boiling water reactor

Pressurized water reactor

Figure 1-1 Basic schematics of BWR and PWR nuclear reactors [5].

1.2. Brief description of the differences between BWR and PWR

In order to give a short overview of the two types of LWRs the most important differences are
presented, such as the operating pressure and temperatures, and the water chemistry. BWRs
operate at relatively high pressure in order to keep the water in a liquid state at higher
temperatures: it uses around 7 MPa and 280 °C inlet and 330 °C outlet temperature during
operation [6]. The pressure in PWRs is more than twice as in BWR namely 15 MPa. The inlet
and outlet temperatures are 290 °C and 325 °C respectively [6]. The water chemistry changes

with time and the nature of additions and water pH depend on the type of reactor; and is different



from one reactor to another; however there are some general recommendations [7]. The goal is
to optimize the performance, control the corrosion and minimize the build-up of nuclear

activity. In some cases water chemistry is used to regulate the reactor power [7], [8], [9], [10].

BWR requires pure water with low conductivity and low level of impurities [9]. Although, high
purity coolant is required in BWRs, some elements have shown beneficial effect when they are
added in small quantity and under controlled conditions, such as Zn, Fe, H, and noble metals
(e.g. Pt) [9]. Due to the presence of dissolved oxygen and hydrogen peroxide from the radiolysis
of the water, the BWR environment is oxidizing [9]. The oxidizing environment can promote
stress corrosion cracking of the stainless steel reactor components and pipes, and to supress this
effect H is injected in the coolant [9]. This shifts the electrochemical potential to higher negative
levels. However, H addition can increase the “shutdown radiation fields” as it induces structural
changes in the oxide layer formed in the inner system surfaces [9]. Small amount of Zn is
therefore a common additive and it is introduced to supress the activity transport to out-of-core
components by stopping the absorption of radionuclides by oxides on system surfaces [8], [9].
Some guidelines for BWR water chemistry from EPRI is presented in Table 1-1 from reference
[7], showing that Cu, Fe and O are injected in the water normally in small quantities. About 20-

100 ppb oxygen helps to minimize the corrosion and corrosion release in the feed water system

[11].

In PWR, normally boric acid is added to the coolant in order to control the core reactivity [8],
[10]. However, boric acid shifts the pH towards the acidic region, therefore LiOH is introduced
to counterbalance this effect, and in this way the corrosion and the corrosion-product transport

can be minimized [8], [10]. The recommended range of concentrations is presented in Figure



1-2 from reference [7]. Furthermore, chlorides and fluorides are also common additives as
presented in Table 1-2 from the same reference. Generally overpressure of hydrogen is applied

(25-30 cc/kg) in order to supress radiolytic oxygen formation and keep oxygen below 5 ppb.

Table 1-1 EPRI recommendations for BWR water chemistry [7].

Control Frequency of  Achievable Action levels
parameter measurement  value 1 2 3

Reactor feedwater / condensate during power operation

Feedwater conductivity  continuously <0.06 >0.07
(uS/cm at 25 °C)

Condensate conductivity —continuously <0.08 >0.10 >10
Feedwater total weekly <0.10 >0.50

copper (ppb) integrated <0.30 >0.50
Feedwater total weekly <20 >5.0

iron (ppb) integrated
Feedwater dissolved continuously 20-50 <10

oxygen (ppb) >200

7.0

_ pH=74
6.0 pH=72

H=7.1
5.0 1 p Elevated Lithium

Modified Lithium

Coordinated
Lithium

4.0

3.0

2.0 1

Lithium Concentration (ppm)

Not Recommended
1.0 1
00 T T L T T
2000 1600 1200 800 400 0

Boron Goncentration (ppm)

Figure 1-2 Recommendations for B and Li concentrations in the coolant from EPRI for
PWR [7].



Table 1-2 EPRI recommendations for PWR water chemistry [7].

Hydrogen (cm’) (STPY/kg H,0 ¥ 25 - 50
chlorides (mg/kg) < 0.15
fluorides (mg/kg) < 0.15
dissolved oxygen (mg/kg) < 0.01

lithium (mg/kg) consistent with

station lithium program

Y STP, standard temperature and pressure (0 °C, atm)

1.3. Background of Zr based claddings

As the cladding serves as the first barrier between the reactor coolant and the fuel it has to be
resistant to the severe environment of the reactor in order to operate safely. Un-alloyed Zr has
high affinity for O and oxidises rapidly [12]. Alloying elements (usually Sn, Fe, Cr, Ni, Nb)
improve the oxidation resistance and mechanical properties of Zr. Some of these elements have
a relatively high solid solubility limit (e.g. Sn) and some are practically insoluble in the Zr
matrix (e.g. Fe, Cr, Ni) therefore they form secondary phase precipitates (SPPs) [12].

Besides the good mechanical and satisfactory corrosion properties, Zr alloys also provide low
neutron absorption cross-section which is indispensable for the efficient operation of the
reactor.

However, after a long residence time the cladding degrades [12]. In general, the life-limiting
factors of the cladding are: oxidation, hydrogen uptake (H-uptake), irradiation-induced SPP
dissolution, and the subsequent consequences of such degradations as well as the dimensional
modifications to the cladding [12], [13], [14], [15], [16], [17].

The material is bombarded by fast neutrons in reactor causing structural damage mostly by
elastic interactions between the neutrons and the material’s atoms [12]. The energy is

transferred to the target atom moving the atom from its original place, i.e. forming vacancies,



interstitials, and charged defects in the oxide [12]. The displaced atom could have enough
energy to induce further displacements; this is called collision cascade. Dislocation loops are
also formed; depending on their Burgers-vectors <a> type or <c> type loops are observed [18].
In the oxide the formed defects are charged due to the ionic nature of the Zr-O bonding. The
displacement energies (for Zr and O) are expected to be higher than in the metal, therefore the
caused radiation-damage would also be different [12].

The above mentioned irradiation-induced damage will not be studied in this thesis.

It has been shown that the presence of SPPs in the Zr based alloys improves the oxidation
properties of the material compared to the SPP-free material [19]. During the irradiation the
SPPs dissolve. This affects the further oxidation properties, and the material will be less
protective against rapid oxidation.

Oxidation of Zr occurs at the metal-oxide interface; therefore the oxidizing species have to
migrate through the already formed oxide layer to form zirconia (ZrOz) at the metal-oxide
interface [12], [20]. Furthermore, cracks are produced in the oxide during the formation of the
oxide layer [21]. Hydrogen is produced by the corrosion process and a part of the formed
hydrogen penetrates through the oxide layer and reaches the metal [12], [22]. This process is
called H-uptake or H-pickup (HPU). Once the hydrogen content of the metal reaches the
solubility limit, Zr-hydrides form which are brittle phases and therefore they deteriorate the
mechanical properties of the cladding [23], [24]. Both processes result in a reduced protection
capability of the cladding. Therefore, HPU and oxidation became the topic of intense research
with the aim to improve the understanding of the mechanisms behind the oxidation and HPU.
It is also worth mentioning that during the service, due to the chemical additions to the coolant

and also due to the corrosion of pressure vessel and stainless steel pipes, or other components,



crud (or: Chalk River unidentified deposits) is formed on the surface of the claddings and it is
composed of metal oxides such as Fe,O3 (hematite), Fe3O4 (magnetite), FEOOH (goethite), or
(N1,Co)xFe3-xO4 (spinel) [25], [26]. Crud is an unwanted deposition as it can increase the
corrosion of the cladding. The crud is not the topic of this work and the reader can refer to many

publications in this field [25], [26], [27], [28].

One of the main difficulties in the examination to understand the behaviour of the cladding
materials is the number of influencing parameters, such as the microstructure of the oxide layer,
irradiation-induced dissolution of the SPPs, the distribution of the dissolved elements, etc. In
addition, samples extracted from nuclear reactors are highly radioactive. Therefore, special
processes, safe and well-equipped laboratories are needed starting from the transportation of
the rods until the investigation of the small cladding segments. This is an expensive and time-

consuming process.

1.4. Motivation and aim of the thesis

Although large amount of data are available in the literature on the oxidation and HPU
behaviour of different Zr alloys, most of these are autoclave studies which do not necessarily
describe the in-reactor behaviours. In fact, significant differences are observed in the cladding
behaviour (oxidation and HPU) once it is exposed to the reactor conditions. Therefore, the best
approach to better understand the HPU and oxidation behaviour is the investigation of claddings

served in reactors.

Due to the special needs of equipment and the difficulties of handling and storing highly

radioactive materials only limited number of studies are available in the current literature.



There are only few studies on the changes in the behaviour of a certain cladding from low to
high or extremely high burnups, e.g. [14], [13], [29]. In one of these studies [13] it was
demonstrated that the HPU changes with the time spent in the reactor and that it increases in
certain cladding alloys (e.g. LK3/L type Zircaloy-2 in BWR) towards high burnups. The term

“increased H-uptake” refers to this phenomenon. However, it must be noted that not all alloys

show this behaviour. This implies that knowing the early and/or mid-life behaviour of a given

cladding may not provide the complete information regarding the late-life behaviour of the
cladding, without the complete understanding of the mechanism of the HPU. The reason behind
the increased HPU has not yet been well explained and it needs further studies.

The study of Abolhassani et al. [13] suggested some possible parameters which could influence
the HPU; such as: certain microstructural and compositional changes (e.g. SPP dissolution);
nature of the oxide layer and its resistance to crack formation; microstructure and morphology
of the metal-oxide interface; etc. This study gave the starting point of this current thesis work.
Therefore, one of the main aims of the thesis is to examine the suggested parameters and to find
additional parameters which could be responsible for the increased HPU at high burnups.
Also, it is well-established that the microstructure and the composition are changing
dynamically during service. It is also known that they affect the oxidation and HPU of the
cladding. Therefore, an improved knowledge of the microstructure and composition of the
cladding during service conditions might help to identify the decisive parameters resulting in

the HPU increase.



For this reason the thesis aims to:

e Study the evolution of the microstructure and the chemical composition of the LK3/L
Zircaloy-2 (see composition and other details in Table 1-3 and Table 1-4) BWR
cladding from low to extreme high burnups.

0 For this reason, a 3 cycles, a 6 cycle and a 9 cycle LK3/L claddings were studied
and compared by Electron Probe Micro Analysis (EPMA) and FIB tomography.
ChemiSTEM was also applied on the un-irradiated, the 3, 7, and 9 cycle
claddings.

o Establish the link between the observed microstructural and compositional changes and
the changes in HPU and oxidation behaviour of the cladding.

e Identify those parameters which could be responsible for the increased HPU at high
burnups.

e Separate reactor- and alloy-specific parameters from those generic ones.

O In order to achieve this aim, the thesis includes the study of two PWR claddings
as well: a 4 cycle Zircaloy-4 and a 3 cycle Zr-2.5Nb samples (see composition
and other details in Table 1-3 and Table 1-4). These samples are studied with

EPMA and FIB tomography, and compared to the results of the BWR claddings.

It must be noted that this latter aim is rather a difficult task. The approach was based on the
study of different claddings from a completely different reactor environments and
compositions. Chapter 7 contains the comparison of practically all the core results that are
obtained, from the whole thesis. Despite the fact that the samples selected are very different,
and some aspects cannot be directly compared, Chapter 7 attempts to compare as many aspects

as possible, e.g. the element distribution in different parts of the samples; the presence or



absence of SPPs; the segregation of certain elements at similar sites of the segment in both
PWR and BWR claddings; the microstructural aspect, i.e. crack and hydride volume fractions;
etc. It is worth noting already here that in order to provide a complete comparison, all possible

aspects were discussed.

The thesis work has been performed mainly at Paul Scherrer Institute where a well-equipped
Hot Laboratory is available for the investigation of highly radioactive materials while a C-lab
provides tools for sample preparation and microscopy investigations of lower activity samples.
Some TEM experiments were carried out at the University of Birmingham and at ETH Ziirich.
The thesis aims to provide some information which is missing in the literature and to improve
the understanding of the in-reactor cladding behaviour up to extremely high burnups necessary
for the safer late-life operation of the cladding (as well as for the development of new alloys
with better resistance for HPU and oxidation).

The composition of the claddings that are investigated in this study is shown in. The heat

treatment is also presented. In the case of the LK3/L sample: log A parameter is the cumulative

-Q
annealing parameter and it is described as A = Y. t;eTi [30], [31], where i is the i™ heat

treatment (after the last B-quench) at T; (K) temperature for t; (h) time, R is the gas constant and
Q is the activation energy for precipitate growth [31], here equal to 63 000 cal/mol [29], [32].
The samples that are studied and some of the important parameters throughout the thesis are
presented in Table 1-3 and Table 1-4.

In this thesis the term “cycle” is used in order to describe the service time of the claddings. Each
cycle is 11 months, in the reactors studied in this project and the reactor being down for service
for approximately one month per year [33]. Furthermore, burnup is also given for each materials

that are studied. The burnup is a measure of how much energy is extracted from a primary
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nuclear fuel source (e.g. uranium pellet). It is most commonly defined as the fission energy

release per unit mass of fuel, i.e. its unit us MWd/kgU (Megawatt-days/kilogram Uranium). In

this thesis, the different levels of burnup is defined as follows: Medium burnup: samples with

the range of ~40-55 MWd/kgU burnup are considered as medium burnup. High burnup:

samples with the range of ~55-75 MWd/kgU are considered as high burnup. Extreme high

burnup: samples above 85 MWd/kgU are considered as extreme high burnup.

Table 1-3 The composition and heat treatment of the claddings that are investigated in
this study. SRA: stress relieve annealed, PRX: partially recrystallized condition [13].

Cladding Sn Fe Cr Ni Nb O Si H Heat
(wt%) | (wt%) | (Wt%) | (Wwt%) | (Wwt%) | (ppm) | (ppm) | (ppm) | treatment
zliiff; , | 134 018 | 011 | 005 | - 1320 | 70 1‘_’?4‘?
Zircaloy-4 | 120 | 022 | 0107 | - i 1730 | - 8 52‘;{; C
500 °
Zr-2.5Nb | - 0.07 - - 25 | 1170 | 60 10 PRXC
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Table 1-4 The samples that are studied in the thesis and important parameters [13].

H content at

Residence Segment Oxide closest
. . Burnup .
Sample time Reactor elevation thickness measured
(MWd/kgU) .
(cycle) (mm) (um) elevation
(ppm)
LK3/L 44 (at elevation
2011 44, k) | 4.4
Zircaloy-2 3 0 6 (peak) (mean) of 2002 mm)
202(at
2014.5-
6 66.9 (peak) | 14 (mean) elevation of
2019
BWR 2002 mm)
(Leibstadt) 339 (at
7 1928 67.6 (peak) | 21 (mean) elevation of
2000 mm)
595 (at
9 2039 89 (peak) 46 (mean) elevation of
2045 mm)
209 (at
Zircaloy-4 4 1468 51.5 59 (rod elevation of
PWR max)
(G ) 1561 mm)
Osgen
1 fi
Zr-2.5Nb 3 869 41.4 6(rod ) 70 (from one
max) data point)

1.5.Structure of the thesis

In Chapter 2 an overview of the current knowledge about the Zr alloys and their oxidation and

HPU properties are presented. The effect of irradiation is given in the end of the chapter. The

alloys and the characterization techniques used are briefly described in Chapter 3. The LK3/L

type Zircaloy-2 cladding is characterized in great details therefore the description of the

microstructural and compositional evolution of this alloy is divided into two chapters. Chapter

4 describes the microstructural evolution of the cladding, presenting the FIB tomography results

and additional SEM observations on the 3, 6, and 9 cycle claddings and TEM micrographs on

the un-irradiated, the 3, and 9 cycle samples. Chapter 5 presents the EPMA analysis of the 3, 6,

12




and 9 cycle LK3/L samples, and also includes the ChemiSTEM results on the un-irradiated, the
3, 7, and 9 cycles LK3/L Zircaloy-2 samples. Chapter 6 presents the microstructural (FIB
tomography) and chemical results (EPMA) obtained from two selected PWR claddings, namely
the 4 cycle Zircaloy-4 and the 4 cycle Zr-2.5Nb samples. Chapter 7 deals with the comparison
of the results obtained from different alloys, used in different reactors, i.e. discusses all results
that are presented in the thesis in order to distinguish between the reactor- and alloy-specific
characteristics from those which are general. The interpretation of the results and the
conclusions drawn are presented at the end of each chapter. In the end of the thesis a short

Discussion and Conclusion is given providing the most important findings.
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2. LITERATURE BACKGROUND

In this chapter an overview of the relevant literature is given. First, the development and history
of the Zr-based alloys are summarized followed by more detailed description of the oxidation
and hydrogen uptake (H-uptake) of Zr alloys, under both out- and in-reactor conditions. The
most important processes influencing the oxidation and H-uptake will also be reviewed and

finally the effect of irradiation discussed.

2.1. Brief introduction to the development of Zr-based alloys

The intense research on the Zr-based alloys and its usage for commercial purpose started in the
early 1950’s [1], [2]. One of the aims was to develop fuel cladding materials for nuclear reactors
which operate at high temperatures, different water chemistries and severe irradiation
conditions. Successful fuel cladding materials need to be safe and efficient with improved
oxidation and H-uptake properties, better irradiation creep resistance and irradiation growth,
higher strength, etc. [1]. By the middle of the 1960’s Zr-based alloys became the primary
cladding materials replacing the previously more widely used stainless steel for water-cooled
reactors [1].

The main reason for choosing Zr as the base cladding material in nuclear reactors is the
combination of low neutron absorption cross-section and good mechanical properties of Zr [1].
Furthermore, when it is alloyed the mechanical properties (creep behaviour, resistance against
stress corrosion cracking) are further improved [1]. Pure Zr has high affinity for both O and H
however when alloyed (e.g. with Sn, Nb, Fe, Cr, Ni) its corrosion behaviour is significantly

improved.
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The composition ranges of the typical Zr alloys for nuclear reactor applications are shown in
Table 2-1. Zircaloy-2 is one of the first family of alloys developed and used in commercial
BWRs.

Zircaloy-4 was developed from Zircaloy-2 in order to reduce the HPU in PWR. Ni is removed
as it is claimed to be one of the responsible factors for the increased HPU of the material [2],
[34]. Furthermore, higher Fe and narrower range of allowed Cr content describes this alloy.
Another development is the low-tin Zircaloy-4 where the Sn content is reduced and the aim is
to reduce corrosion. It is widely used in PWRs today together with ZrNb type alloys. The ZrNb
alloys were developed in Russia where the main focus was mostly on the effect of Nb addition
instead of Sn [35]. ZrNb alloys have good mechanical properties (strength, creep resistance)
and show reduced corrosion and H-pickup fraction (HPUF) (compared to the Zircaloy type
alloys) but this latter is highly dependent both on the composition and the environment of the
alloy [35]. It is worth noting that ZrNb binary alloys show poor corrosion resistance in oxidizing

environments, such as in BWRs.!

"It is worth noting that an active search for alternative cladding materials started which is mainly driven
by the increased hydrogen evolution and the quick reduction of the ductility in Zr-based claddings under
the scenario of loss of coolant accident (LOCA) [184]. The development of the so called “accident
tolerant” claddings (e.g. advanced steels, Mo based alloys, SiC) have not yet reached the level to provide
similar or even better properties and further benefits during accidents. The discussion about these new
materials is out of the scope and topic of this thesis therefore it will not be discussed here.
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Table 2-1. The nominal composition of some of the Zirconium based alloys with Zr in
balance [12], [36].

Allo Sn Fe Cr Ni Nb 0] Si
y Wt%) | (wi%) (Wt%) W) | wi%) | (wt%)
Zircaloy-2 | 12-1.7 | 0.07-020 | 0.05-0.15 | 0.03-0.08 i 0.12
typical
LK3/L 134 0.18 0.11 0.05 i 1320 | 70
Zircaloy-2
Zircaloy-4 | 12-1.7 | 0.180.24 | 0.07-0.13 ] i 0.12
typical
Low-tin 1) 5§ 35 0.2 0.1 i <0.01 0.01
Zircaloy-4
7r-2.5Nb 2428 0.13
0.125-
MS5 0.06 1.0 2
ZIRLO | 09-13 | 0.07-0.14 0.8-1.4 | 0.10.16

The above mentioned alloys were developed mostly in an empirical way and the deeper
understanding of the role of the different alloying elements is rather a continuous process helped
by different out-of-reactor and in-reactor experiments. In the following a brief description is
presented about the current understanding of the effect of the different alloying elements on the
oxidation and HPU processes.

Zr has a hexagonal close-packed (HCP) crystal structure (a-phase) up to 867 °C where it
changes to the B-phase with body-centred cubic (BCC) structure [37]. Alloying elements Sn
and O have a high solid solubility limit in the Zr matrix (see phase diagrams in Figure 2-1).
They are a stabilizers and able to increase the phase transition temperature of Zr. O increases
the yield strength of the metal in the range of 0.11-0.16 wt%. Above this value the ductility of
the material decreases significantly [35].

In the absence of other alloying elements, Sn helps to inhibit the corrosion and to reduce the

harmful effect of N impurities in the material. Sn improves the mechanical properties (yield
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strength, creep) [38]. However, in the case of Zircaloy-2 the Sn content should not exceed 1.5
wt% or it greatly lowers the corrosion resistance of the alloy [39].

Fe, Cr, Ni and Nb are B-phase stabilizers [35]. Figure 2-2 shows the phase diagrams of these
systems. Fe, Cr and Ni have very low solid solubility in the Zr matrix and therefore they
precipitate as SPPs [40]. In ternary or quaternary alloys, and also in Zircaloys, they form
different types of SPPs: such as Zr>(Fe, Ni) and Zr(Fe, Cr), which are ternary intermetallics.
The creep resistance and the tensile properties of the material are also greatly improved by Cr
addition [41], [42]. NDb has a higher solubility in the B-phase and is slightly soluble in the a-
phase of Zr (1.1 wt% at 600 °C) [43]. It improves the mechanical properties of the metal,
counterbalances the detrimental effects of different impurities [38]. Furthermore, ZrNb alloys

also have a high corrosion resistance and low H-uptake [44].
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2.2. Oxidation of the Zr-based alloys

In this section the general oxidation process, the kinetics of oxidation and the microstructure
formed during the oxidation will be reviewed. The oxidation of different alloys and SPPs will

be also shortly presented.

2.2.1. General description of the oxidation

The oxidation of Zr occurs at the metal-oxide interface by the migration of the oxidising species
through the already formed oxide layer to the metal by grain boundary diffusion [51], [52].

The oxidation reaction of Zr in water can be summarized as:

Zr + 2H,0 > Zr0, + 2H, (2-1)

The following steps are suggested as a possible way to describe the process [53]. Oxygen ions
form due to the dissociation of the water molecules as in Eq. (2-2). This O* is adsorbed on the
surface of the oxide layer (Eq. (2-2)). This step is followed by the adsorption of the O* by a
charged oxygen vacancy (V) (Eq. (2-3) showing the half-cell reaction and it is to be considered
together with Eq. (2-5) showing the other half of the reaction in which the vacancy formation

occurs) [53]:

dissociation

2H20 —— 4H* + Zogasorbed (2'2)
o absorption _
Oadsorbed + VO —_— Oabsorbed (2'3)
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In the next step the O*" diffuses through the oxide layer through different defects such as grain
boundaries, dislocations, vacancies and interstitials. The rate limiting step is the diffusion of
the oxygen anions [54].

Once the oxygen anion reaches the metal-oxide interface it reacts with Zr producing ZrO; and

electrons [53]. This step can be divided into two parts as it is shown by Eq. (2-4) and (2-5) [53]:

oxidation

ZIr — Zr*t 4 4e” (2-4)

Zr*t +20% > Zr0, + V; (2-5)

An oxygen vacancy concentration gradient between the surface and the metal-oxide interface
is developed due to the vacancy formation at the metal-oxide interface and the vacancies are
occupied at the surface by O>. This gradient is the driving force of the oxidation process [54],
[21].

The formed electrons migrate to the outer surface via a few electron conductive sites of the

oxide and help to reduce the formed H" cations at the cathodic site [53]:

reduction

AHY + 4e= ——— 2H, (2-6)

However, not all hydrogen cations recombine with the electrons and rather migrate through the
oxide layer to the underlying metal where they react with Zr and precipitate as Zr-hydrides once
their solid solubility limit is exceeded. This is the basic process of the H-uptake which will be

further discussed in Section 2.3.
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The Ellingham diagram of the Zr-O system (Figure 2-3) shows that oxidation of Zr has a high
negative free energy therefore it is favourable for Zr to oxidise [55]. The diagram also shows
that Zr-O solid solutions are energetically even more favourable, and this indicates that some
oxygen will be dissolved in the metal. The amount of dissolved oxygen depends on the
temperature and it decreases with decreasing temperatures. It is estimated to be less than 10%
at 400 °C [12].

There are three different phases of ZrO;. The monoclinic structure is stable up to 1170 °C
followed by the tetragonal structure which is stable up to 2370 °C beyond which the cubic
structure is the stable structure. The melting point of zirconia is 2715 °C under ambient pressure
[56]. During oxidation at room temperature or under reactor service conditions the formed bulk
oxide is mostly monoclinic ZrO; and a sub-stoichiometric gradient can be observed towards the
metal where, depending on the type of alloy some amount of tetragonal oxide is found [12],
[54]. It is claimed that the tetragonal phase is stabilized by the high compressive stress at the
interface [57] or being energetically more favourable when the grain size is fine (below 30-40
nm) [58], [59]. It is generally accepted that presence of the stoichiometric gradient is the driving
force of the transport of the oxygen anions through the oxide layer [12], [60]. The electrons and
positively charged vacancies migrate to the opposite direction, i.e. towards the outer surface of
the oxide [12], [20], [61]. The vacancy concentration at the interface depends on the oxygen
partial pressure and temperature [62], however a vacancy concentration gradient is present with
more vacancies at the interface. The rate of oxidation is controlled by the slower moving ion,

1.e. either the oxygen anion or the electrons [54] and it is further discussed below.
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Figure 2-3 Ellingham diagram of Zr-O system [12], [54].

2.2.2. Oxidation kinetics

Wagner’s theory describes the growth of an oxide if no space charges are present, i.e. local
electro-neutrality is required [63]. The diffusion transport of the oxygen anions occur via
charged vacancies. In this case the general oxidation kinetics can be described by the following
generic equation for the weight gain of the alloy [59], [64]: x = Kt". Where x is the weight
gain or oxide thickness, K and n are alloy dependent kinetics constants, and t is the time. In the
case of the Wagner-theory only diffusional transport is rate-limiting and the ionic and electronic
transport is coupled at all time. It is claimed that the transport of electrons is generally fast in
the oxide and the rate limiting step of the oxidation is the diffusion rate of the oxygen anions
[21]. If the oxygen anion diffusion is the rate limiting step, a parabolic weight gain with n=0.5
is the result [12], [20], [52], [61]. However, these requirements are not necessarily fulfilled
during the oxidation of Zr alloys which also leads to the deviation of n constant from 0.5: in the

case of Zr alloy oxidation n value differs between 0.2 and 0.6, i.e. sub-parabolic kinetics is
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observed [65], [66], [67], [68]. Some explanations are proposed with the aim to understand the
reason behind this deviation, e.g. grain boundary diffusion through oxide grains with changing
size as the oxide grows [66]; compressive stress build-up in growing oxide [21], [64], [69];
occurrence of cracks, pores and other obstacles for oxygen migration [70], [71]. Other authors
claim it is more probable that the driving force is caused by the effect of charges and electric
fields [72], [73]; therefore electron transport would be the process which controls the oxidation
kinetics. For example, the space charge model takes into account the modifications on the
oxidation kinetics induced by the space charges at every location of the oxide layer, i.e. the
effect of the electric fields [53], [72], [73], [74]. This model can give an estimation of the
oxidation kinetics in the early stages of oxidation, however once the oxide is thick the local
electroneutrality can be assumed in order to apply a less complex model (e.g. Wagner theory).
The above mentioned model describe the so called pre-transition oxidation, i.e. the formation
of a protective oxide. A correct description for the Zr alloy corrosion should explain the
corrosion kinetics and the experimental results for the different claddings.

The corrosion process has two phases. In the beginning a protective layer is formed during the
pre-transition phase which is followed by a transition (increase) in the rate of the oxidation
which is called post-transition oxidation.

The pre-transition period follows a cubic or sub-parabolic kinetics while after the transition the
corrosion can be described by a linear oxidation rate (n=1) or cyclic behaviour. In general, the
transition occurs at around 2-3 pum of oxide thickness [54]. A general representation of the
transition is in Figure 2-4 [12]. Depending on the type of alloy the kinetics and the transition
can be different, see a few examples in Figure 2-5. The cause and the mechanism of the

transition are not yet fully understood and is an active field of research [71], [75], [76], [77].
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It is clear that the in depth behaviour of the Zr and its alloys in different environments including
steam, oxygen, air and other gases would make the review much more comprehensive.
However, for the sake of conciseness, these topics will not be treated in the thesis, and only
reactor and autoclave environments simulating the reactor conditions to some extent, will be

covered.

Figure 2-4. Schematic representation of the pre- and post-transition oxidation of Zr alloys
in general at temperatures between 240-400 °C in oxygen-containing atmosphere [54],
[78].
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Figure 2-5. Typical graphs of weight gain (WG) — time (in days) for three different alloys
in 350 °C 17-MPA water [79].

2.2.3. Microstructure of the formed oxide and the metal-oxide
interface

The formed oxide at the related temperatures has a complex microstructure and it evolves with
time. The formed oxide is mostly monoclinic [59] and contains tetragonal oxide in a small
amount. The freshly formed oxide, i.e. at the metal-oxide interface contains a higher proportion
of tetragonal phase. This phase is mostly stress stabilized [21], and it transforms to monoclinic

structure as the oxide grows [59], [80].
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The formed ZrO; shows a large volume expansion with a Pilling-Bedworth ratio of 1.56 (i.e.
the volume of the oxide is 1.56 times larger than that of the metal) [12]. Because fresh oxide is
formed at the oxide-metal interface [12], this expansion can result in the development of lateral
compressive stresses. The stress which is built up in the growing oxide can break the oxide and
produce cracks in the layer, particularly when growing on a convex substrate [21]. As a porous
oxide layer is less protective than an oxide film without cracks, it is claimed that the pores could
offer a shorter route for the oxidising species and hydrogen, or even for water to enter the
material and reach the metal-oxide interface faster [81], [82], [83].

The oxide growth starts with the formation of small, equiaxed, randomly oriented grains at the
metal-oxide interface [84]. Those grains grow into columnar shapes which are initially oriented
in a certain way so that the stress accumulation is minimized. These orientations were reported
as: 201, 401, and 601 [85], [86]. The formed columnar grains are about 30-40 nm in diameter
and 200 nm in length. Once this size is reached new grains will nucleate at the metal-oxide
interface.

The solid solubility limit of O in Zr at PWR service temperature (360 °C) is around 28 at%
(please refer to Figure 2-1) and this value could be expected at the metal-oxide interface.
However, as the interface is moving during the oxidation, equilibrium may not always be
established and metastable phases were observed at the metal-oxide interface such as
amorphous [87] or omega phase [88], ZrO [89], Zr-30%0 [90], Zr30 [65] and a series of other
different phases [91]. Other studies showed that all the above mentioned phases can occur at
different times of oxidation [92], [93], [94]. In the metal part of the interface an oxygen
saturated “suboxide” layer can be found. It was shown that during the transition the thickness
of the above described layers decreases significantly most likely due to the lack of time for

formation [59].
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2.2.4. Oxidation of the Secondary Phase Particles

The Zr(Fe, Cr), SPP has a Laves phase structure while Zrz(Fe, Ni) a body-centred tetragonal
(BCT) structure [95]. Zircaloy-2 contains both types of SPPs, while Zircaloy-4 has only Zr (Fe,
Cr), type SPP. The oxidation of some type of SPPs (e.g. Zr(Fe, Cr)2 and -Nb and Zr-Nb-Fe)
is delayed compared to the oxidation of the metal matrix [60], [90], [96], [97], [98], [99], [100],
[101][102], [103]. This means that these SPPs are metallic in the oxide layer close to the metal-
oxide interface. At the later stages of oxidation the SPPs also oxidize leaving a fine-grained
oxide behind them [103] with higher amount of tetragonal phase in the oxide matrix [97]. The
reason behind the delayed oxidation could be that the alloying elements have intrinsically
different oxidation behaviour, or it could be due to the different crystal structure of the SPPs
[103]. Most likely the combination of the two is responsible [103]. In an in-situ study, Proff et
al. [103] investigated binary alloys such as Zr1%Cr, Zr0.6%Nb, Zr1%Fe, and Zr1%Ni using
ESEM and TEM. The temporal or sequential order of oxidation of the different phases are:
Zr3Fe = ZrNi = Zr-matrix > ZrNb > ZrCr,. Figure 2-6 shows the free energy of oxidation for
the different phases. It is emphasized that in the in-situ and other studies of Proff et al [103],
[104], subsequently to the oxidation of Zr-1%Fe sample, Fe.O3 crystals were observed at the
free surface of the oxide as it is shown in Figure 2-7 TEM image, marked by the arrowhead.
Figure 2-7 provides the EDS analysis of the particle. The authors concluded that Fe diffuses
from the SPPs to the free surface [103]. Similar protrusions were reported in the case of Ni after
oxidation of Zr-1%Ni samples. However the other alloys did not show such behaviour [103].
Abolhassani et al reported that both Fe and Cr diffuses to the free surface on an in-situ oxidized
Zircaloy-4 [105]. Figure 2-8 from their study demonstrated that Cr was observed on the top of
the Fe layer on the surface of the oxide. In [104] the authors report that the Fe-protrusions are

unlikely to be a contamination from the autoclave.
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Figure 2-6. The free energy of oxidation for Zr and the different SPPs [101].

Figure 2-7 BF TEM micrograph of the oxide surface, arrowhead marks the Fe-oxide
crystals formed on the oxide surface. EDS spectrum of Fe-crystal marked by the
arrowhead [103].

Figure 2-8 BF TEM micrograph and EDS elemental maps at the same region [105]. Red
arrows: SPP in metal and in oxide. White arrow: protrusion of Fe and Cr crystal on the
free surface of the oxide.

30



It is worth mentioning that precipitate-free Zr-Sn-(Fe, Cr) alloys which are melted from pure
Zr and pure alloying elements show poor oxidation properties. However, once they are
galvanically coupled with a noble intermetallic compound of Zr(Feo.66Cro33)2 the oxidation
resistance increases significantly [19]. This shows that the SPPs provide anodic protection
increasing the oxidation resistance [19]. The mechanism behind this phenomenon is not yet
fully clarified. It is possible that the chemistry of the oxide grain boundaries (GBs) formed on
the alloy and on pure Zr are different [106], which could lead to the improved oxidation

resistance [16].

2.3. Hydrogen uptake of the Zr-based alloys

During the corrosion process hydrogen is formed at the cathodic site as described before. This
hydrogen can either recombine with the electrons which formed at the metal-oxide interface
(anodic reaction) and migrated to the water-oxide interface or they can penetrate through the
oxide layer, reach the metal-oxide interface and eventually enter the metal. This process is
called H-uptake. The hydrogen pickup fraction (HPUF) can be described as the ratio between

the amount of hydrogen which is absorbed by the metal and the hydrogen which was formed

during the corrosion process [12], [107], i.e.: fy = :“bs—"”’e‘z [107].
generate

The HPUF is strongly dependent on the alloy composition and the environment (e.g. water,
steam, different gases). As an example Hillner et al. [ 108] measured the HPUF of Zircaloy-2 in
different environments above 330 °C and reported 2-7% HPUF in oxygenated water, 15-24%
in degassed water, and 30-52% in hydrogenated water. It was reported that Ni addition to the

cladding has a significant effect on the HPUF in the case of Zircaloy-2 [109], [110].
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Zr has a high affinity for hydrogen and the oxide layer provides protection against rapid H-
uptake. The Zr-H phase diagram is shown in Figure 2-9. The terminal solid solubility limit of
H dissolution (TSSD) and precipitation (TSSP) is shown for pure Zr and Zircaloy-2 (see Figure
2-10) [111]. The reason behind the difference between the values of TSSD and TSSP is an
active field of research [111], [112], [113], [114], and it associated with an additional energy
that is needed upon hydride nucleation: during the cooling process the formation of hydrides
requires reversible work on the matrix. When a hydride nucleates the H concentration is
increased compared to the equilibrium solvus. When the hydride reaches a critical size, both
elastic and plastic work is done. On the other hand, during heating, the contribution from plastic
work is negligible. For more details please refer to references of [111], [112], [113], [114]. The
TSSD is around 47 ppm in Zr and 60 ppm in Zircaloy-2 at 300 °C, while at 350 °C it is 90 and
111 ppm, respectively for Zr and Zircaloy-2 [111]. The excess hydrogen precipitates in a form

of zirconium-hydrides [24].
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Figure 2-9. Zr-H binary phase diagram [115].
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Zircaloy-2 [112]
Zr[111]
Zircaloy-2 [214]
Zr [214]

Terminal solid solubility
of H dissolution (TSSD)

Zr[111]
Zircaloy-2 [112]
Zr [215]

Terminal solid solubility
of H precipitation (TSSP)

Figure 2-10. The TSSD and TSSP of H in Zr and in Zircaloy-2 modified figure of Une et
al. [111].
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These hydrides deteriorate the mechanical properties of the cladding by increasing the
brittleness of the material [24]. There are three phases of zirconium-hydrides: 9, € and vy, the
first two are stable [23]. 6 hydride assumes the fluorite structure in which Zr atoms are arranged
in a face centred cubic (FCC) structure while the H atoms occupy eight of the tetrahedral sites
in a random manner. The maximum occupancy of the sites by the H atoms is 83% giving the
formula of ZrHi.66. At room temperature this changes to ZrHi 59 as the H atoms occupy only 6
sites. € hydrides (ZrHz) have face centred tetragonal (FCT) structure with Zr in tetrahedrally
co-ordinated positions and H atoms fully occupying the tetrahedral sites. y hydride is metastable
and has a face centred tetragonal (FCT) lattice; in this system the half of the tetrahedral sites
are occupied. The debate is currently open regarding the stability, the transformation
temperature and the formation mechanism of the y and € systems, despite the extensive studies
in the literature on this topic: [116], [115], [117], [118], [119], [120], [121], [122], [123].

The formation of brittle Zr-hydrides is one of the major life-limiting factors of the cladding
[124], [125]. One of the main aims of the cladding producers is to limit the HPU of the material.
Therefore, the HPU is one of the crucial phenomena that needs further understanding in order
to decrease waste production and further increase the safety of the reactors. The driving force
and the exact mechanism of the HPU is still to be better understood and is under intense
research. It is worth mentioning that several international research groups and programs were
formed with this aim, such as the MUZIC collaboration, SHIZAM programme, and NFIR
hydrogen collaborations. Many publications are available from these collaborations: [83],

[126], [127], [128], [129], [130], [131], [132] and many more.
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2.4. Current knowledge regarding the mechanisms of oxidation and

hydrogen uptake

2.4.1. The transition in the oxidation Kkinetics

The mechanism of the oxidation transition being a complex topic, it is extensively studied.
Different alloys show different oxide transition thicknesses and this oxide thickness is
characteristic for the given alloy [102]. The correct explanation of the oxidation transition
should clarify why does the loss of protectiveness occur suddenly and it should also reveal the
reason behind the characteristic transition thicknesses of different alloys. There are some
hypotheses that aim to reveal the main controlling processes behind the oxidation transition,
reported for example in references [17], [57], [59], [77], [133], [134], and [135].

One of these hypotheses [57], [133] claims that the different rates of stress accumulation in the
different alloys are responsible for the transition and the variations in the transition oxide
thicknesses. The different alloying elements could cause a slight change in the lateral strain
during the oxidation; therefore the different in-plane stresses would cause the cracking of the
oxide layer. This could lead to variations in the temporal occurrence of cracking in the different
alloys. Therefore, the transition thicknesses would also vary depending on when the stress
reaches a critical level in the oxide. The measurement of the stresses in the growing oxide is a
difficult, however many authors have reported their results using different techniques and
environments [86], [80], [133], [136], [137]. Roy et al. presented two methods for the
measurement of the stresses generated during the oxidation process of Zircaloy-2 in dry oxygen
at 500 °C [136]: they found fast increase of the average stress in the early stages of oxidation
and maximum average stress (about 1.6 GPa) was found at an oxide thickness corresponding

to the transition. The authors suggest that the stress is the highest in the inner oxide therefore it
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gives the highest contribution to the measured stresses, while the outer oxide has negligible
contribution. Other authors also reported values between 1 and 3 GPa of in-plain stresses during
oxide growth [86].

Another hypothesis is based on the level of porosity in the oxide and claims that when the
porosity reaches a critical density, the pores interconnect with each other and a continuous path
would form through which the water can reach the metal-oxide interface leading to a sudden
increment of the oxidation rate [77], [134], [135]. The difference in the transition thicknesses
in the alloys would be caused by the variations in the accumulation of porosity. There are
measurements which show some evidences regarding the interlinkage of the pores [77] and an
increased density of pores just before the transition [134]. This hypothesis does not give an
explanation regarding the decreased stresses at transition [59]. Therefore, it seems possible that
the combination of the two hypotheses could explain the transition better rather than using them

separately [59], [68].

It is also claimed that the undulation of the metal-oxide interface could play a crucial role in the
oxidation resistance affecting the stress level and direction in the oxide close to the interface
[138]. The amplitude and width of such undulations will change as a function of material, but
from the observed data, they will vary usually in the range of 100 nm to micrometre in
amplitude on the two sides of the metal-oxide interface. This undulation will only refer to what
occurs around the metal-oxide interface. It was shown that the undulation has an effect on the
stress distribution in the oxide [69], [138], [139]. Changes in the compressive and tensile
stresses were revealed in an undulated interface by finite element modelling [138]. The
undulation value in the work of Parise et al. was introduced to the model based on SEM

micrographs of Zircaloy-4 oxidized in water at 340 °C, 15 MPa [138]. Three oxide thickness
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values were studied: 0.5, 1, and 1.5 um with an undulation amplitude of 0.1 um. For the 1 pm
oxide thickness further undulation amplitudes were modelled, namely 0.05, 0.1, and 0.2 um
[138]. The effect of undulation compared to the flat interface was clearly observable in the
results, as a few examples: modified hoop stresses at the interface, increased compressive
stresses in the oxide, arisen tensile stress in the metal, occurrence of radial stresses. A schematic
drawing of the results is presented in Figure 2-11 from [138].

It is also claimed that the differences in the stresses have an influence on the diffusion
coefficient of oxygen [69]. Correlation between the sites of circumferential cracks and the
undulation of the metal-oxide interface was found by Bossis et al. [71] and this phenomenon

was connected to the oxidation transition by Schefold et al. [140].

Figure 2-11 Schematic drawing of the stressed around an undulated interface [138].

2.4.2. Possible factors influencing the hydrogen uptake

Currently a few main processes and phenomena are identified and claimed to play decisive role
in the HPU properties of the material [17]. The detailed description of these is presented in this

section.

37



2.4.2.1. Hydrogen diffusion through pores and other flaws of the

barrier oxide
The diffusion profile of hydrogen in the oxides formed on different Zr alloys are reported [141],
[142], [143], [144]. Most of them used deuterium (D) by ion beam implantation. Based on the
subsequent depth profiles before and after treatments at different temperatures and times the
dispersion of the D peak was analysed and the diffusion coefficient was calculated. It was
concluded that the diffusion of deuterium is via interconnected pores at the GBs of the oxide

layer [145].

The same is concluded in the case of Zr-2.5Nb: the proton discharge and HPU sites are the
cracks and pores in the oxide close to the metal-oxide interface [81], [82], [144]. Cox and Wong
[81] found that the cracks and pores were the cathodic sites and they offer a fast route for
hydrogen. Ramasubramanian et al [82] showed on pressure tubes that the water and the
electrolyte species almost reached the metal-oxide interface. They have used depth profiling on
these tubes after they were used in CANDU type reactor. They concluded that the migration of
hydrogen atoms, protons and hydroxyls through the barrier layer is the main process which
determines the HPU. They proposed two different options being the driving force for HPU: 1)
Due to the high electronic resistance of the oxide a potential gradient develops via the barrier
layer, and ii) If there is metallic connection through the barrier layer then the driving force is
the metal’s high affinity for hydrogen. Furthermore a model for the hydrogen ingress through
the bulk oxide was proposed in this paper. A schematic drawing explaining the model is shown
in Figure 2-12. Based on their study on isotope incorporation and exchange experiments this
model is the following: the hydrogen isotopes in Zr-2.5Nb alloy both in reactor and in autoclave
would be found as hydroxyls and hydrogen-bonded water on the surfaces of oxide crystallites.

The transport of hydrogen through the bulk oxide would happen through these “hydrated
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pathways” on the surfaces of the oxide crystallites. The hydrogen ingress into the metal is
therefore a localized electrochemical phenomenon. The sites where hydrogen can enter the
metal are the end of these pathways. The entry for hydrogen is limited by a thin electrical barrier

layer as it has a positive space charge due to the ionized anion vacancies [82].
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Figure 2-12. The schematic presentation of the proposed model for hydrogen diffusion
through the bulk oxide in Zr-2.5Nb [82].

Li et al. [83] provided the distribution of deuterium in the oxide by 3D NanoSIMS in Zircaloy-
4 oxidized in 360 °C 18 MPa pure heavy water for different time periods. The authors concluded
that deuterium can be found in high concentration in the outer oxide near the water-oxide
interface and there is a gradual decrease in the deuterium concentration towards the inner oxide.
The study showed that in the oxide close to the metal-oxide interface deuterium is trapped in
small cracks and pores serving as an evidence that these pores serve as easy paths for hydrogen

towards the metal (Figure 2-13).
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Figure 2-13 3D distribution of deuterium in oxidized Zircaloy-4 by NanoSIMS by Li et al.
[83]. (A) and (B): samples oxidized for 61 days (pre-transition stage) and 106 days (around
the oxidation transition), respectively. (C) and (D): magnified images of the red frames on
(A) and (B). The green volume is the measured data while the red dots on (C) and (D) are
suggestion of the real distribution estimated by the authors and the red lines are the
possible paths for deuterium transport.

2.4.2.2. The composition of the outermost layer of the oxide

influencing the H, formation
It is claimed that the proton reduction reaction can be enhanced by the effect of Nb2Os or SnO»
at the surface of the oxide, i.e. at the oxide-water interface [22]. This could lead to an increased
H> formation in this region lowering the amount of protons which could diffuse through the
oxide [22]. Therefore the HPU is decreased. The explanation is that there is an overlap between
the SnO> or the Nb,Os conduction band edge and the proton reduction energy level (Figure
2-14) which is a requirement for the red-ox reaction to occur at the oxide surface [22].
Therefore, Ramasubramanian et al. concluded that if oxidized Sn or Nb is present the reduction

of protons is a favourable reaction [22].
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Figure 2-14 Schematic drawing of the conduction band edges for n-type oxides, ZrO:,
SnO:2, and Nb20s relative to the standard hydrogen electrode (SHE) potential in water

(lithiated — pH 8, 315 °C) [22]. The Gaussian distributions show the probability of the
energy levels for the red-ox reaction.

2.4.2.3. Hydrogen pickup influenced by the electrical conductivity of

the oxide layer
Couet et al. [107] studied the relation between the HPUF and the oxidation kinetics of different
Zr-based alloys (e.g., Zry-4, ZIRLO, Zr-2.5Nb, model alloys) using Vacuum Hot Extraction
and Cold Neutron Prompt Gamma Activation Analysis. The alloys were exposed to pure water
at 360 °C and 18.7 MPa pressure. The weight gain and the hydrogen content of the samples
were measured periodically and from these data the pickup fraction was calculated. It was
shown that the HPUF varies significantly with the time of exposure and with the alloys. The
study concludes that the need to balance charge is the possible cause of the variation in the

HPUF. In the dissertation of the same author [53] it is concluded that the driving force for the
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HPU is the electrochemical potential gradient across the oxide layer. This potential gradient is
mainly influenced by the electrical conductivity of the oxide which would mean that if the
conductivity of the oxide layer is low, a higher potential would build up [53]. This would
decrease the activation energy of the proton absorption at the cathodic site resulting in a higher
HPU [53].

An inverse relationship was shown between the oxidation kinetics and the HPU showing that
the oxide transport properties could play an important role in that case if the rate limiting step
of the HPU is the transport of the charged species. As the alloying elements - both if they are
present in dissolved state or in SPPs — would change the transport properties of the oxide, and

this could give an explanation for the different HPU of the different alloys [53], [107].

The relationship between the electrical resistance of the oxide and the HPU is described in many
publications, for example [22], [146], [147]. Baur et al. [146] studied Zircaloy-4 samples with
different SPP size and Fe content and Zr-2.5Nb samples in 350 °C pressurized water with and
without cathodic polarization. The corrosion, the rest potential, the current density, and the HPU
were measured. The electrical resistance of the oxide increased in the pre-transition and dropped
at transition and increased again after transition. A correlation was observed between the
changes in the electrical resistance of the oxide barrier layer and the HPUF. The following was
concluded: 1) samples with larger SPP size and Fe content showed lower resistance and HPU
than samples with smaller SPP size and Fe content; ii) Zr-2.5Nb sample showed the lowest
resistance of the oxide barrier layer and the lowest HPUF and lowest sensitivity for the cathodic
polarization; iii) in order to enhance the corrosion after transition more than -0.3V of potential
difference over the barrier layer is necessary. This could mean that the increased corrosion of

Zircaloy-4 with small SPPs is caused by the absence of a contribution from the SPPs to the
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electrical conductivity of the barrier layer. The final conclusion was that the HPU is governed
by the potential gradient over the oxide layer.
In Figure 2-15 a schematic drawing of the correlation between the electrical resistance of the

barrier layer and the HPUF is presented [17].

Figure 2-15. Schematic presentation of the correlation between the electrical resistance of
the oxide layer and the HPUF [17].

2.4.2.4. Hydrogen uptake influence by the metallic SPPs in the

barrier oxide layer
The role of the SPPs in the HPU is studied by many authors and it is claimed that those SPPs
which remain metallic in the barrier oxide layer act as local fast routes H diffusion increasing
the HPU [71], [110], [146], [148], [149].
A study of Bossis et al. [71] demonstrated a correlation between the sites of the SPPs and both
the location of H in the oxide and the hydrides in the metal underneath the SPPs. They used
Zircaloy-4 samples oxidized in 400 °C heavy water for 48 hours. The SIMS cross-section

together with the schematic representation of their data is shown in Figure 2-16.
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Figure 2-16 SIMS cross-sectional images of oxygen, deuterium and Fe in the oxide of
Zircaloy-4 and schematic representation of the data [71].

Hatano et al. [148] and Baur et al. [146] both concluded that the size of the SPPs has a
significant influence on the HPU of Zircaloy-2 and -4 oxidized in 350 °C and 450 °C in 100
bar pressure steam (pre-transition region was studied) [148] and in 350 °C water (long-term
oxidation) [146]. Samples with larger SPPs showed higher HPU. Hatano et al. [148] explained
this phenomenon that bigger SPPs remain metallic for longer period of time and act as
expressway for H transport.

Although the results show correlation between the SPPs and the HPU, only assumptions exist
as explanations. The proposed explanations are connected to 1) the ability of the SPPs to absorb
higher amount of H [148], ii) the assumption that H may have a higher diffusivity through the
SPPs [148], [149], and ii1) that metallic SPPs could be the sites of proton discharge and they

could act as windows for the produced H to enter the metal [17], [149].
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2.4.2.5. Hydrogen uptake influenced by the presence of Ni and Fe at

the barrier oxide grain boundaries
In a review paper of Garzarolli et al. [ 109] the authors concluded that Ni could play an important
role in the increased HPU when it is in a metallic form being in an SPP or dissolved in the
oxide. It is possible that after dissolution of Fe and Ni from the SPPs in the oxide layer they
may segregate at GBs throughout the barrier oxide even in a metallic form. A drastic increase
in HPU would be the result, as these GBs could serve as “freeway” for H transport [109]. An
Atom Probe Tomography (APT) study by Sundell et al. [ 150] experimentally demonstrated Fe
segregation in the oxide GBs of Zircaloy-2. Furthermore, they showed that the same GBs are
enriched of hydrogen, concluding that they enhance HPU by acting as pathways. It is suggested

that hydroxyls and H-bonded water is present in the oxide GBs [82], [109].

In a study of Kuri et al. [131] XANES showed a homogeneous distribution of Ni** in the oxide
layer of a medium burnup Zircaloy-2 cladding. DFT calculations demonstrated that Ni** is
charge compensated by an oxygen vacancy (Vo). The compounds of Ni**-Vo could offer
nucleation sites for hydride-ion (H") storage in rows of oxygen vacancies that would eventually
short-circuit the barrier layer causing an “avalanche” of hydrogen into the metal. The authors
show that the Ni?*-H" compound could also act as nucleation sites for a build-up of porosity in

the oxide.

2.4.2.6. Dissolved alloying elements in the oxide layer altering the

diffusion rate of hydrogen species
Many studies have concluded that an important HPU controlling parameter could be the
classical diffusion of protons through the oxide matrix influenced by the dissolved alloying

elements [110], [141], [151], [152].
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Kakiuchi et al. [151] investigated the pre-transition region of Zircaloy-2 and HIFI alloy (high,
0.4 wt% Fe). They used 350 °C and 400 °C steam with 200 ppb O, and measured the potential
and the HPU. They observed much lower HPUF in the HIFI samples. They concluded that the
amount of proton that migrates through the oxide is dependent on the potential gradient through
the oxide. With the decrease of the potential gradient the HPUF also decreased. The authors
suggested that with additional Fe, the dissolved Fe** concentration in the ZrO» increases causing
a higher electron concentration at the barrier layer which reduces the potential gradient.

Une et al. [141] studied three different alloys (Zircaloy-2 samples with 0.18 wt% and with 0.26
wt% (called GNF-Ziron), and a VB sample with the composition of Zr-0.5%Sn-0.5%Fe-1%Cr)
in 400 °C steam and in 290 °C IM LiOH. The measurements showed the same results:
increasing Fe content decreased the HPUF of the Zr-based alloys. However, the explanation
here was somewhat different: higher amount of dissolved Fe** in the oxide could decrease not
only the potential gradient but the mobility of the interstitial protons therefore decreased HPU.
The assumption is that the substitutionally dissolved Fe*" could enhance the formation of defect
clusters containing oxygen vacancies and other defects and the concentration of these increases
with increased Fe content; while the concentration of electrons decreases [141].

Furthermore, the presence of these defect clusters would supress the mobility of protons through
the oxide [141]. Therefore, the controlling parameter for the HPU is the diffusivity of protons

in the oxide lattice [141].

The diffusivity of hydrogen and its species is believed to be affected by other phenomena as
well, such as high stresses in the oxide and the fraction of tetragonal ZrO; (in which the
diffusivity is lower). The delayed oxidation of the SPPs in the barrier oxide layer could

introduce higher compressive stresses in the oxide which would in turn stabilize the tetragonal
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oxide phase. Therefore, SPPs in the barrier layer could decrease the H-uptake of the material
by reducing the mobility of the hydrogen. It is important to note that this is contradictory with

the other studies, e.g. those presented in Section 2.4.2.4.

In another study of Une et al. [152] the relationship between the H absorption and diffusivity
in the oxides were studied on the same alloys as in [141] and on Zr-2.5Nb [152].
The authors suggested that the dissolved Nb*" in the oxide also helps the formation of oxygen
vacancies and trapping hydrogen. The higher valence state Nb>" would be dissolved only at the
surface region of the oxide. In this case the formation of electronic defects would be
energetically favourable and this would increase the electron and decrease the oxygen vacancy
concentration [ 152]. The first could enhance the proton reduction at the surface and reduce the
amount of proton entering the material and the HPU [152].
Takahashi et al. [110] studied the effect of the type of SPP on the HPUF in water at 280 °C.
The HPUF was measured as 16.1% for Zircaloy-2 containing both Zr>(Fe, Ni) and Zr(Fe, Cr)
SPPs; 3.5% for Zircaloy-4 with Zr(Fe, Cr), SPPs; and 99.5% for Zr-1.5Sn-0.3Ni having Zr»(Fe,
Ni) SPPs. The Fe/Cr ratio was smaller for Zr(Fe, Cr), SPPs that are incorporated in the oxide
layer than that in the metal, i.e. during the oxidation of the SPP the alloying elements (especially
Fe) diffuse out of the SPPs. The Fe/Cr ratio in the SPPs decreased within the oxide with the
prolonged oxidation [110]. Based on molecular dynamics simulations the authors estimated the
diffusion coefficient of H", H, and H in ZrO; with the following results [110]:

1. H" has the highest diffusion coefficient both in pure ZrO> or if the oxide contains Fe,

Cr, or Ni (Figure 2-17).
2. The oxide layer which contains Ni has a significantly higher diffusion rate of hydrogen

compared to the oxide containing Fe or Cr (Figure 2-17).
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Figure 2-17 Calculated diffusion coefficient of H2, H, and H* in ZrO.. H+ diffusion
coefficinet in ZrO: containing Fe, Cr, Ni, or no addition [110].

In a recent study on oxidized Zircaloy-4 (627 °C, 17 hours) it was claimed that dissolved Fe
has a significant effect on the formation of defects in the oxide and the clustering of these
defects depending on the chemical state of the dissolved Fe [153]. The defect structure was
calculated by density functional theory (DFT) while X-ray Absorption Near Edge Structure
(XANES) was used for the experimental measurements. XANES revealed the oxidation state
of the dissolved Fe in the different parts of the oxide. In the case of a tetragonal oxide, which
1s more common at the metal-oxide interface it is in state 2+ and oxygen vacancies are bounded
with one or two iron substitutional species [153]. A higher Fe concentration could stabilize the
vacancies which would result in a reduced mobility of the vacancies. If the main route for
oxygen is hopping via vacancies [154], this could lead to a reduced oxidation. In monoclinic

ZrO; the dissolved Fe was found predominantly as a 3+ state. The calculation showed that this
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Fe is defect charge compensated by electrons, and it was also shown that this leads to an
increased hole concentration in the oxide. The increased hole concentration results in a build-
up of positive charge in the oxide which could prevent the flow of H, i.e. reducing the HPU
[153]. This suggests that dissolved iron at the outer part of the oxide could reduce the HPU of

the material.

2.5.The impact of irradiation on the oxidation and hydrogen uptake —

Studies on irradiated and high burnup materials

In the previous sections, autoclave studies without irradiation were presented. The studies on
in-reactor irradiated claddings revealed that many aspects of the behaviour are different from
the autoclave tests of the same material. The out-of-pile tests do not give an accurate prediction
of the material’s behaviour in-reactor, therefore studies of in-pile claddings are essential to
better understand the properties of the claddings during service.

A short review is given on the differences between in-reactor and autoclave. Then the
differences in corrosion and HPU in BWR and PWR is described, followed by the alloy-specific
differences in the two reactor types separately. Finally, the current understanding of the reasons

behind these differences and behind certain changes during in-reactor service is provided.

2.5.1. Differences between out-of-pile and in-reactor corrosion
behavior

The oxide thickness produced in autoclave at the service temperature and in reactor on the same

alloy is significantly different. The formed oxide is thicker in BWR and PWR, even in the early
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stages of irradiation. A schematic example for PWR is presented in Figure 2-18. It is important

to note that the degree of the increased corrosion is alloy-dependent.

Figure 2-18 Schematic figure for comparison of the oxide thickness of PWR fuel rods with
out-of-pile measurements. The Figure is from reference [155]. The drawing is based on
in-reactor and out-of-pile measurements ( [156], [157]).

The HPUF of a given alloy is sensitive to the environment, therefore it is difficult to directly
compare the in-reactor and autoclave studies. However the general trends can be compared.
The autoclave tests assume that the HPUF remains constant for oxides thicker than a certain
value (7 um in [60]). Below this limit some variations were observed [60]. An example is shown
in Figure 2-19 for the autoclave measurements on different alloys from [60]. This aspect is
different in the reactor: a schematic comparison of the in-pile and autoclave (both in oxygenated
and hydrogenated environments) trends of Zircaloy-2 and 4 is presented in Figure 2-20 from

reference [109] which collected data from [108], [158], [159].

50



These observations indicate that the irradiation and environment change the material’s

behaviour. The next section presents some of the parameters influencing the in-reactor

performance of a cladding.
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Figure 2-19 Hydrogen content as a function of oxide weight gain in different alloys in
autoclave. Dotted lines show the HPUF [60].
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Figure 2-20 Time averaged HPUF of Zry-2 and Zry-4 in different environments from
reference [109] which has collected data from [108], [158], [159].
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2.5.2. Influencing parameters on the in-reactor behaviour

Besides the composition, the microstructure, and the SPP size distribution of the alloy, the
service time of the cladding, the irradiation scheme and type of reactor are also to be considered
as behaviour influencing parameters. The water chemistry is another factor that will influence

the oxidation and HPU.

2.5.2.1. Type of alloy

The in-reactor performance is highly alloy specific. Also, the same alloy family shows different
performance with a slight change in the composition and/or the heat treatment.

Figure 2-21 shows the oxide thickness along the elevation of different Zircaloy-4 type rods. In
the Part (A) of that Figure the role of Sn is demonstrated: the purple line shows the conventional
Zry-4 cladding containing 1.5 wt% Sn, blue line indicates the same composition with different
heat treatment, orange line corresponds to 1.3 wt% Sn content. The red line shows a different
alloy (ZIRLO with 1%Sn and 1%Nb). On Part (B) the role of Fe is stressed: the alloy with
higher Fe content (purple) shows better oxidation properties. Figure 2-21 indicates that the
behaviour of a certain type of cladding is not uniform along the length of the rod. This occurs
due to the environmental differences, such as the temperature of the coolant at the different
regions as well as the presence of the spacers at certain locations.

Considerable modifications in behaviour occur for completely different alloy types. In Figure
2-21-(A) the oxidation properties of ZIRLO (1 wt% Sn, 1% Nb, 0.1 wt% Fe) is better compared
to the Zircaloy-4 type materials. Figure 2-22 shows the trends of the oxide thicknesses formed
on different Zircaloy and Zr-Nb claddings. Studies of the PWR materials indicate that Nb-

containing claddings display enhanced performance compared to the Zircaloy-4 type claddings.
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Figure 2-21 Zircaloy-4 rods with slight differences in composition or in heat treatment.
(A): different Sn content and/or heat treatment from [S9] who adapted data from [160];
(B): role of different Fe content [161]. For details please refer to the text.

Figure 2-22 Corrosion behaviour of various claddings irradiated in PWR. Image is from
[17] which used references [162], [163].
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2.5.2.2. Size of the SPPs

Garzarolli et al. [109] reported a clear correlation between the SPP size and the oxidation of
the cladding based on several studies from different authors [164], [165], [166]: significantly
larger oxide weight gain occurred with small SPPs at higher fluences (Table 2-2 and Figure
2-23). Figure 2-23 shows the oxide thicknesses of irradiated claddings with different SPP sizes.
LK2 has the smallest, LK3 has the largest SPPs while LK2+ is in between the other two. The
hydrogen content was also reported in the same reference, shown in Figure 2-24:.claddings with
smaller SPPs showed higher H content. Based on three Zircaloy-2 samples having same
composition but different SPP sizes irradiated above 43 MWd/kgU, Tagtstrom et al. also
reported a strong correlation between the increased HPU and oxidation rate with decreased
initial SPP size up to medium burnup [167].

This indicates that the irradiation induced dissolution of the SPPs with different sizes has a

significant influence on the alloy’s performance.

Table 2-2 Weight gain and HPUF data for irradiated different claddings with various SPP
sizes and under different fluences. A burnup of about 40 MWd/kgU corresponds to a
fluence of 8.5 x 102!, The table is from [109] who collected data from [168].
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Figure 2-23 Oxide layer thickness of BWR claddings with different SPP sizes which is
increasing in the following order: LK2, LK2+, LK3 [109] who collected data from [164],
[165], [166].

Figure 2-24 H-content of BWR claddings with different SPP sizes which is increasing in
the following order: LK2, LK2+, LK3 [109] who collected data from [164], [165], [166].
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2.5.2.3. Length of the service time - Burnup
Some alloys show modified behaviour at high burnups, i.e. the late life performance is
significantly different from the medium or low burnup regions. The oxidation and the HPU
properties can change during the service of the cladding. Previously, Figure 2-22 already
indicated that for some alloys (e.g. Zircaloy-4) corrosion increases at high burnups while this

is not the case for the Zr-Nb claddings.

Previously it was under debate whether the HPUF remains constant with time for the same alloy
in reactor. Detailed characterization, by Abolhassani et al., of a Zircaloy-2 type claddings
irradiated in the same reactor for different service times revealed that HPUF can vary with the
service time (shown in Figure 2-25) [13]. In order to better understand the late life
characteristics of a cladding, the Zircaloy-2 type LK3/L (1.34 wt% Sn, 0.18 wt% Fe, 0.11 wt%
Cr, 0.05 wt% Ni) was kept in the reactor for 9 years (or 9 cycles), i.e. for 2 extra years above
the designed service time. Dashed lines in the Figure show the calculated HPUF, results show
that it is not constant for neither of the claddings. This result indicates that it is difficult to
predict the value of the HPUF for a given alloy and only by measurement, it is possible to
provide this value.

It is worth noting at this point that this experiment was carried out at PSI previously and it gave

the basis of the current PhD thesis to characterize the highly irradiated material.
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Figure 2-25 Mean oxide thickness and total H-content of LK3/L and LK2/L type Zircaloy-
2 claddings irradiated in the same reactor. Dashed lines show the HPUF values. From
[13].

2.5.3. Current understanding of the changed cladding behaviour
in-reactor

The different parameters responsible for material degradation are described separately however
they could occur at the same time during the service. In the present study, only in-reactor
materials are examined, therefore the studies on proton and ion irradiation are not reported.
Producing data on used claddings is difficult and time-consuming, therefore such data is much
scarcer. Especially for the extreme high burnup region, the amount of available samples is quite
limited.

First the in-reactor evolution of the SPPs and its effect on the oxidation and HPU is described.
This is followed by the microstructural aspects, e.g. the changes in the oxide structure. The

present knowledge on the role of the hydride phases is shortly covered.

57



2.5.3.1. Dissolution and evolution of the SPPs

In the studies of Abolhassani et al [29] and Valizadeh et al [14] the SPP evolution is analysed
by TEM in Zircaloy-2 type irradiated claddings. In the following, the results on the LK3/L
cladding will be presented.

The list of samples and the SPP analysis by TEM is in Table 2-3 [14]. The results for the 3
cycle sample are in reference [29]. The size distribution of the SPPs after the different stages
of irradiation is shown in Figure 2-26: in Part (A) the archive material and after 3 cycles, in Part
(B) the 5, 6, 7, and 9 cycle samples. The main conclusion is that the SPP number density
decreases significantly with irradiation already after 3 cycles and practically complete
dissolution of the SPPs occur at the higher burnup levels. Abolhassani et al concluded that the
stability of the SPP can vary with its composition: the lower the Fe:Cr ratio the less stable the
precipitate is [29]. This ratio decreases significantly already after 3 cycles (Table 2-4).

The mechanism of the SPP dissolution is discussed in [14]: the Fe-Cr precipitates show
amorphization during their dissolution. They show a “duplex structure”: the core of the SPP is
crystalline and the periphery is amorphous. This amorphous layer progresses towards the inner
core until the SPP is fully amorphized, i.e. at higher cycles and when the Fe:Cr ratio is under
around 0.2. This phenomenon is linked to the Fe depletion of the SPP and the depletion may be
the cause of the amorphization. The Fe-Ni type SPPs do not show amorphization during
dissolution. The study discusses the possible effects of the SPP dissolution (i.e. increased HPU
and rod growth) and it correlates the results with the acceleration of corrosion and HPUF of the
cladding under service. The study mentions that there seems to be a direct correlation between

the Fe depletion of the Fe-Ni type SPPs and the accelerated HPU.
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Table 2-3 List of LK3/L samples and the results of their SPP analysis from [14] where s is
the standard deviation of the measured population and Smean is the standard deviation of
the mean SPP diameter. Sample names are as follows: AEB069-E4 is S cycle; AEB068-E4
is 6 cycle; AEB071-E4 is 7 cycle; and AGB108-G6 is 9 cycle LK3/L cladding segments.

Figure 2-26 The SPP size distribution in LK3/L type claddings. Part (A): un-irradiated
sample and after 3 cycles [29]; Part (B): un-irradiated sample and after 5, 6, 7, and 9
cycles [14].
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Table 2-4 Oxide thickness, HPU, element ratios of SPPs and other parameters given after
different cycles [14].

2.5.3.2. Structural aspects of the oxide layer

The morphology and the composition of the metal-oxide interface of an irradiated Zircaloy-4,
low-tin Zircaloy-4 and Zr-2.5Nb samples were compared using TEM [169], [170], SIMS, and
EPMA [13].

SIMS results clearly reveal the transition region between the metal and the oxide. As it can be
seen from Figure 2-27 the concentration profile of oxygen and other elements from
stoichiometric oxide to the bulk metal is different, and the material with an improved oxidation
resistance has a larger transition distance [13]. The mass measured as ZrO originates from
ionized ZrOy. The transition thickness was 2 um for Zircaloy-4 and 2.5-3 um in Zr-2.5Nb
(shown in Figure 2-27). The longer oxygen diffusion path in Zr-2.5Nb was claimed to
contribute to the lower HPU and the lower (around 5 times lower) corrosion rate of this

cladding.
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Figure 2-27 SIMS result at the metal-oxide interface of a 4 cycle Zircaloy-4 (A) and a 3
cycle Zr-2.5Nb (B) sample showing the average transition area between the dashed lines
[13].

Furthermore the morphology of the metal-oxide interface of the Nb-containing material shows
a jigsaw-like structure while the low-tin Zircaloy-4 has a rather straight interface. A jigsaw
shaped metal-oxide interface is correlated to a better stress distribution at the interface [13],
[169]. It is suggested that metallic Nb in the oxide improves the mechanical properties of the
oxide at the interface and that these phases help to stop crack propagation in the oxide [169].
Furthermore, the oxide of the Zr-Nb material showed higher level of sub-stoichiometry at the
interface which is clearly associated with the better corrosion resistance [13], [169].

The claddings studied by Abolhassani et al. are the samples that are provided for the PWR

sample matrix of this current thesis for further examination.

The role of oxide grain size is another factor that needs to be discussed. If O is diffusing through
the grain boundaries, the oxide grain size should play a role on the rate of corrosion. The grain
structure and orientations were examined by Garner et al. on two BWR claddings [171]. The
orientation maps of the un-irradiated, a 3 cycle LK3 and a 6 cycle LK2 Zircaloy-2 in TEM are

shown in Figure 2-28. The LK3 sample has 4 pm oxide thickness, while LK2 has 108 pum.
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Columnar oxide grain structure was found before irradiation (grain length: 200-300 nm, width:
around 50 nm). The 3 cycle Zircaloy-2 cladding shows larger amount of equiaxed grains with
100-200 nm and a much finer grain structure is revealed for the 6 cycle Zircaloy-2 sample (50-
100 nm). The authors note that due to the difference in the cladding grade types, the
modification of the grain structure cannot be solely attributed to the service time in the reactor
but the differences in the SPP size could also play a role [171]. The authors conclude that the
results indicate some modifications in the process of oxide growth and nucleation in BWR. The
finer grain structure could result in increased porosity which in turn could increase the

oxidation.

Figure 2-28 Automated crystal orientation maps of un-irradiated and irradiated Zircaloy-
2 (LK3 and LK2) samples. The axial section of the samples is shown. From [171].

Bossis et al. studied the corrosion of PWR irradiated materials, such as low-tin Zircaloy-4 and
M5 [172]; Zircaloy-4 and Zr-1Nb-O claddings [173] with many different microscopy methods
(e.g. SEM. XRD, TEM). Among other factors, the micro-crack formation and its possible
causes were described.

They concluded that low-tin Zircaloy-4 oxide shows a modification in the cracking behaviour

with time while in the case of M5 there is no sign of change in the corrosion mechanism. It
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shows periodic sublayers with the same thickness. A modified crack distribution occurs in the
oxides formed at high burnups (59-70 GWd/t) on Zircaloy-4: the outer 20-30 pm of the oxide
shows periodic circumferential crack distribution but the rest of the oxide has less noticeable
periodicity with smaller cracks. The authors suggest that this phenomenon is linked to the
accelerated corrosion of this cladding at higher burnups. Others also observed connection
between the crack distribution and the corrosion kinetics: [71], [76], [174], however these are
autoclave studies. Bossis et al. discuss other factors that could be responsible for the accelerated
corrosion (i.e. the presence of preferential sites for crack formation; Sn content) [172].
Furthermore, the authors claim that the significant difference in the behaviour of M5 and
Zircaloy could be caused by the difference in their site of proton reduction: close to the metal-
oxide interface for Zircaloy-4 (i.e. metallic SPPs) and at the oxide-water interface for M5 (Nb>*

in the outer oxide) [172].

2.5.3.3. The effect of the hydride phases
The influence of the hydride precipitation on the accelerated corrosion of Zircaloy-4 is also
discussed in reference [172]. At the interface a hydride rim is present with high concentration
of hydrogen. Other studies found a connection between the presence of a massive hydride rim
and the modifications in corrosion kinetics in autoclave [15], [175], [176], [177]; and only
limited information is available for in-reactor influence [178]. It is revealed that high
concentration of hydrogen at the interface region results in a finer crack distribution and more
crack-free veins in the oxide [172]. It is concluded that the accelerated corrosion could be the
result of the presence of the hydride phases [172]. Only the studies of [15] and [178] discuss
the possible mechanisms that how could the hydrides influence the cracking of the oxide. It is
claimed that the hydride phases oxidize faster [179], and this is one possible factor leading to

an overall acceleration of corrosion [178]. It is also possible that the tetragonal to monoclinic
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transformation of the oxide would be assisted by the hydride precipitates [178], as the part of
the tensile stress, which is induced in the metal substrate due to the volume expansion of a
forming oxide, would be relieved by the formation of hydrides [175] due to the volume
expansion of the metal when a hydride forms. This, in turn would relax the compressive stress
on the oxide layer. As the tetragonal oxide is stabilized by the stress in the oxide at the metal-
oxide interface [180], the reduction in this stress would lead to the enhanced transformation of
the tetragonal phase to monoclinic phase, or even to the formation of monoclinic phase only
[178]. Due to the volume expansion during the tetragonal to monoclinic transformation pores
in the oxide could be generated. This could lead to the loss of protective layer and therefore
could increase the corrosion [178]. The authors claim that the accelerated corrosion that was
observed in the Ziraloy-2 alloy would increase towards higher burnups. The explanation could
be the following: it is expected that the amount of hydride precipitates at the metal-oxide
interface would increase t with longer service time. This would lead to more sites at the metal-
oxide interface where the stress relaxation of the oxide can occur (i.e. the authors claim that the
amount of hydride phases at the interface is proportional to the stress relaxation of the oxide)

[178].

2.5.4. Short summary on the impact of irradiation and the
objective of this study

Despite the increasing amount of information on irradiated claddings, the main factors that
influence the HPU and oxidation in-reactor are still to be further explored. For example there
is very limited data available on extreme high burnups materials where these processes may be

very much enhanced.
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On the accelerated corrosion of some of the PWR type claddings only few papers were found.
No literature was found on high burnup BWR cladding studying the increased oxidation and
the impact of oxide microstructure, and searching for the effect of hydrides at the high burnup
region.

There is a lack of information on the comparison of medium and high burnup samples both
from BWR and PWR in order to search for generalities between the two types of claddings and
their behaviour. Also, in general, when the cracks and hydrides of the irradiated materials are
characterized the used microscopy techniques observe only the surface of the sample and
provide two-dimensional information. There is a possibility to use methods providing
information in three-dimension where the different objects and phases of the cladding could be
characterized in space and more detailed information can be extracted, such as the spatial
relationship between the different objects.

The main focus of the current thesis is on the detailed characterization of a 9 cycle BWR
cladding (i.e. extreme high burnup) by means of different analytical techniques. This work aims
to contribute to the further understanding those processes that occur at extreme high level of
burnup. Subsequently the work is supported with the characterization of other, lower burnup
samples from BWR and the comparison to different types of claddings from PWR. Results are
presented in the thesis with the aim to search for some generalities in the hydrogen uptake
behaviour between the different cladding materials.

It must be mentioned that despite the fact that many studies have led to conclusions in form of
hypothesis, the actual causes behind many observation is still to be determined. The aim of this
thesis is to perform in-depth chemical and structural analysis of the specific claddings and

attempt to explain the observed phenomena.
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3. MATERIALS AND CHARACTERIZATION METHODS

In this chapter the materials investigated and the methods used for characterization are

presented.

3.1. Materials

The materials used in this study have been selected with the aim of comparing the cladding

behaviour (i.e. HPU and oxidation properties) in different conditions such as:

1. The same alloy in the same reactor environment with different cycles? (i.e.

service time in the reactor): 3, 6, 7 and 9 cycle Zircaloy-2 from BWR.

11. Different alloy composition in the same reactor environment with similar

service time: 3 cycle Zr-2.5Nb and 4 cycle Zircaloy-4 from PWR.

11l. Different reactor environments with slightly different alloy composition with
similar service time (e.g. 3 cycle Zircaloy-2 in BWR and 4 cycle Zircaloy-4 in
PWR). It is expected doing so, to separate the reactor- and material-specific

behaviours from those that are general processes.

The Zircaloy-2 samples are from the same cladding grade (LK3/L), from the same reactor and
the elevations of the segments is also very similar. Therefore, it is possible to describe the

behaviour of the LK3/L cladding grade at mid-span elevation in the BWR condition. However,

2Each cycle is 11 months, in the reactors studied in this project and the reactor being down for service
for approximately one month per year.
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the statements and conclusions based on the LK3/L samples would not be necessarily valid for
other materials with different compositions and different reactors.

Therefore, in order to have a complete overview and understanding; other Zr-based alloys, from
PWR, have been also characterized and the results have been compared with each other.

The aim is to see whether the different phenomena are present in all the alloys and are general
or the observed behaviour is rather specific to the given alloy and condition.

Two types of PWR alloys, namely Zircaloy-4 and Zr-2.5Nb, from the same reactor have been
also investigated. The details about each of the cladding and their compositions of the materials

is given in the following sections.

3.1.1. Zircaloy-2 - Grade of LK3/L

Zircaloy-2 samples with LK3/L grade have been studied. The cladding material is designed by
Westinghouse Electric and the designation “/L” indicates that the fuel cladding has an inner
liner to enhance the Pellet-Cladding Interaction (PCI) resistance [181]. All samples have
experienced the same reactor environment, namely they have served in the Swiss KKL
(Kernkraftwerk Leibstadt) [182], which is a BWR type reactor.

The composition of the LK3/L material and heat treatment parameter is provided in Table
3-1.The exact steps of the heat treatment process are usually not open to the public, instead a

parameter is provided to specify the treatment. This parameter is the cumulative annealing

-Q
parameter and it is described as A = Y. t;e®Ti [30], [31], where i is the i heat treatment (after

the last B-quench) at T; (K) temperature for t; (h) time, R is the gas constant and Q is the

activation energy for precipitate growth [31], here equal to 63 000 cal/mol [32], [29].

Samples served 3, 6, 7 and 9 cycles in the reactor have been studied in order to have an

67



overview of the microstructural and chemical changes of the material at different stages of the
residence time. The weight gain and HPU data for several claddings with different residence
times have been already measured by Abolhassani et al. [13] and are given in Table 3-2. The
un-irradiated material has been investigated as well in order to observe the initial status of the
material before irradiation. In Table 3-3 the elevation of the investigated claddings are

summarized.

Table 3-1. The composition of the LK3/L fuel rod with Zr as balance [13].

LKL gyl Fe | or | Ni | FerarnNi |, O | SU [joga
composition (ppm) | (ppm)
wt% 1.34 | 0.18 | 0.11 | 0.05 0.34 1320 70 142
at% 1.02 1 0.29 | 0.19 | 0.077 0.557 '

Table 3-2. Measured data showing the oxide thicknesses and hydrogen content of the
LK3/L cladding after different service times [13].

Segment
. . Segment Total
elevation for Mean oxide )
Number | Peak burnup . ) . elevation for H> | hydrogen
oxide thickness thickness
of cycles | (MWd/kgU) measurement content
measurement (um) (mm) (ppm)
(mm) pp
3 44.6 2005 4.4 (x0.7) 2002 44
5 59.6 2005 12 2002 90
6 66.9 2005 14 2002 202
7 67.4 1998 19 (£1.4) 2004 261
7 67.6 1995 21 (£0.9) 2000 339
7 73.3 1998 19 (£2.3) 2004 328
7 73.0 1998 19 (£2.3) 1995 224
9 89 2039.5 46 (£2.5) 2045 595
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Table 3-3. Parameters of the different LK3/L materials investigated in this study.

* TEM sample only.

Residence time Segment elevation
(cycle) (mm)
3 2011
6 2014.5-2019
7* 1928
9 2039

3.1.1.1. 3 cycle LK3/L sample
This material has been selected in order to investigate the cladding at a medium burnup. During
the study the 9 cycle cladding material has been characterized first and based on the results the
3 cycle sample has been selected as a proper candidate for answering the questions that arose.
For this reason the microstructure, the chemistry, and the morphology of the oxide, the metal,
and the metal-oxide interface of the two materials have been compared. EPMA, TEM and 3D

reconstruction have been carried out on this sample.

3.1.1.2. 6 and 7 cycle LK3/L samples
Two samples after high burnup stage have been studied. A 6 and a 7 cycle sample have been
selected for EPMA and TEM measurements, respectively. It is worth mentioning that usually

the cladding is removed from the reactor after 6-7 cycles.

3.1.1.3. 9 cycle LK3/L material
In order to examine an extremely high burnup cladding material a 9 cycle sample has been
selected for a full characterization (i.e. EPMA, TEM, and 3D reconstruction). This fuel rod has
a special irradiation scheme: it has been irradiated for 6 cycles, after which it has been stored

in the pool side for one cycle, and subsequently irradiated for 3 further cycles (see Figure 3-1)
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[33]. This is an important aspect to be taken into account when evaluation the data of this
cladding. It must be mentioned that rods with such long residence times are produced very
rarely to examine the material behaviour in extreme conditions [33]. Therefore, the full
characterization (i.e. EPMA, 3D reconstructions, TEM studies) of this material was one of the
main aims of the study and there will be a more detailed description on the 9 cycle sample

compared to the other cycles.

Figure 3-1 Typical power history of the 9 cycle LK3/L cladding showing six different
elevations (here called nodes) [33]. The local burnup is provided in the inset for each
elevations.

3.1.2. Low-tin Zircaloy-4

Table 3-4 shows the composition of the low-tin Zircaloy-4 material designed by Framatome
GmbH. Compared to the LK3/L Zircaloy-2 material, this cladding contains less Sn, slightly

more Fe and Cr and does not contain any Ni. This material is used in PWRs.
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Table 3-4. Composition of the low-tin Zircaloy-4 fuel rod with Zr as balance [13]. HT:
heat treatment; SRA: stress relieve annealed.

SPP
H
Composition Sn Fe Cr ¢ O HT mean size
(ppm) | (ppm) | (ppm)
(nm)
wt% 1.20 0.22 | 0.107 | 140 | 1730 8 504°C 190
at% 0.914 0.356 | 0.186 SRA

3.1.2.1. 4 cycle low-tin Zircaloy-4 material
A cladding segment has been investigated after 4 cycles of service time of the cladding in the
PWR type KKG “Kernkraftwerk Gosgen” reactor. Further parameters regarding this sample
and the oxide thickness and HPUF can be found in Table 3-5 and in Table 3-6 respectively. The
H content and oxide thickness vary along the rod elevation due to the gradient of the coolant
temperature from the bottom of the rod (lowest T) to the top (highest T). Interestingly in the
case of this rod the hydrogen content increases with oxide thickness and the HPUF shows little
variation for the segments studied, which are not in the spacer. Electron Probe Micro-Analysis

(EPMA) and 3D FIB tomography have been carried out on this sample.

Table 3-5. Parameters for the 4 cycle low-tin Zircaloy-4 segment [13].

Residence | Segment | Rod maximum
time elevation oxide Burnup
. MWd/kgU
(cycle) (mm) thickness (um) ( gV)
4 1468 59 51.1

Table 3-6. Oxide thickness and H content data for the 4 cycle low-tin Zircaloy-4 rod [13].

Rod elevation (mm) Oxide thickness Hydrogen content HPUF (%)
(pm) (ppm)
353 7.5 522+5 ~15
1561 25 209 + 19 ~19
2525 44 367 £31 ~19
3120 56 460 + 44 ~18
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3.1.3. Zr-2.5Nb

Table 3-7 shows the composition of the Zr-2.5Nb cladding produced by Framatome GmbH.
The rod is from the same reactor as the low-tin Zircaloy-4, namely from KKG and the

parameters regarding its burnup, oxide thickness and H content are presented in Table 3-8.

Table 3-7. The composition of the Zr-2.5Nb. HT: heat treatment; PRX: partially
recrystallized condition [13].

Si
Composition Nb Fe C m) | O m) | H m HT
p (ppm) (ppm) | O (ppm) | H (ppm)
wt% 2.5 0.07 60 180 1170 10 500°C
at% 2438 | 0.114 PRX
3.1.3.1. 3 cycle Zr-2.5Nb sample

The studied cladding segment is from a rod which served 3 cycles in KKG. The parameters of
this segment are presented in Table 3-8. EPMA and 3D reconstruction have been carried out on

this sample.

Table 3-8. Parameters of the analysed segment and for the full Zr-2.5Nb rod [13]. *From
one data point.

R
) Segment od 'max Rod available
Residence elevation Burnup oxide data for H
time (cycle) (MWd/kgU) thickness
(mm) content (ppm)
(um)
3 869 41.4 16 70*
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3.2.Characterization Methods

3.2.1. Scanning Electron Microscopy and Focused Ion Beam
tomography

For this study a Zeiss NVision 40 dual-beam FIB/SEM system with a field emission gun (FEG)
has been used in Paul Scherrer Institute for imaging, TEM sample preparation and also for
focused ion beam (FIB) tomography. This FIB system uses Ga* source and can be operated
from 5 keV to 30 keV, and from pA to nA range, respectively. A high current ion beam is
typically used to cut and mill the sample while a low range of FIB current is used to polish the
sample or deposit different materials (e.g. Pt, C). Alternating FIB cutting and SEM imaging
enables the acquisition of a stack of images from a volume of material. These images can be
used to reconstruct the 3D microstructure of the material, using adapted software. This is the
principle of the FIB tomography.

During the study ImageJ 1.50 and Avizo 9.2.0 were used to reconstruct the 3D microstructure.
In the following subsections a more detailed description about both the experimental and the

computational procedure will be given.

3.2.1.1. Experimental procedure of the FIB tomography
The slice-and-view process starts with the selection of the area (or more correctly the volume)
of interest on the sample. After this step, Pt is deposited on the site of interest in order to avoid
any damage that could be caused by the ion beam. Briefly, the types of damage due to Ga ion
are 1) ion implantation which modifies the chemistry of the region and ii) to some extent the
irradiation damage at the surface and the surfaces such as amorphization. The role of

contamination from the atmosphere of the FIB chamber and in particular artefacts induced by
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the FIB sample preparation, including hydrides observed at the surface of the sample, have been
studied recently [183]. In order to avoid any artefacts in this study, care has been taken to
observe hydrides in the SEM prior to cutting and to keep the conditions similar, to be able to
compare results with one another. In the next step, the surrounding area is removed and the so
called trenches are created around the volume of interest, by gradually reducing the milling
current towards the volume of interest. Table 3-9 shows the currents which have been applied
before and during the slice-and-view process. Once the selected cube is ready to be studied, the
serial sectioning can start. This step is also destructive for the cube of interest: using the FIB
consecutive slices are removed from the sample and each slice is followed by the acquisition
of'an image by SEM on the surface of the freshly cut cross-section (shown in Figure 3-2). Many
detectors (e.g. SE, BSE, EDS) can be used depending on the objective of the measurement. In

this study either SE or BSE images have been acquired.

Figure 3-2. Illustration of the slice-and-view method [184].
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Table 3-9. The sequential milling currents applied during the rough mill and slice-and-
view. A 30 kV FIB gun voltage was applied throughout the process.

Distance from the Apolied millin
edge of the deposited pp &
current
area (um)
4 13 nA
3 6.5 nA
1.5 3nA
0.5 1.5 nA
0 700 pA
During slice-and-view 300 pA

3.2.1.2. Computational process of the FIB tomography

In order to reveal the 3D microstructure of the different sites of the samples, in the case of the
3 and 9 cycle LK3/L materials ImageJ 1.50 image processing software and its plugin TrakEM?2
have been used on the acquired image stack. In the case of the 6 cycle LK3/L, the low-tin
Zircaloy-4, and the Zr-2.5Nb materials Avizo 9.2.0 programme has been used. Furthermore, in
order to be statistically more meaningful, two of the samples have been re-examined and the
slice-and-view on a new area of the sample and subsequent 3D reconstructions have been
repeated. These results were also reconstructed using Avizo 9.2.0 programme. For the sake of
continuity and validity of comparison, one set of data was checked with both software and the
differences were minimal.

The computational process starts with the alignment of the images. It is necessary due to any
image shift, or if the sample was drifting during the slice-and-view process. Either automatic
or manual alignment of the images can be applied. In both of the cases there are more alignment
options (e.g. automatic: using a gravity centre, automatic optimization of a quality function,

edge detection based alignment; manual: translation of the slices manually, or defining
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landmarks on the images). In general, the automatic alignment options did not give the expected
result for the images obtained from the cladding samples. Therefore, during this study, mainly
manual or semi-automatic (landmarks) alignment has been used. When it was possible, first the
automatic image alignment was applied and further fine alignment was carried out manually.

The segmentation and labelling of the images (i.e. identifying and separating the different
objects — for example the cracks in the oxide from the oxide matrix — in the images) is the next
step of the reconstruction. There are some options for automatic segmentation but for this the
objects of the images and the brightness-contrast difference between different objects have to
be easily distinguishable. Segmentation has been carried out manually in those cases where
ImagelJ was applied. In those reconstructions where Avizo was used, either manual or automatic
segmentation was employed depending on the contrast-brightness differences of the objects.
However even in those cases where automatic procedure was possible, a following manual
interaction was needed in order to correct the wrongly segmented group of pixels. As an
example, during the slicing of the oxide, most of the times the “curtaining effect” is visible
below the cracks (see Figure 3-3). These wavy traces, having a pixel value very close to cracks’
pixel value, they will be automatically selected together with the cracks. This can be corrected
manually. Figure 3-3 shows the labelling of an SEM image at the metal-oxide interface in the
case of the 3 cycle material: the objects with green colour are labelled as cracks and the

transparent pink colour is associated with the oxide matrix.
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Figure 3-3. An example for the acquired SE images (left) and the segmentation and
labelling of the image (right). On the segmented image, cracks are labelled as green, while
the oxide matrix is shown as transparent pink.

After every object is correctly labelled on all the collected images, in the last step the
visualization of the 3D volume is done by generating meshes automatically. It is possible to
measure the volumes of different objects. However, it must be mentioned that several factors
could cause some errors in the determination of these calculated or allocated volumes. Some of

these are listed as follows:

(1) error of the estimation of the slice thickness cut by FIB,

(2) error due to the destructive nature of the method (i.e. fine features or objects present
between the two consecutive layers are removed and not accounted for, fine changes in
the shape of the objects),

(3) limitation due to the resolution of the SEM images,

(4) error during segmentation of the images (e.g. overestimation or underestimation of the
contours of an object),

(5) possible modification of microstructure by ion beam.
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3.2.2. Electron Probe Micro-Analysis

Electron Probe Micro-Analysis (EPMA) provides quantitative and qualitative measurement of
the chemical composition on microscopic scale. Focused electron beam is applied for the
imaging and for the interaction with the sample and Wavelength Dispersive Spectroscopy
(WDS) is used for the accurate chemical analysis of the characteristic X-rays. The EPMA
system takes the advantage of analysing crystals which preferentially diffract a chosen
wavelength from the X-ray signal coming from the sample towards the detector (proportional
counter). The basic principle of the EPMA is shown in Figure 3-4. The advantage of this
technique compared to those which utilize Energy Dispersive Spectroscopy (EDS) is that the
resolution of the WDS is significantly higher therefore overlap of the peaks can be avoided, and
even trace elements can be measured. However, this process is slower than EDS, as here only

one wavelength (i.e. energy) can be detected at any single time.

Electron
Beam

Johansson geometry
______ bent to radius 2R and
ground to radius R

LY
. Rowland
circle

/ X-ray
. detector

Figure 3-4. Schematic drawing showing the basic principles and the geometry used in the
EPMA [185].
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A JEOL JXA-8500F EPMA with a FEG has been used in this work. All measurements on
Zircaloy type samples were obtained using the K, signal of O, Cr, Ni, Fe, and L, signal of Zr
and Sn and in the case of the Zr-2.5Nb sample L, of Nb. Table 3-10 shows the detailed
parameters of the crystals used for the detection of different elements. The following parameters
were used during the different type of EPMA analyses:

e Point measurements for local information (e.g. SPP or hydride concentration; or
concentration changes across the metal-oxide interface) have been carried out using the
smallest beam size at 15 kV acceleration voltage and at 240-260 nA probe current (about
100 nm beam diameter). Quantitative point analyses were performed in the metal and
in the oxide (precision of the analysis is given in Table-AlIl 1 in Appendix II).

e A larger, 2 um beam diameter (selected from the software settings) has been used for
the rest of the point measurements when an average concentration information was
satisfactory (e.g. long line scans in the bulk metal). Here as well, 15 kV accelerating
voltage and 240-260 nA beam current was applied.

e The spot size at 15 kV accelerator voltage and beam current of 240-260 nA was selected

during all elemental maps. The spatial resolution of the elemental maps is 200-300 nm.

The beam diameter at different conditions as well as the elemental map resolution is estimated
based on the machine specifications given by the producer and on the data available in the
literature (e.g. [186]). The maps are only qualitative analysis to represent the distribution
information about each element in the material. Therefore, it is worth mentioning that different
maps cannot be compared on a quantitative basis. All point analyses are quantitative and the

results are normalized.
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Table 3-10. The crystals used for element detection during EPMA measurements and
their parameters. The k-value is the reflective index of the given crystal.

Approx. Measured
Crystal Name Formula | Orientation | 2d (A) k range
elements
A)
LIF Lithium 200 | 4.0267 | 0.000058 | 0.8-3.0 | Zr,Sn
fluoride
) Cr, Fe,
PET | Pentaerythritol | C(CH2OH)4 002 875 10.000144 | 2.2-7.1 Ni. Nb
PCl1 or )
DI W-Si 60 0.010000 | 25-80 O

3.2.3. Transmission Electron Microscopy

Throughout the study two different types of TEMs have been used: a JEOL JEM 2010 for
imaging and crystallography study and an FEI TALOS F200X for EDS measurements using its
so called “ChemiSTEM”. The measurements on the first microscope have been carried out at
PSI and the latter one was used at the University of Birmingham and at ETH Ziirich. All the
TEM experiments were performed with the acceleration voltage of 200 kV. The JEOL JEM
2010 1s equipped with a LaBg cathode and an INCA EDS system of Oxford Instruments. The
FEI TALOS F200X TEM is equipped with a brighter X-FEG gun and with 4 EDS detectors in

order to achieve high speed chemical measurements (e.g. element maps and line scans).

3.2.3.1. Sample preparation procedure for TEM studies

The TEM measurements require a thin foil sample with a thickness between 50-100 nm. For
this study samples approximately 100 nm thick have been prepared by the ZEISS NVision 40
system. After choosing the area of interest (AOI), the selected region was covered (or both Pt

and C) with 1-2 pm thick Pt layer deposition and — depending on the size which is required for

the study — the area selected for Pt deposition was around 10x3 pm?, the deposition was
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performed with 5 pA/um? FIB current. The surrounding area from the three sides of the AOI
has been removed using the FIB with decreasing currents (same as presented in Table 3-9). The
depth of the cut also depends on the type of sample observed and can be in the range of 5 to 10
um. The next step is to cut the bottom of the ~3-4 um thick lamella free. For this the sample
has to be tilted by around -10° and an L-shaped cut using 1.5 nA FIB current has to be carried
out. Subsequently the lamella is transferred to a TEM sample grid using the Kleindiek
micromanipulator: after the needle is almost touching or touching the free side of the lamella,
Pt is deposited on the touching area on both the sample and the needle. Once the sample and
the needle are stably attached to each other, the other side of the lamella is also cut so that the
lamella is free. Then the bulk sample is displaced and the TEM grid is brought under the
micromanipulator needle, the micromanipulator is moved close to one of the fingers of the grid
and touches it with the free side of the lamella. This side is attached to the finger of the grid in
the next step by Pt deposition. Finally, the Pt weld between the needle and the lamella is cut by
the FIB. The successful transfer is followed by further thinning of the lamella from the initial
thickness of 3-4 pm to 1.5 um using the range of the middle level FIB currents (see in Table
3-11). Between the thickness of 1.5 um and 100 nm (i.e. to the final size) a range of the low
currents are used (Table 3-11). In the final step the lamella is polished by a gentle beam with
low acceleration voltage and low currents. All milling sequences always have to be repeated on
both sides of the lamella. After this sample preparation, the TEM examination of the lamella is

possible if the quality of the lamella is good.
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Table 3-11. The currents used during the TEM sample preparation. *Short milling, about
30-40 s on each sides. **About 100-120 s on each sides. *** With low magnification (1000-
2000 x), full image, fast scanning about 120-180 s on each sides.

Distance from the edge of | Used milling current and
the deposited area (um) accelerator voltage
Step 1 — Rough cuts (All with 30kV)
7 27 nA
3 13 nA
1.5 6 nA
1-0.5 3nA
Step 2 — Fine cuts (All with 30kV)
700 pA
300 pA
0 (On the thick lamella) 150 pA
80 pA
40 pA
Step 3 — Final polishing and cleaning
300 pA - 10 kV*
0 (On the thin lamella) 20 pA — 5 kV**
60 pA — 2 kKV***
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4. LK3/L TYPE ZIRCALOY-2 — PART 1: MICROSTRUCTURAL

CHANGES IN THE OXIDE AND THE METAL

4.1.Introduction

The LK3/L Zircaloy-2 sample was characterized in details, therefore the microstructural and
compositional results are presented in two chapters. However, the two parts are complementary
to each other and should be considered together.

The normal service time of a cladding in KKL is about 6-7 cycles. The 9 cycle cladding serves
for scientific purposes as it represents the conditions after extremely high burnup. Such high
burnup rod is commonly not available; for this reason the literature and knowledge about it is
valuable. It is expected that the typical late-life phenomena and changes (in composition and
microstructure) occur in an emphasized way in this cladding. The data related to this material
can be expected to help to evaluate the mechanisms involved to reach such extreme conditions.
Therefore, this sample was fully characterized and these measurements were the starting points
of this study. Other samples with lower burnups have been chosen specifically in order to
answer some questions which have come about after the evaluation of the 9 cycle sample, and
for comparison. These materials have not been studied to the same extent, only the examinations
that would bring new insights for the understanding were carried out. The results are presented
in the order of increasing burnup, i.e. the sample before irradiation is given first, followed by

the 3 cycle, the 6 cycle, and the 9 cycle sample.

This chapter reports the manner of sample selection based on the subdivision of the 9 cycle
sample’s oxide layer in the first part. The selected materials are discussed subsequently, their

overall structure is always shown first (by TEM), followed by the 3D FIB reconstruction of
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their oxide and metal-oxide interface. The changes in the morphology of the metal-oxide
interface is briefly described. The last part deals with the evolution of the hydrides in the metal,

and considers their influence on the microstructure and protectiveness of the forming oxide.

4.2.Microstructure of the un-irradiated material

The un-irradiated material was already studied at the Paul Scherrer Institute in order to describe
its general characteristics, such as grain size and texture. The average grain size is lower than 3
um. The grains are oriented and the c-axis of the HCP lattice is parallel to the radial axis of the
tube. JEOL JEM 2010 has been used for observation in this study and a micrograph is shown
in Figure 4-1 and the SPPs are visible. The two types of SPPs have been identified using
ChemiSTEM maps which is presented in Chapter 5, there the composition of the SPPs are
further discussed. Based on the ChemiSTEM maps the mean diameter of the Zr(Fe, Cr)> SPPs
was measured as 48 nm based on 58 particles. The Zry(Fe, Ni) are rather elongated and the
average diameter is 95 nm in the shorter and 135 nm in the longer dimension based on 12
measured SPPs. Abolhassani et al. [29] and Valizadeh et al. [14] provided the SPP size
distribution with high statistics on the same (presented in Chapter 2 (Figure 2-26)). The authors

reported 6.4 x 10" m SPP density and 42 nm average SPP size with median of 30 nm [14].
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Figure 4-1 TEM micrograph of the un-irradiated LK3/L sample (by JEOL JEM 2010).
Some of the SPPs are marked by arrows.

4.3.Microstructural evolution of the oxide and the metal-oxide interface

In order to observe the oxide layer evolution of the material in an efficient way, the selection
of the claddings to be studied is a crucial step. The method of selection and the reasons for

choosing a certain cycle cladding is described in the following.

The study started on the 9 cycle sample. Its oxide shows the full oxidation history of the
cladding, therefore it was used when selecting the sample matrix for the thesis. The oxide
thicknesses after specific residence times (after 3, 5, 6, and 7 cycles) are known from [13].
Based on these values the 9 cycle cladding’s oxide was separated into sub-layers, each of them
showing the formation of the oxide after 3, 5, 6, 7 and 9 cycles. For this, we assumed that the
rate of oxide growth during these earlier stages of the 9 cycle cladding’s life was similar to the

individually measured values. In other words, the oxide was used as a “fossil” that preserves
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the microstructure of the previously formed layers. The validity of this assumption was also

tested during the study.

In this way, it is possible to investigate specific areas of interest separately; considering some

important factors such as:

i.  the microstructure of the given layer (e.g. high amount or no observable cracks);

ii.  the change in the oxidation kinetics just before or after the formation of the specified

layer;

iii.  the changes in the HPU before or after the given cycle.

The microstructural changes are analysed to understand the modifications brought with the
number of cycles. In the following the subdivision of the 9 cycle sample’s oxide layer is
described and the selection of other cycles which are considered as highly interesting based on

at least one of the above mentioned points.

4.3.1. Subdivision of the oxide layer of the 9 cycle cladding

The available values for HPU and oxide thickness as a function of cycles of the LK3/L rods
were taken from a previous publication [13] and are shown in Table 4-1. These thicknesses
were measured and marked on the 9 cycle oxide. It is clear that the latest formed oxide that
formed in the last cycle is the innermost oxide at the metal-oxide interface while the outermost
oxide formed in the beginning of the service. Figure 4-2 shows the outer part of the 9 cycle

cladding, consisting of the crud, oxide and metal parts, and the result of the oxide subdivision.
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Table 4-1. Measured data for LK3/L claddings with different cycles [13].

Seg@ent Mean Segment Total
Number | Peak burnup e?eva‘u(’)n for oxide elevation for H> | hydrogen
of cycles | (MWd/kgU) oxide thickness thickness measurement content
measurement
() (k) (mm) (ppm)
3 44.6 2005 4.4 (x0.7) 2002 44
5 59.6 2005 12 2002 90
6 66.9 2005 14 2002 202
7 67.4 1998 19 (£1.4) 2004 261
7 67.6 1995 21 (£0.9) 2000 339
7 73.3 1998 19 (£2.3) 2004 328
7 73.0 1998 19 (£2.3) 1995 224
9 89 2039.5 46 (£2.5) 2045 595

The following is observed after subdivision.

The oxide part which formed in the first 3 cycles seems to have no cracks.

A large circumferential crack along the entire circumference of the segment is
observable in the oxide which formed between the 3™ and 5™ cycles. The time of
formation of this crack is not necessarily this period. Between these cycles the oxide

layer has grown an additional 7.6 pm and it is 2.7 times thicker than after 3 cycles. The

H content increased by an additional 46 ppm (a factor of 2.3).

Between the 5™ and the 6™ cycles the oxide growth was slower and the oxide

microstructure does not show extreme cracking. The average oxide thickness increased

only by 2 um, from 12 to 14 um. However, the H content doubled as the material picked

up an extra 110 ppm H.

Between the 6 and 7™ cycles the oxide became around 1.5 times thicker growing an

additional 5-7 um. In the case of the 7 cycle sample three data points are given from

similar elevations, therefore more statistics is available and certain scatter is observed.

The HPU was 1.1-1.7 times higher (additional 22 and 137 ppm H).
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e In the last two years of the service, i.e. between the 7" and the 9" cycles the oxide
growth is significantly increased (from 19-21 um to 46-47 um) and the H content is 1.8-
2.7 times higher. A large, continuous circumferential crack is present in this region of
the oxide (Figure 4-2). If this crack formed during the service, its time of formation is

most likely between the 8" and the 9™ cycles or during the 9" cycle.

Figure 4-2. BSE micrograph of the oxide of the 9 cycle LK3/L sample representing the
subdivisions of the oxide layer. Straight lines indicate the estimated oxide thicknesses
expected to have grown during the given cycle; please refer to the text for the explanation.

Figure 4-3 shows the increment in the additional H content and oxide thickness in yearly
average. For the 7 cycle cladding the average of the four data points (Table 4-1) are given. From
5 to 6 cycles the yearly average of HPU increases significantly while the oxide growth slows
down. The HPUF is not constant during the service (Figure 4-4): it is around 15-20% in the 3
and 5 cycles, 35% in the 6 cycle samples while it varies for the 7 cycle segments between 25-

40% (the average is shown in the graph) and it was around 30% after 9 cycles.
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Figure 4-3 Graphs for the average yearly increase of hydrogen content and oxide
thickness of the LK3/L claddings between the indicated cycles. The empty markers
indicate average values based on assumption and they are not from measurements.

Figure 4-4 The hydrogen pickup fraction values in the different cycles of the LK3/L
cladding segments from similar elevations (~2000 mm). The average of 3 samples is shown
in the case of the 7 cycle sample (indicated by arrow).
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The 3 cycle sample has been selected for more detailed investigation due to the following
reasons:
e Protective oxide layer is expected against rapid oxidation and HPU. It gives a good
comparison with the less protective oxides which formed at higher burnups.
e [t helps to validate our assumption that the microstructure of an already formed oxide is
preserved with further service (i.e. the oxide acts as a “fossil”’) if we compare it with the

outermost layer of the 9 cycle oxide.

For the higher burnup region the 6 cycle sample is a good candidate due to the following
reasons:
e It seems to be more protective against rapid oxidation but less protective against HPU
compared to the previous cycles.
e [tis close to the normal length of the lifetime of the cladding in the reactor.
e Regarding the service time and burnup this cladding is in between the 3 and 9 cycle
samples therefore it is the ideal sample for comparison with a relatively low and an

extremely high burnup cladding.

Finally, the 9 cycle oxide is presenting the extreme high burnup state of the cladding with
increased HPU and oxidation, therefore it is highly interesting.
The next section deals with the microstructural evolution of the LK3/L cladding based on the

selected samples.
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4.3.2. Characterization of the crack microstructure after 3, 6 and

9 cycles by TEM and FIB tomography

4.3.2.1. 3 cycle LK3/L sample

The microstructure of the 3 cycle sample by TEM

A TEM micrograph of the 3 cycle oxide is shown in Figure 4-5. The oxide contains a mixture
of equiaxed and columnar grains with a grain size between 20-65 nm (average of 41 nm based
on 12 grains) in the first case and 35-40 nm width and 80-170 nm length in the latter case (from
4 measurements). In Figure 4-6 the metal-oxide interface is also shown, the GBs and small
hydride precipitates are visible. Figure 4-7 shows the metal-oxide interface at higher
magnification. It is worth noting that the presence of the hydride precipitates were confirmed
by observing their diffraction pattern when JEOL JEM 2010 was used. During the
measurements using FEI TALOS F200X, although the electron diffraction of these precipitates
were not available, the nature of such precipitates have been several times confirmed by means
of electron diffraction in TEM. The formation of columnar oxide grains is captured as well as

small hydride in the metal about 200 nm from the interface.
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Figure 4-5 TEM micrograph on the oxide of the 3 cycle LK3/L sample. The upper part is
showing the oxide in the vicinity of the metal-oxide interface, the bottom part is the
outermost oxide.
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Figure 4-6 Low magnification TEM micrograph on the metal and oxide of the 3 cycle
LK3/L sample.

93



Figure 4-7 TEM micrograph of the 3 cycle LK3/L at the metal-oxide interface. The metal-
oxide interface is indicated by the arrows.

FIB tomography on the 3 cycle sample

SE images of the 3 cycle cladding’s outer part is presented in Figure 4-8. In Part (A) the axial
direction of the tube is normal to the image. Part (B) shows the cross-sectional cut of this, i.e.
the image is taken parallel to the tangential axis. The oxide layer is thin and in the metal few,
small size hydrides are formed, close to the metal-oxide interface. The 3D reconstruction of the
oxide is shown in Figure 4-9 3. The coordinates are defined as follows: X axis is parallel to the
tube radial direction, while Y is parallel to the tube axial direction and the direction of the
incident ion beam. Therefore, X-Y surface corresponds to the cross-section of the sample (i.e.
where the images were taken). Axis Z gives the direction of slicing and is parallel to the

tangential direction of the tube. In total 113 SE images were acquired using 10 kV accelerating

3 Please note that the oxide — when displayed in the 3D reconstructions — is presented with a transparent
color (transparent pink) throughout the thesis, therefore the objects inside the oxide are visible in the
full volume.
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voltage. The average slice thickness is 28.5 nm. The reconstructed oxide volume is 65.39 (+
~10) um? from which 0.13 (£ ~0.02) pm? belongs to the cracks, i.e. the crack volume fraction
is 0.19%. For the detailed description of the estimation of the error, please refer to Section
8.1.1.1 (Error estimation of the FIB tomography results). The volume fraction is calculated as:
Verack/ Viotal X100; where Verek is the volume of cracks and Vi is the total reconstructed
volume. A second reconstruction has been produced at the same region for higher statistics. It
shows higher crack volume fraction, namely 0.76%. This is due to the high statistical variation
of brittle failure in the ceramic materials. In this second region the cracks are bigger in size
compared to the first region. Here, fine radial cracks are also revealed (example SE micrograph
in Figure 4-10). Although the crack volume fraction varies from region to region, these results
show that only few cracks can be found in the oxide layer after the first 3 years and that fine
radial cracks occurred at certain regions of the oxide. The low level of porosity of this oxide is
one of the factors that provides good protection against further oxidation and HPU of the 3

cycle cladding.

Figure 4-8. SE images of the outer part of the 3 cycle LK3/L cladding. (A): Top view.
Arrows indicate hydrides in the metal. The black square merely indicates a similar area
where the 3D cuts were made; it does not represent the exact position of the cuts. (B): The
FIB cross-section of the sample, i.e. one of the slices used for the 3D reconstruction.
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Figure 4-9. 3D reconstruction (by ImageJ) of the oxide of the 3 cycle LK3/L sample. Green
objects: cracks, transparent pink object: oxide matrix. Dimensions of the “bounding
box”: X=4.97 pm, Y=6.30 pm, Z=3.2 pm.

Figure 4-10 SE image of the 3 cycle LK3/L metal-oxide interface. Arrows mark the fine
radial cracks in the oxide.
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4.3.2.2. 6 cycle LK3/L sample

The microstructure of the 6 cycle sample by TEM
The TEM analysis of the 6 cycle sample was not performed, however TEM observations on the

7 cycle sample are reported in Chapter 5 — Section 5.2.2.3.

FIB tomography on the 6 cycle sample

The outermost part of the sample is presented in Figure 4-11-(A). In Part (A) the normal vector
of the image’s surface is parallel to the axial axis of the cladding. In Part (B) the surface’s
normal vector is parallel to the tangential axis. Between 5 and 6 cycles around 2 pm of oxide
was formed. In both images the red dashed line is separating the oxide which has formed during
the 6™ cycle. The 3D visualization of the volumes is shown in Figure 4-12. As before, the X
axis is parallel to the tube radial direction, while Y is parallel to the tube axial direction and
axis Z gives the direction of slicing and is parallel to the tangential direction of the tube. In total
58 images have been taken along 1.3 um of the oxide (z direction). The reconstruction contains
two image stacks that are combined together: the two stacks are continuation of each other and
only the step size is different between them. This is because the step sizes needed to be changed
during the milling process during the slice-and view of this volume. In the beginning of the
slicing, along the first 0.81 pum the step size was 32.4 nm (25 images) while along the next 0.52
um the slice thickness was 15.8 nm (33 images). The motivation behind the change in the step
size was to increase the resolution of the reconstruction to the highest possible without a very
high increment of the time of the slice-and-view measurement. The total volume size of this
reconstruction is smaller than that of the others in this study due to the significant charging of
the oxide that began after the first 58 images, it was not possible to obtain a micrograph with a

contrast that is optimal for imaging the metal and the oxide simultaneously. It is worth
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mentioning that a 0.5 pm region of the oxide close to the interface did not show charging (see
in Figure-Al 1 in Appendix I).

The reconstructed oxide is thicker than 2 pm in the X direction but only a 2 pm thick layer has
been taken into account as this is what formed during the 6™ cycle*. The crack volume fraction
in the two volumes from the two image stacks are 2.41% and 3.21%, separately. This indicates
that the level of error caused by the different step sizes should not be significant and it seems
to have a slight influence on the result. The slightly higher crack volume fraction in the
reconstruction with the smaller step size could be caused by an actual difference or the by the
better resolution for the small cracks. The crack volume fraction of the total reconstructed
volume is 2.73%. It is reasonable to consider the two volumes as one dataset, as they are exactly
from the same site of the oxide and they are the continuation of each other. The crack volume
fraction is 2.30% in the oxide close the metal-oxide interface (up to a distance of 1 um). The
hydrides in the metal are also shown in the 3D visualization, their volume fraction is 8.53%.

More details on the hydrides can be found in the section 4.4.

% The result for the full reconstruction with the thicker oxide (i.e. including the 5™ cycle oxide) is shortly
reviewed in the Discussion of this chapter.
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Figure 4-11 SE micrographs of the 6 cycle LK3/L sample. (A): outermost area of the
cladding (B): metal-oxide interface. The red dashed line indicates the oxide formed during
the last cycle in reactor, based on results of destructive test provided in Table 4-1.

Figure 4-12 3D reconstruction of the innermost oxide including the metal-oxide interface
on the 6 cycle LK3/L sample (by Avizo). Hydrides in the metal: blue objects; cracks in the
oxide: green objects. The lastly formed 2 pm of the oxide is formed in the 6™ cycle and it
is separated by the red line. “Bounding box” size: X=8.692 um, Y= 10.750 pm, Z1= 1.3
pm.
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4.3.2.3. 9 cycle LK3/L sample

The microstructure of the 9 cycle sample by TEM
This sample has a 46 pm thick oxide layer. The outer oxide and inner oxide regions were

examined separately, both by TEM and 3D FIB.

Microstructure of the outermost oxide

Figure 4-13 shows a high-angle annular dark-field (HAADF) TEM image of the outer region
of the 9 cycle sample’s oxide, i.e. from 2 to 7 um away from the crud-oxide interface. This
oxide formed within the first 3-4 cycles, and before the end of the 5" cycle of service. A mixture
of equiaxed and columnar grains are present. The equiaxed grain size is in between 30-69 nm
with an average of 47 nm (13 measured grains). The columnar grains have an average width of
36 nm (values are in between 23 and 62 nm) and average length of 155 nm (values between
112 and 194 nm), obtained from 9 measured grains. The oxide does not contain many cracks
and it is mostly dense especially in the outermost 1 pum. However an interconnected pore system

is visible on figure; marked by dashed arrows and shown in Figure 4-14.
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Figure 4-13 TEM micrograph on the outer oxide region of the 9 cycle LK3/L sample.
Interconnected pore system is marked by the red dashed arrows. The area marked by the
white square is shown in Figure 4-14.

Figure 4-14 TEM micrograph on the outermost oxide of the 9 cycle LK3/L sample showing
interconnected pore network built up by both radial and circumferential cracks and
pores.
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Microstructure of oxide and metal at the metal-oxide interface

A TEM micrograph of the metal-oxide interface of the 9 cycle sample is shown in Figure 4-15.
Significant increase both in the size and the amount of cracks is observable compared to the
outermost oxide. Columnar and equiaxed oxide grains are present as it is shown in a bright field
(BF) (Figure 4-16) and a dark field (DF) micrograph (Figure 4-17) showing two different
regions of the oxide. The diameter of the equiaxed grains is in the range of 11-36 nm (average
of 21 nm from 11 measurements). The columnar grains are around 100-200 nm in length (4
measurements).

The TEM lamella that was prepared in the metal close to the metal-oxide interface is shown in
Figure 4-18. Larger and significantly higher amount of hydrides can be observed in the metal
of this sample compared to the 3 cycle sample and to a certain extent to the material with 6

cycles. It must be noted that the chemical analysis of all the samples are reported in Chapter 5.

Figure 4-15 TEM micrograph on the metal-oxide interface of the 9 cycle LK3/L sample.
Arrows indicate the metal-oxide interface. Cracks are indicated by “C”, hydrides by “H”.
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Figure 4-17 TEM DF micrograph of the inner oxide of the 9 cycle LK3/L sample.
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Figure 4-18 HAADF micrograph on the metal of the 9 cycle LK3/L sample close to the
metal-oxide interface. Small and large hydrides are marked by the arrows and “H”.
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FIB tomography on the 9 cycle sample

Two regions have been selected for the 3D reconstruction that are shown in Figure 4-19. Figure
4-19-(A): the tube axial is normal to the image plane. Figure 4-19-(B) and (C) are the cross-
sectional cuts on the positions that is marked by the black squares, the tube tangential is normal

to the image plane.

Figure 4-19. SEM images of (A): the outer part of the 9 cycle LK3/L cladding (BSE) (white
arrows indicate the hydrides). The squares indicate the areas selected for reconstruction
and one example is shown for both regions: (B): outer part of the oxide (SE) and (C): at
the metal-oxide interface (BSE).
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Outermost oxide

The outermost part of the oxide was formed during the first few years of the service. This region
has been reconstructed and presented in Figure 4-20.

Part (A) shows the oxide that were formed during the first 3 cycles. The difference between
Part (A) and B in only the length in the X direction: Part (B) shows a thicker oxide and includes
the large circumferential crack that occurred at the position of the oxide that was formed
between 3 and 5 cycles. It is important that the time and cause of the formation of this crack is
not known and it was not necessarily formed between the 3™ and 5" cycles. The coordinates
are defined in the same way as before, please refer to the previous description for details (page
94). For the reconstruction 341 SE images were acquired using the accelerating voltage of 5 kV
with an average step size of 12+5 nm, i.e. cracks are visualized in 4.2+0.8 um depth (Z
direction). The average length of the reconstructed volume in the Y direction is 9.1 um, while
in the X direction it is 4.7 pm for Part (A) and 5.7 um in Part (B). The reconstructed oxide and
crack volumes are: 185 (£ ~28) um® and 0.15 (£ ~0.02) um?® respectively in Part (A), and 216 (=
~32) um?® and 2.8 (+ ~0.42) um? in Part (B). For the detailed description of the estimation of
the error, please refer to Section 8.1.1.1 (Error estimation of the FIB tomography results). The
crack volume fraction is 0.08% in Part (A) and 1.28% in Part (B) where the large crack is
responsible for higher percentage of micro-cracks. The oxide that formed in the first 3 cycles is
dense; only a few micro-cracks are observed, similar to the oxide layer of the original 3 cycle
sample. This indicates that the oxide can indeed be used as a “fossil” and it preserves its
microstructure even with further service.

However, it is expected that the oxide fails under different environmental conditions (stresses,
expansion or contraction, etc.) and induces large cracks in the structure at a later stage.

Therefore, these large circumferential cracks could be exceptions to the above statement. One
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of the large cracks occurred at the distance of more than 4.4 um from the outer surface of the
oxide (Figure 4-20B), therefore it is sure that it was not formed during the first 3 cycles,
however we cannot conclude anything else about its time of formation.

Due to the preserved microstructure of this oxide, Part (A) of Figure 4-20 is directly comparable
to the 3 cycle oxide in Figure 4-9. The crack volume fraction of this outer oxide is even lower
than in oxide of the 3 cycle sample with a similar order of magnitude. Variations could be
caused by the slight changes in composition and by the fact that the crack formation in ceramics
has a certain inherent variability. Moreover, the slice thicknesses for the two reconstruction
were not the same. It is clear that, in general, it is not possible to obtain identical numbers within

the different measurements, even for the same number of cycles.

Figure 4-20. 3D reconstruction (by ImageJ) of the outermost oxide (transparent pink) and
the containing cracks (green) of the 9 cycle LK3/L sample. (A): Oxide formed in the first
3 cycles. (B): Same as in (A) including the large crack occurred after the 3¢ cycle. Arrows
indicate fine cracks formed during the first 3 cycles. Largest dimensions — (A): X=5.04
pm, Y=10.90 pm, Z=4.2 pm; (B): X=7.10 pm, Y, Z as in Part (A).
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Inner oxide

The fabricated cube at the metal-oxide interface prior to the FIB study is shown in Figure 4-21.
In total 152 BSE images were collected along 3.71+0.04 um depth in Z direction (i.e. average
step size of 24.4 nm). The reconstructed oxide is about 200 (+ ~30) pm? and contains 9.76 (+ ~
1.5) um?® of cracks. For the detailed description of the estimation of the error, please refer to
Section 8.1.1.1 (Error estimation of the FIB tomography results). The reconstructed crack
network is shown in Figure 4-22. The X, Y, Z system is defined the same way as before. This
oxide was formed during the end of the service. The crack system is built up mainly from
circumferential cracks; however one radial crack is observed and indicated by an arrow. The
crack volume fraction in the inner part of the oxide is 4.9%, which is around 61 times higher
than that in the outermost layer. Another 3D FIB measurement was prepared in order to increase
the statistics of the results. A higher, 8.1% of crack volume fraction was measured. This is the
result of the natural variations of the oxide cracking. Furthermore, SE images have been

collected that has slightly increased the resolution of the micrographs.

Figure 4-21 BSE image of the fabricated cube used for the reconstruction of the cracks in
the oxide and the hydrides in the metal, 9 cycle LK3/L sample. Arrow marks a radial
crack.
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Figure 4-22 3D reconstruction (by ImageJ) of crack system in the oxide that formed
towards the end of the service of the 9 cycle LK3/L cladding. The red frame is provided
merely to perceive the spatial position of the objects and its volume is not equal to the
volume that has been reconstructed. Dimensions of the “bounding box”: X=10.32 pm, Y=
7.15 pm, Z=3.71 pm.

Metal-oxide interface

The reconstruction of the metal-oxide interface is shown in Figure 4-23. The hydrides in the
metal are presented here but their relevance is discussed in the following section. In total 196
SE images along 3.92 + 0.04 um depth were collected (i.e. step size of 20 nm). Table 4-2
summarizes the data obtained from this region. This oxide was formed in the end of the 9™
cycle. The volume fraction of the cracks of the oxide is 5.4%. The previously mentioned second
reconstruction of the innermost oxide includes the metal-oxide interface as well, and up to the
distance of 1 um from the interface it shows 8.3% crack volume fraction. The two results show
that there is a variation in the crack volume fractions from one site to another. This is a typical
property of the ceramic type materials. These results clearly demonstrate that the oxide that
formed in the end of the 9" cycle shows the highest crack volume fraction compared to other

studied regions on this sample or on the other LK3/L samples.
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Figure 4-23. 3D reconstruction (by ImageJ) of the hydride precipitates (blue) in the metal
and the cracks (green) in the oxide at the metal-oxide interface of the 9 cycle LK3/L
sample. The red “bounding box” is provided merely to perceive the spatial position of the
objects and its volume is not equal to the volume that has been reconstructed. Largest
dimension: X=8.64 pum, Y= 12.58 pm, Z=3.92 pm. The circled regions represents an area
where the hydride phases that are close to the metal-oxide interface are followed by a
group of cracks in the oxide side.

Table 4-2. The volume of hydrides and cracks, extracted from the 3D the reconstruction
by ImageJ of the 9 cycle LK3/L cladding. The total volume used for the reconstruction,
i.e. the total volumes of the used metal and the oxide part are given as well. For the detailed
description of the estimation of the error, please refer to Section 8.1.1.1 (Error estimation
of the FIB tomography results).

1 f th
] Colour of Volume of the Total volume of the
Phase Object . reconstructed 3
the object ) 3 phases (um>)
object (Lnm>)
Metal Hydrides Blue 33.2 (=~5) 193.2 (£ ~29)
Oxide Cracks Green 1.7 (£~0.2) 31.7 (=~ 5)
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4.3.3. Morphology of the metal-oxide interface of the 3, 6 and 9

cycle materials

Several studies showed that the undulation of the interface has an effect on the stress
distribution in the oxide [139], [69], [138]. Changes in the compressive and tensile stresses
were revealed in an undulated interface by 2D finite element modelling [138]. It was claimed
that the differences in the stresses have an influence on the diffusion coefficient of oxygen [69]
and that the morphology of the metal-oxide interface could affect the oxidation and the HPU of
the materials [169]. It was concluded that an irregular profile of the metal-oxide interface could
provide a better corrosion resistance than a profile with regular (i.e. well-defined, flat) shape
[169].

In Figure 4-24 the profiles of the metal-oxide interface of the 3, 6, and the 9 cycle cladding
segments are shown. The morphology of the interface is irregular in the case of the 3 cycle
sample (Figure 4-24-(A)). In Figure 4-24-(B) and (C) the 6 and 9 cycle samples are shown,
respectively. The morphology of their interface does not show a large difference and are both
exempt of the large undulation or uneven wavy interface, i.e. the interface shows a smoother
shape at higher cycles. This strengthens the statements that the undulation of the interface can
be correlated to the protectiveness of the oxide, as in this study as well, the lower the
protectiveness of the oxide, the less undulated the interface is.

It is worth noting that the 3 cycle sample’s oxide showed a mild charging during the slice-and-
view that did not disturb the image acquisition significantly. Whereas, in the 6 cycle sample the
charging phenomenon became significant during the measurement, except for a region within
1 um distance from the interface. The 9 cycle sample’s oxide behaved similar to the 6 cycle
sample, although the measurements were undisturbed for a much longer time. Here as well, the

oxide at the metal-oxide interface (within about 1 um) behaved differently indicating no
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charging. Example images are shown in Figure-Al 1 in Appendix 1. The conductivity
measurement of these oxides is included in a currently ongoing PhD project as the continuation
of the present PhD in the Nuclear Fuels group at the Paul Scherrer Institute and results are

expected in the near future.

Figure 4-24. SE images of the metal-oxide interface of the 3 cycle (A), 6 cycle (B) and the
9 cycle (C) LK3/L cladding segments.

4.4.Microstructural evolution of the metal

The microstructure of the metal changes as well during the service of the cladding, one
important change being due to the hydrogen content which increases with time leading to the
formation of hydride phases above the solubility limit. Here, their overall distribution in the
metal is shown after different cycles. As the HPU and oxidation occur at the metal-oxide
interface, the relevance of the hydrides at this region of the metal is discussed, based on the 3D
FIB measurements. As the microstructure of the metal (i.e. hydrides) evolves with time, the

fresh oxide forms on a gradually changing alloy. Logically, this should induce some changes
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in the microstructure of the newly forming oxide layer. This section captures the role of

hydrides in this process.

4.4.1. Evolution of the hydride phases from medium to extreme
high burnups

The hydride phases in the metal are characterized using SEM images and by FIB tomography
after each selected cycles. The distribution of the hydrides along the radial direction of the
cladding is briefly described. The hydrides at the metal-oxide interface are shown by 3D
reconstruction in order to see their shape in volume and to reveal whether they are

interconnected.

4.4.1.1. Hydrides after 3 cycles

In the 3 cycle LK3/L Zircaloy-2 the H content is very low, 44 ppm (Table 4-1). The solid
solubility limit of H in Zircaloy-2 at 300 °C temperature is around 60 ppm [111]. This means
that no or not relevant amount of precipitated hydride is expected at this stage of the service.
Even at room temperature we did not observe hydrides at the metal-oxide interface during the
slice-and-view method. Therefore, no 3D reconstruction of hydrides is presented for the 3 cycle
sample.

A BSE image is shown on the full thickness of the cladding in Figure 4-25 (A). Some hydride
phases are revealed and they are segmented by Avizo software, shown in Figure 4-25 (B), in
order to quantify their spatial distribution in the radial direction. Part (C) shows the area fraction
at the different selected areas. As an example selected area 0-10 gives the hydride area fraction
in the metal in the region between 0 and 10 pm from the interface. The area fraction is very low

even close to the metal-oxide interface, just above 1%. However, it is assumed that during the
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service H was mostly in a dissolved form. Therefore, it is proposed that the influence of the

hydrogen content on the oxide microstructure is negligible during the first 3 cycles.

Figure 4-25 (A): BSE image of the full cladding thickness of the 3 cycle LK3/L sample.
The red square shows the area used for quantification. A hydride is marked by the black
arrow. Red arrowheads mark scratches due to sample preparation. (B): Image from
segmentation module from Avizo to quantify hydride surface area. The metal matrix is
red and the hydrides are in blue. (C): Graph showing the hydride area fraction of different
selected areas. The liner was not taken into account.

4.4.1.2. Hydrides after 6 cycles
The hydrogen content after 6 cycles is 202 ppm which is above the solid solubility limit of H
in Zircaloy-2 at service temperature. Therefore we assume that hydride phases were present
during service. At room temperature we expect to observe more hydrides compared to the
amount in the reactor. The additionally precipitated hydrogen is estimated to be around 60 ppm

which is relatively low but certainly adds an error to the amount of hydrides observed compared
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to the reactor temperature. Figure 4-26-(A) and (B) show the BSE and segmented image and
Part (C) shows the quantification for the hydride distribution Inhomogeneous hydride
distribution is observed in the radial direction. Accumulation of hydrides is observed close to
the metal-oxide interface. It is worth mentioning that this technique gives only two-dimensional
information.

The metal-oxide interface is in the main focus as the oxide forms here. The 3D characterisation
of the hydride phases at the interface provides detailed volumetric information from this region
of interest. The 3D visualization of the hydrides after 6 cycles is shown in Figure 4-12. The
volume fraction of the hydrides is 8.53%. However when selecting the volume only at the
distance of up to 1 pm away from the metal-oxide interface the volume fraction is much higher,
namely 21.1%. The hydride phases are large and they are mostly interconnected in the

reconstructed volume.
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Figure 4-26 (A): BSE image of the full cladding thickness on the 6 cycle LK3/L sample.
Hydride is marked by the black arrow. (B): Image from segmentation module from Avizo
to quantify hydride surface area. The metal matrix is red and the hydrides are in blue.
(O): Graph showing the hydride area fraction in different selected areas.

Table 4-3 The volume of hydrides and metal of the 6 cycle LK3/L sample, extracted from
the 3D reconstruction by Avizo. For the detailed description of the estimation of the error,
please refer to Section 8.1.1.1 (Error estimation of the FIB tomography results).

. Colour of Volume of the Total volume of the
Phase Object the obiect reconstructed hase (um?)
! object (um?) P :
Metal Hydrides Blue 4.96 (+£~0.7) 53.2 (£ ~8)

4.4.1.3. Hydrides after 9 cycles
After 9 cycles the H content of the sample is 595 ppm which is far beyond the solubility limit
of H in Zircaloy-2 even at service temperature. The hydrides observed in this sample have

formed during the long term service life of the cladding and were indeed present at service
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temperature. The additional precipitation of hydrogen at room temperature is negligible in the
case of this material.

An example of a low magnification BSE image is shown in Figure 4-27 together with the
labelled image where red is the metal matrix while hydrides are in blue. The quantification of
the hydride area fraction at the surface of this segment is presented (Part (C)). The cladding

shows an increasing area fraction of hydrides towards the metal-oxide interface.

Figure 4-27 (A): BSE image of the full cladding thickness of the 9 cycle LK3/L sample.
The red square shows the area used for quantification. A hydride is marked by the black
arrow. (B): Image from segmentation module from Avizo to quantify hydride surface
area. The liner is not taken into account. (C): Graph showing the hydride area fraction in
different selected areas.

The 3D reconstruction of the hydrides at the metal-oxide interface of the 9 cycle sample is

shown in Figure 4-23. It shows that hydrides are spatially extended planes with relatively large
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surfaces. It could indicate that the supply of hydrogen contributes to the precipitation of
hydrides in the vicinity of the existing precipitates, or to allow the growth of existing hydride
creating larger hydride precipitates. The hydride volume fraction in the entire volume is 17.2%.
In order to characterize the volume very close to the interface, the volume was measured also
up to 1 um distance from the oxide and the hydride volume fraction is 26.3%. An example of
labelled hydrides and cracks is shown in Figure 4-28. Hydrides which are large platelet-like
precipitates are sometimes extended in more than one grain and are in most places
interconnected. It is observed that in the case of those hydrides which touch the interface they
are followed by groups of cracks in the oxide such as it is shown in the circled area on the
figure. This phenomenon was observed also in the TEM sample at the metal-oxide interface
and it is shown in Figure 4-29. In the dark field (DF) image the hydride extended to the interface

1s visible and the group of cracks in the oxide can be seen in the bright field (BF) micrograph.

Figure 4-28 One of the SE images used for 3D reconstruction of the hydrides in the metal
and the cracks in the oxide at the metal-oxide interface, of the 9 cycle LK3/L sample. (A):
Labelled image. Hydrides are in blue and cracks are in green. Circled areas show that the
hydrides touching the interface are followed by a group of cracks in the adjacent oxide.
(B): Original image.
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Figure 4-29 DF (A) and BF (A) TEM micrographs of the metal-oxide interface of the 9
cycle LK3/L sample revealing a hydride phase (marked as H) touching the interface
(marked by white arrows) and followed by a group of cracks in the oxide side red arrows).
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4.5.Discussion of the microstructural evolution of the oxide and the

metal and its impact on the hydrogen uptake

In this chapter the microstructure of the metal-oxide interface and waterside oxide of LK3/L
Zircaloy-2 claddings after 3, 6 and 9 cycles were reported. The crack microstructure of the
oxide in all the three cases was studied creating their 3D reconstruction by FIB tomography. In
the case of the high and extreme high burnup samples, i.e. 6 and 9 cycle claddings, the hydrides
in the metal at the metal-oxide interface was visualized. Due to the absence of hydride phases
in the 3 cycle sample the metal part was not visualized.

Discussion about the 3D reconstruction technique: knowing that the technique has some
advantages but also some limitations; we will discuss this aspect in the final Discussion of the

thesis. The discussion of the topic is considered knowing the limitations of this methodology.

The 3D reconstruction of the oxides of the 3, 6 and 9 cycle cladding materials showed how the
microstructure evolved during the service. The crack volume fraction in the different parts of
the oxides has been quantified. In order to compare the microstructural changes of the cladding,
the innermost oxide has been separated into two parts: oxide at the metal-oxide interface and
the inner oxide. The “inner oxide” is the region up to about 4, 2, and 10 um from the metal-
oxide interface in the case of the 3, 6, and 9 cycle samples. For the "interface oxide" the oxide
isup to I um away from the interface. Figure 4-30 shows how the crack volume fraction in the
different parts of the oxide changes with the time spent in reactor. It is clear that the crack

volume fraction increases with the number of cycles in both regions of the oxide.
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Figure 4-30 The measured crack volume fraction in the full inner oxide (i.e. including the
interface oxide) and in the interface oxide for the 3, 6, and 9 cycle samples. The second
reconstructions are marked by “2"9”,

The oxide was dense in the first three years of the service containing little amount of cracks and
micro-pores. This is in agreement with the behaviour of the cladding, i.e. low oxidation and
low HPU, in the early cycles (Table 4-1). The outermost part of the 9 cycle cladding’s oxide
showed similarly low crack volume fraction. In the case of the 6 cycle material FIB tomography
was not applied at the outermost oxide, due to the limited time of the study, however the SEM
images confirm that its outermost oxide is mainly crack-free. These observations indicate that
an already formed oxide layer preserves its microstructure with further service. The large
circumferential cracks could be exceptions to this statement.

It appeared that the protectiveness of the oxide layer in the LK3/L Zircaloy-2 is decreasing with
time as the crack volume fraction increases with the number of cycles. The material shows a
significant increase of H ingress at 6 cycle while the oxidation is slow. In the 6 cycle cladding
segment cracks are observed with much higher volume fraction than in the 3 cycle material.

The reconstructed oxide includes the part which was formed in the end of the 5™ cycle of the
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service. The crack volume fraction is 4.35% in this region. A high, 5.30% was measured in the
region which is corresponding to the "interface oxide" of the 5 cycle oxide. This is more than
two times higher than the interface region of the oxide that formed in the 6™ cycle. The crack
size are also larger in this 5 cycle region of the 6 cycle sample. This indicates that either a more
porous oxide formed before the 6 cycle or indicates to possibility that more than 2 pm oxide
layer was formed in this segment between the 5™ and 6™ cycles Although, during the evaluation
exactly 2 um was taken into consideration as 6 cycle oxide, it is indeed possible that a thicker
oxide was formed on this cladding. The oxide thicknesses that are taken from a previous
publication [13] in Table 4-1 are not strict and absolute values, and some variation is always
occurring from one individual cladding to another. If more, e.g. 3 um thick oxide was developed
during the 6™ year then a higher crack volume fraction is to be considered. This could better
explain the observed phenomenon, i.e. increased HPUF in the 6 cycle. Importantly, in order
to make a statement regarding the 5 cycle oxide the original sample should be investigated.
The microstructure of the oxide in the 9™ cycle shows a large number of small cracks in the
vicinity of the metal-oxide interface. This implies that the oxide is less protective than in the
beginning of the service, and it could have a higher permeability to the oxidizing species. The
outer, inner and innermost oxide have been measured in the 9 cycle sample and an increasing
crack volume fraction is observed in this order with more than 60 times higher crack volume
fraction at the interface region.

The metal-oxide interface of the 9 cycle material showed that the crack volume fraction in the
oxide is much higher after the long-term service. The H content is also high. It is concluded
that the fine cracks offer faster routes for the hydrogen ingress into the metal and therefore a

large number of coarse hydrides are formed in the metal phase.
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It is worth noting that increasing crack volume fraction with increasing oxide thickness was
shown in recent studies on autoclaved ZIRLO, a widely used commercial PWR material [187],
and in Zircaloy-2 [188] by TEM. Tejland et al. reported that the sample having similar
composition as the sample presented in the current study showed 0.4%, 1.7% and 2.8% crack
volume fraction at 1 um, 2 um, and 9 um oxide thicknesses, respectively. It is difficult to make
a direct comparison between materials oxidised in reactor and in autoclave [188]. However, the
trend of increasing volume fraction of cracks is present in both cases. In [188] a correlation
between the SPP size distribution and the number of cracks in the oxide was shown concluding
that SPPs are one of the important factors in the crack formation.

Nevertheless, as mentioned in the conclusion of that paper, “other mechanisms are also present”
for crack initiation and growth. In the case of extreme high burnup material, taking into
consideration that the SPPs are mainly dissolved, other mechanisms come into action and cause
further cracks. In this respect, the distribution and role of hydrides comes into consideration
and will be discussed in the following.

The images collected during the slice-and-view process at the metal-oxide interface of the 9
cycle material and its 3D visualization showed that the occurrence of the cracks could be related
to the sites of the hydrides at the metal-oxide interface. Figure 4-31 presents a site at the metal-
oxide interface where a crack and a hydride are connected to each other at the interface. The
hydrides are presented in blue and the cracks in green. It is possible to extend a line into the
oxide part from those hydrides which are touching the metal-oxide interface. Doing so, it is
clear that a group of cracks can be correlated to these hydrides in the adjacent part of the oxide
(shown by a circle in Figure 4-23 and Figure 4-28). As the microstructure of the metal is
changed, the oxidation will occur both in the metal matrix and on the hydrides, which have

different properties. Therefore, the oxidation of hydrides affects the microstructural properties
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of the oxide. In other words, the microstructural changes in the metal at the metal-oxide
interface could affect the microstructure of the oxide.

In order to correlate the occurrence of hydrides to the crack formation the crack volume fraction
after 3, 6, and 9 cycles is plotted as the function of the hydride volume fractions and it is shown
in Figure 4-32; where the hydride volume fraction for the 3 cycle cladding is taken into account
as practically 0%. Both parameters are taken at the metal-oxide interface, i.e. up to 1 um away
from it. A strong correlation is observed; however it must be noted that more than three points
would be needed in order to prove a statistically strong correlation between two phenomena. A
calculation has been carried out as well in order to quantify the amount of "void" created merely
by the volume expansion differences between the oxidizing metal matrix and hydrides. The
used equations are presented in the Appendix I.

In the case of the 9 cycle material more than half of the formed cracks could be correlated to
the hydride oxidation. The correlation between the cracks and the hydrides together with the
fact that hydrides are large precipitates after 6 and 9 cycles can be a clear explanation of the
increased number of pores and cracks in the vicinity of the metal-oxide interface in the 6 and 9
cycle samples. In other words the oxidation of the hydrides is one of the causes of increasing
crack formation in the oxide layer at higher burnups.

Furthermore, it can be claimed that the large stresses induced due to the inhomogeneous
distribution of hydrides in the metal, could be responsible to a certain extent for a part of the
remaining pore and crack volume. The stress distribution in the oxide has not been the topic of

the thesis. The internal stresses of this oxide material have been studied by micro-XRD [189].
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Another aspect which is to be taken into account at higher burnups is the hydride formation in
the metal matrix. The effect of the formed hydrides on the microstructural changes of the
material is described in this chapter while in the following chapter (Chapter 5) the caused
compositional changes will be described. After reaching the solid solubility limit of H in the
metal all the excess hydrogen above this limit will be in a precipitated hydride phase. Due to
the fact that all measurements were carried out at room temperature an overestimation of the
size and volume of the hydride phases is unavoidable, compared to that present at service
temperature. H content was measured as 44 ppm in the 3 cycle samples, therefore hydride
precipitates are not expected at this stage of the service. The H content was measured to be 202
ppm in the 6 cycle sample and 595 ppm in the 9 cycle sample. These values are highly above
the solubility limit of H in Zr or Zircaloy-2 even at the service temperature. This suggests that
most of the H was present as precipitated hydride phases even during the service, in particular
for the 9 cycle sample. Memory-effect of Zr-hydrides was demonstrated by heating-cooling
cycles, and it was shown that the hydride locations prior to heating strongly influence the
subsequent hydride nucleation and growth after cooling [190]. Therefore, we assume that those
hydride precipitates which were investigated during this study (both in TEM and SEM) have
been at the same site during the service and that they show their characteristics as it has occurred

during service.
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Figure 4-31 (A): Segmented and (B): original SE image of a connected hydride (blue) and
crack (green) at the metal-oxide interface (in the circle).

It is worth noting that in the case of the 9 cycle material, the power history was not typical for
late life of cladding. The power history is provided in Chapter 3 and in reference [33] in more
details. Also, this cladding had been taken out from the reactor for investigation after 6 cycles.
The cooling of the rod could have an influence on the microstructure, for example it could be
postulated that large circumferential cracks in the oxide are due to this cooling, however, this
is not certain. It is unlikely that these large cracks have been formed directly due to the hydride
oxidation. The observations indicate that hydrides create small micro-cracks when they oxidize.
However, the possibility remains open that due to the increased micro-crack formation, some
sites of the oxide will be particularly weak with low resistance against crack propagation.
Therefore an opening of such large crack in the oxide under stress could be indirectly induced

by the hydride oxidation.
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Figure 4-32 The crack volume fraction in the oxide versus the hydride volume fraction in
the metal after the investigated service times.

The undulation of the interface was also observed. The acquired images at the metal-oxide
interface of the three claddings show that the morphology of the interface is different after low
and high burnups: in the case of the 3 cycle sample the interface is irregular while after 6 and 9
years it becomes more regular. Besides the microstructure of the metal and the oxide, the
morphology of their interface changes as well during the service. As it has been described in
the literature review (Chapter 2) a more undulated interface could result in a better stress
distribution and a higher resistance against cracking in the interface region of the oxide. This
could affect the oxidation behaviour and H-uptake of the material.

It is to be mentioned that multiple transitions are observed during autoclave oxidation and it is
probable that the same type of transition can occur for in-reactor oxidation as well. During the
autoclave tests regular sampling for the determination of the oxidation process and the oxide
thickness as a function of oxidation time is performed. It is therefore, possible to correlate the
oxide transition points to the tetragonal to monoclinic transformation and to determine the stress

that is involved in the transformation. In the same manner, a relationship could be established
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between the number of transitions and the number of cycles that the material spent in the reactor.
This would help to understand how the transition of the oxide influenced the cracking of the
oxide in the reactor and as a consequence, the HPU. Although this could be an important factor
in the better understanding of the increased HPU at late life, the samples studied in this thesis
are very scarce to perform such correlation, and no such data is available to correspond the

cycles to the number of transitions of the oxide.

4.5.1. Summary

As a summary of the above described discussion, a schematic drawing is presented in Figure
4-33. In Part (A) the metal-oxide interface is shown at the early stages of oxidation. Low amount
of pores without interconnection are present in the oxide.

Figure 4-33-(B) shows the metal-oxide interface and the outer oxide at the late stages of
oxidation. Change in the amount of pores and the appearance of interconnected micro-cracks
describe the oxide at this stage of the service. One of the causes of the increased crack
production is the oxidation of large hydrides in the metal. When more and more interconnected
micro-cracks occur they offer fast route for the ingress of H and oxidizing species. This causes

increased H-uptake at late life service of the LK3/L cladding.
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Figure 4-33 Schematic drawing of the oxide and metal-oxide interface at different stages
of service. (A): Early stages of oxidation, i.e. corresponding to the 3 cycle sample. Small
amount of micro-pores. (B): During late life service (e.g. 9 cycle sample) the oxide shows
interconnected pores, cracks are produced by hydride oxidation near the interface. Dotted
region represents a long distance between the inner and outer oxide which is not presented
in details in the figure.

4.6. Conclusions

In this chapter the microstructural characterization of the LK3/L Zircaloy-2 BWR cladding has
been provided in details. The main objective of this chapter is to correlate the microstructural
changes to the change of oxidation and HPU behaviour of the cladding from medium level up
to high and extremely high levels of burnups.

The microstructural evolution of the oxide and metal parts on three irradiated materials with
medium and high burnups are observed by TEM, SEM and FIB tomography. From the
comparison of the data obtained from these cladding materials and also using some previous

observations (i.e. H-content and oxide thickness data) the following can be concluded:
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The 3D FIB reconstruction of the oxide microstructure reveals the presence of an
impervious oxide layer in the early stages of oxidation, in particular up to the third cycle.
The volume fraction of cracks in this oxide is negligible.

The outermost oxide of the 6 and 9 cycle samples (i.e. the region which was formed in
the first 3 cycles of the service) also contains low amounts of crack. FIB tomography
gave the same order of magnitude in the 9 cycle sample’s outer oxide as that of the 3
cycle oxide. This means that an oxide layer that already formed will not change
significantly with further service in the reactor. The large, continuous circumferential
cracks however could be exceptions, as they have formed most probably by the stress
relaxation of the oxide at a certain point of time which is most probably not the time of
formation of the given oxide layer.

The crack volume fraction of the inner oxide, i.e. the freshly formed oxide increases
with the service time. In other words the oxide formed in the 9™ cycle shows the highest
number of cracks per unit volume while the oxide formed in the 6 cycle shows an
intermediate value between the 3 and 9 cycle samples. Enormous change is observed in
the oxide microstructure and morphology between the 3 and 9 cycle cladding at the
interface.

In the 9 cycle sample the crack concentration shows tendency to increase towards the
interface where the oxide looks practically porous.

After 6 and 9 years the metal contains large hydrides. The occurrence of cracks in the 9
cycle oxide can be related to the location of the hydrides in the metal which reach the
interface. Along the extension of these hydrides, cracks are revealed in the oxide. At
those sites at the interface where no hydride reaches the interface, the oxide generally

contains no cracks. This shows that the oxidation of the hydrides could induce or
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promote the crack formation in the oxide. This could be one of the reasons for the
increased crack volume fraction. Therefore, the protectiveness of the oxide is reduced
which, in turn, could cause an increase in the oxidation rate and the H-uptake of the
material.

e The in-depth study of the fine micro-cracks in an oxide are possible by means of 3D-
FIB tomography. This powerful technique allows the investigation of the oxidation

phenomenon and gives reliable quantification about the size of the different objects.

e Results on the LK3/L Zircaloy-2 show that the presence of hydrides induces higher
volume fractions of micro-cracks in the oxide at extreme high burnups, which in turn
reduces the overall protectiveness of the oxide to oxidation and HPU. However, it is
important to indicate that the material is still resistant to rapid oxidation even after 9

cycles, though it shows a higher oxidation and hydrogen pickup rate.

Some of the parameters leading to a change of oxidation and hydrogen uptake have been
demonstrated, with the morphology and the micro-crack distribution of the oxide in the main
focus of this chapter. As it has been already noted in the literature review other studies have
shown that several other parameters such as stoichiometry, space charges and conductivity,
composition and other factors come into consideration, see for example [13], [191], [109],
[170], [151]. From these factors, the compositional and microstructural changes are in the scope
of this thesis; and some of other properties (e.g. conductivity of oxides of the different samples)
are being investigated in the scope of other PhD work in the continuation of this project, in the

Nuclear Fuels group.
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5. LK3/L TYPE ZIRCALOY-2 - PART 2: CHEMICAL CHANGES

5.1.Introduction

The results of the chemical analysis of the LK3/L type Zircaloy-2 samples provide the
compositional evolution of the cladding, and are presented in this chapter. The characterization

of the samples from pm to nm range is provided by two techniques:

(1) EPMA is used for overall information regarding the element distribution in large-scale
by qualitative maps. The local chemical composition is measured by quantitative point
analysis.

(2) TEM and ChemiSTEM provide high spatial resolution for the composition at

nanometric scale.

EPMA data is presented first, followed by the TEM results. The description of the results starts
with the un-irradiated material, followed by the 3 cycle, the 6 cycle (for EPMA only), the 7

cycle (for ChemiSTEM only), and the 9 cycle sample.

5.2.Chemical changes in the material

The behaviour of Zr-based cladding is controlled by many parameters. One of the most
important ones is the chemical factor, i.e. the added alloying elements (type and amount), and
the distribution and size of SPPs. The exact chemical composition of the alloy together with its
specific heat treatment provides the starting material as cladding. However once the service
starts in the reactor the material begins to change immediately. Therefore, the chemical state of

the cladding is not fixed; it is a dynamically and continuously changing parameter. The overall
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and local chemical measurements at different stages of irradiation help to better understand the
compositional evolution of the cladding and how the different alloying elements are distributed.
The final aim is to determine how these changes influence the oxidation and the HPU properties

of the alloy.

5.2.1. Analysis of the samples by EPMA — Dissolution of SPPs
and the behaviour of dissolved alloying elements

Initially, the alloying elements which have low solid solubility limit in the Zr matrix (Fe, Ni,
and Cr) are in the form of SPPs while Sn is homogeneously distributed in the matrix. As soon
as the cladding is placed in the reactor’s high temperature water, the irradiation together with
the oxidation and the HPU changes the cladding’s microstructure and the composition. As
mentioned before, due to neutron irradiation, SPPs start to dissolve and defects form in the Zr
lattice. This could affect the oxidation and HPU properties. The oxide forms at the metal-oxide
interface [12], [52] and the metal which transforms into oxide is not the same after many years
in the reactor compared to the beginning of the service (or to any other irradiation stage) [29],
[14]. In fact, the material is continuously changing, both in terms of composition and
microstructure [14], [29], [178], [172]. The dissolved alloying elements can affect the oxidation
and HPU properties of the material (described in Chapter 2 — Section 2.4.2). Therefore studying
the distribution of the dissolved elements could improve the understanding of the changes in

the oxidation and HPU properties during service.

In the following the dissolution of the SPPs and subsequent distribution of the dissolved

elements after different residence times is described. Quantitative point analysis and qualitative

elemental maps are presented. A colour scale is provided for the maps, which indicates only the
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relative concentration levels for the given element. The colour scale indicates increasing
concentration towards white. The concentration levels (i.e. the exact concentration values
corresponding to a given colour in the colour code) are different for each map, and not
comparable to each other. When it is presented, oxygen map is shown in grey scale coding. It
is worth noting that some small concentration changes in the EPMA maps may be more visible
on the online version of the thesis.

For most of the EPMA point line-scans (a point line scan is a series of quantitative point
analyses which are carried out along a straight line, so that although they are similar to a line
scan, they are individually quantitative and are separated by a fixed distance) for all types of
materials the ratios of the alloying elements to Zr are shown or also shown together with the
raw dataset (as an example, refer to Figure 5-2 (B) and (C)). This ratio has an importance when
the composition is compared in the different phases, for example in oxide and in the metal or
in the hydrides. When comparing different phases of the sample the ratio will indicate the actual
concentration value of the alloying elements with respect to the concentration of Zr in the given
point and this helps to avoid a misleading impression which only occurs when the raw result
are used for the comparison of the alloying elements in these different phases. As an example
of this issue, Figure 5-1 is presented, where Part (A) shows the collected raw data on the metal-
oxide interface of the 9 cycle sample, while in (B) the ratios to Zr are shown. When only the
metal composition is discussed there would be no need for using the ratio of the elements to Zr.
However, in order to make the comparison in the future easier, the ratio is also given for the

metal measurements.

In general the point line-scans measured the composition along an extended length of the

sample, e.g. from the metal till the outermost oxide. However due to the obvious compositional
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differences of some regions even in the same phase, the long point line-scans have been
subdivided into smaller ranges and data points acquired within have been used for

characterizing only the selected region of the material.

In many cases only the matrix composition is studied, and the values of the SPPs are not taken
into account. For this the point line-scans are plotted first and the prominently high
concentration data points are taken out as SPPs. For an automatically analysis of the results by
mathematical methods would need to establish an average concentration corresponding to the
matrix and then removing all data which deviate from this average value. As in that case, the
SPPs had to be included from the beginning and it could cause an error, it was decided to
perform a manual selection of SPP values to exclude them from the calculations. It is possible
to estimate the range of values corresponding to the matrix concentration, by simple visual
inspection. In this manner, 80-90% of the points selected will belong to the matrix. It must be
emphasized that this is an estimation for the matrix value and it could be slightly different
depending on the observer. When presenting the average matrix compositions, the number of
data points extracted from a given point line-scan varies due to the number of SPPs taken out
for the different alloying elements (as an example, Cr could be removed from the Cr data set,

but not Ni, Sn and even Fe which has dissolved from the SPP).
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Figure 5-1 An example image of an EPMA line-scan on the 9 cycle LK3/L sample, through
the metal-oxide interface showing the raw data points (A) and the element ratios to the Zr
matrix (B). The issue of the sudden change in composition due to the difference in phases
is visible on (A).

5.2.1.1. The chemical composition of the un-irradiated material
The un-irradiated cladding of this Zircaloy-2 grade has been studied before and the
microstructure is available, as well as the compositions of the two families of SPPs [29], [14].
In this study the extra information is from the GB segregation, in order to observe the initial
state of the material, i.e. before irradiation, and only ChemiSTEM measurements are available

on the archive material (refer to section 5.2.2.).
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5.2.1.2. The chemical composition after 3 cycles

Chemical analysis of the metal after 3 cycles

A long EPMA point line-scan on the metal part of the 3 cycle LK3/L sample is shown in Figure

5-2.

Figure 5-2 EPMA point line-scan (acquisition parameters: 15 kV, 240-260 nA, 2 pm beam
diameter) in the outer 480 nm of the metal part of the 3 cycle sample. A: Zr and O; B:
Element concentrations in at%; C: Element concentration ratios to Zr. Arrows indicate
some precipitates.
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Part (A) of Figure 5-2 shows the Zr and O signals. Part (B) and (C) show the alloying element
distribution. Here the vertical scale is much finer therefore the fluctuations in the element
concentrations are well-observable.

The Fe content in the matrix changes between 0.19 at% and 0.25 at%; the Ni content is between
0.028 and 0.082 at%. The value of the Cr concentration varies between 0.061 and 0.19 at%.
Signals coming from both types of SPPs are detected. Although the EPMA is not usually used
to determine the maximum concentration of alloying elements in the SPPs due to the large
interaction volumes compared to the average size of SPPs, the maximum concentrations
determined by direct point analysis on the SPPs are reported and it is as follows: 1.68 at% Cr
and 0.36 at% Fe for a Zr(Fe, Cr); and 2.11 at% Ni and 2.86 at% Fe for Zry(Fe, Ni). In order to
be able to locate the SPPs previous maps are used.

Cr signal shows the largest scatter due to the slow dissolution of Cr from the SPPs resulting in
a higher number of Zr(Fe, Cr): in the material. Therefore during the point line-scan the beam
can hit either a Cr containing SPP or low-Cr concentration site in the matrix. Not all of these
SPPs contain Fe which is already dissolved from most of the Zr(Fe, Cr) particles as it can be
observed on the maps (Figure 5-3). Therefore the signal of Fe does not have the same scatter as
Cr. One reason for this difference in the behaviour between Cr and other alloying elements
could be the different diffusion coefficients of these species in the Zr [192]. No specific
behaviour of the alloying elements is observed in terms of the bulk metal except for the metal
close to the metal-oxide interface. Sn is relatively homogeneously distributed in the material,
its variation is due to the SPPs which contain less Sn than the metal matrix.

The maps in Figure 5-3 show the metal 5 um away from the interface. The number of the Cr
containing SPPs is the highest and most of them do not contain detectable amounts of Fe. In

the maps of Cr, Fe, and Ni, a lower concentration region can be observed around most of the
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SPPs. An example is shown for Ni in the inset of the Figure: the green area around the red spot
is what is referred to as lower concentration region. These regions can come from two sources
simultaneously: 1) the known fact that SPPs dissolve is one of the causes; and ii) the resolution
limit of EPMA can also contribute to the appearance of these low concentration regions.

The average alloying element concentration of the metal matrix (not including the SPPs) is
given in Table 5-1 together with the metal at the metal-oxide interface, i.e. within 1.5 um from
the metal-oxide interface. For the calculation of the average value in the bulk metal 7 point line-
scans were used, including 73-109 data points in total; depending on the alloying element. In
order to calculate the average metal composition at the Metal-oxide interface 6 point line-scans

were used extracting a total of 9-11 points out of all of them.

Figure 5-3 BSE micrograph and elemental maps (acquisition parameters: 15 kV, 240-260
nA, spot size) on the metal S pm away from the metal-oxide interface of the 3 cycle LK3/L
sample. The inset shows the enlarged area of two SPPs; lower concentration regions
(green regions) around the core of the SPPs (in red) are observable. The scale bar is S pm.
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In Figure 5-4 the average composition of these two regions are plotted in order to better
visualize the differences. The metal at the metal-oxide interface is slightly enriched by Fe and
Ni. The difference is systematic and the individual point line-scans show this slight increment
towards the interface. One example for a map and a line scan through this region is presented
in Figure 5-5 and Figure 5-6. The Fe map confirms this observation. In the case of Ni however
this average change of 0.02 at% does not show itself significantly. This could be due to the fact
that the intensity range of the maps is aligned in such a way so that the minimum and maximum
measured concentrations on a given area of measurement are fixed on the colour scale, i.e. the
areas with the lowest concentration of a given element (e.g. in the matrix) are black while the
areas with the highest concentrations appear as white (e.g. Fe and Ni in the crud) on the map.
As the crud is also included the concentration values are stretched in a large range of
concentration values therefore such a slight change could be no more visible.

The Fe, Cr, and Ni concentrations in the metal matrix are unexpectedly high while the SPPs
measured show low concentrations. This can be explained by the nature of the EPMA
measurements and the size of SPPs in the material, in other words the large interaction volume
together with the high number of small SPPs. As there are still many SPPs after 3 cycles it is
very probable that even when the aim is to measure only the matrix, some interaction occurs
with an underlying SPPs due to the large interaction volume. In turn, when the SPPs are
measured by point analysis directly on them, the beam interacts with the surrounding metal
matrix as well. This induces a certain error for the measurements. The trends presented
regarding the element distribution are important and give precious information about the

chemical evolution.
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Table 5-1 Average element concentrations in the bulk metal and at approximately 1.5 pm
from the metal-oxide interface of the 3 cycle sample. Only the metal matrix is taken into
account (SPPs excluded).

Phase O (at%) | Zr (at%) | Sn (at%) | Cr (at%) | Fe (at%) | Ni (at%)
Bulk metal 7.91 90.49 1.14 0.12 0.22 0.056
Metal close to the
metal-oxide interface

9.02 89.40 1.10 0.12 0.27 0.077

Figure 5-4 The average element concentrations at the different regions of the metal matrix
of the 3 cycle LK3/L sample measured by EPMA.

Chemical analysis of the oxide and the metal-oxide interface after 3 cycle

Figure 5-5 presents the BSE micrograph, the EPMA maps on the full oxide together with the
outermost part of the metal. The dissolution of the SPPs both in the metal and the oxide is
detected. Based on this and many other maps, the number of SPPs in the oxide is significantly
lower than that in the metal. This can be explained by the higher diffusion coefficient of the
elements in the oxide together with the fact that the SPPs dissolve in the oxide even when no
irradiation is present [105], [103]. In un-irradiated and in-situ oxidized Zircaloy-4, Fe and Cr

were shown to diffuse to the outermost surface of the oxide once the SPP is incorporated into
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the oxide [105]. We could assume that similar phenomenon is valid in this material. As the

oxide layer is very thin at this stage there is a short diffusion path for the alloying elements.

Figure 5-5 BSE micrograph showing the metal part only and EPMA elemental maps
(acquisition parameters: 15 kV, 240-260 nA, spot size) of the outer region of the 3 cycle
LK3/L sample. The scale bar is S pm.

While the interface is enriched in Fe and Ni at the metal side, the oxide at the interface seems
to be depleted of these alloying elements. The possibility of detecting an artefact due to sample
preparation was tested and excluded during the study; refer to Appendix II for details. A
quantitative point line-scan through the metal-oxide interface is shown in Figure 5-6. As the

two phases are compared here, the element ratios to Zr is given.
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Figure 5-6 EPMA point line-scan through the metal-oxide interface of the 3 cycle sample
(acquisition parameters: 15 kV, 240-260 nA, spot size). (A): Zr and O; (B): Element
concentration ratios to Zr.

The full oxide scale is included in this scan. A step-like transition of the element concentrations
through the interface and a valley of concentrations in the oxide is observed. Furthermore, a
slight increment in the concentration of Fe and Ni towards the outermost part of the oxide is
revealed. Cr does not show significant scatter in the oxide as the SPPs are mostly dissolved in
the oxide. The element distribution shows a trend in the oxide, therefore it was necessary to
separate the oxide layer into three parts and the average concentrations for these regions are
given in Table 5-2. The different parts are as follows: the innermost 1.5 um of the oxide is

called “Inner oxide”; the “Outer oxide” is the outermost 1 um or 2 um (depending on the oxide
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thickness which varies between 4 pm and 6 um in this segment). The oxide layer in between
these two regions is the “Intermediate oxide”. These parameters were selected based on the
maps and point line-scans. Concentration is given in at% instead of ratios to Zr as only the
oxide is discussed and no comparison is given to another phase. For the values with ratios to Zr
please refer to the Discussion section of this chapter. In the case of the inner oxide: 7 point line-
scans and 10-12 data points were used. For the intermediate oxide: 7 point line-scans and in
total 12 data points while in the outermost oxide: 7 data points are collected from 5 point line-
scans. In Figure 5-7 the data is plotted for better comparison. An increasing average Fe and Ni
concentration can be observed towards the outermost oxide. The inner oxide seems to contain
slightly higher amount of Cr. The tin ratio to Zr shows that its concentration does not change.
In the case of Fe, the explanation of this phenomenon could be the intrinsic behaviour of Fe to

dissolve from the SPPs as soon as it is incorporated in the oxide and diffuse to the outer surface.

Table 5-2 Average concentrations of the different regions of the oxide matrix of the 3 cycle
LK3/L sample. Inner oxide: up to 1.5 pm from metal-oxide interface; Intermediate oxide:
2-3 pm from metal-oxide interface; Outermost oxide: 4-6 pm from metal-oxide interface
depending on the thickness of the oxide.

Phase O (at%) | Zr (at%) | Sn (at%) | Cr (at%) | Fe (at%) | Ni (at%)
Inner oxide 62.96 36.47 0.43 0.04 0.056 0.019
Intermediate

) 66.22 33.24 0.40 0.028 0.077 0.027
oxide

Outermost oxide 66.23 33.22 0.40 0.024 0.094 0.040
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Figure 5-7 The average element concentrations at the different regions of the oxide of the
3 cycle LK3/L sample measured by EPMA.

5.2.1.3. The chemical composition after 6 cycles
The 6 cycle sample represents a high burnup and it is close to the average life-time of a cladding

in KKL.

Chemical analysis of the metal after 6 cycles

A typical point line-scan for the large-scale composition of the bulk metal is given in Figure
5-8. The step size between each point is 10 pm and the outer 200 um of the metal is presented.
In Part (A) of the Figure the Zr and O signals are shown, while the alloying element distribution

is presented in Part (B) and Part (C). This latter gives the element concentration ratios to Zr.
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Figure 5-8 EPMA point line-scan (acquisition parameters: 15 kV, 240-260 nA, spot size)
from the oxide to the outer 200 pm of the metal of the 6 cycle LK3/L sample. (A): Zr and
O; (B): Element concentrations in at%:; (C): Element concentration ratios to Zr. Arrows
indicate some SPPs.
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Using four point line-scans acquired on the metal, in the bulk metal matrix only (i.e. SPPs are
excluded, as well as the region close to the metal-oxide interface): it is observed that the Fe
content changes between 0.19 at% and 0.36 at%; the Ni content is between 0.03 and 0.084 at%
while the amount of Cr varies between 0.045 and 0.18 at%. The maximum value for Fe is high
due to the concentration increment towards the metal-oxide interface which, for some of the
point line-scans, starts from 4-5 um from the interface, i.e. it is taken as bulk metal.

When the bulk metal of the 6 cycle sample is compared to the same region (i.e. bulk metal) of
the 3 cycle sample, 0.04 at% higher average Fe concentration is measured in the 6 cycle sample.
The amount of Ni and Cr is in the similar range. Signals from both types of SPPs are observed
after 6 cycles as well. However, the distribution of the elements is much smoother compared to
what is observed after 3 cycles, which indicates that after 6 cycles the numbers of remnant SPPs
are reduced in the LK3/L material, and thus the dissolution of SPPs has further continued.

Cr — being the slowest alloying element diffusing out from the SPP — shows large scatter and
its remnant SPPs are still present.

The elemental maps in the metal 5 pm away from the metal-oxide interface are shown in Figure
5-9. The maps confirm all statements described above. A hydride is included in the map. The
alloying elements show no special behaviour around the hydride. The number of SPPs is

significantly lower than in the 3 cycle sample.
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Figure 5-9 BSE micrograph and EPMA elemental maps of the 6 cycle sample in the metal
side with a hydride included (acquisition parameters: 15 kV, 240-260 nA, spot size). The
mapped region is around 5 pm away from the metal-oxide interface. The scale bar is 5

pm.

The average element concentration values that are extracted from the line-scans are provided
in Figure 5-4 and Figure 5-10. Here as well, the metal is divided into two parts. The “metal
close to the interface” is the first 1.5 um of the metal from the metal-oxide interface. The
average of three point line-scans (in total 7-8 points) is given. The “bulk metal” describes the
rest of the metal. Average of 4 point line-scans (24-28 data points) is provided. SPPs are
excluded. In the region of the Metal-oxide interface, Fe increased. The composition after

different cycles is compared in the Discussion (section 5.3).
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Table 5-3 Average concentrations of the metal matrix of the 6 cycle sample in the bulk:
measured 10-200 pm from metal-oxide interface; and “close to the interface”: up to 1.5
pm from the metal-oxide interface. The SPPs are excluded.

Phase O (at%) | Zr(at%) | Sn(at%) | Cr(at%) | Fe (at%) | Ni (at%)
Bulk metal 8.94 89.53 1.07 0.11 0.26 0.060
Metal close to the
metal-oxide 10.30 88.05 1.07 0.12 0.38 0.066
interface

Figure 5-10 The average element concentrations at the different regions of the metal of
the 6 cycle sample measured by EPMA. Bulk metal: measured 10-200 pm from metal-
oxide interface; and “close to the interface”: up to 1.5 pm from the metal-oxide interface.

Chemical analysis of the oxide and the metal-oxide interface after 6 cycles

In Figure 5-11 the quantitative point line-scan of the full oxide together with some part of the
outer metal and the metal-oxide interface is shown. The step size of the scan is smaller through
the interface in order to see the local changes. The maps are shown in Figure 5-12 for the same
region. An increasing tendency in the Fe concentrations from the interface towards the outer
oxide is revealed. Ni shows rather constant concentration throughout the oxide scale and higher

concentration can be observed at the outer 2.5 um of the oxide. This outer part of the oxide is
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also enriched in Cr. Cr still shows the highest scatter in concentration suggesting the presence
of SPP remnants however, based on the elemental maps, the number of these is much less. The
maps with a higher magnification (Figure 5-14 and Figure 5-15) show that the shapes of these

SPP remnants are not well-defined anymore.

Figure 5-11 EPMA Point line-scan on the full oxide scale, through the metal-oxide
interface and some part of the metal of the 6 cycle LK3/L sample (acquisition parameters:
15 kV, 240-260 nA, spot size). Smaller step size is used at the metal-oxide interface. (A):
Zr and O distribution; (B): Alloying element concentration ratio to Zr.
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Figure 5-12 BSE image and EPMA maps on the full oxide scale and the outermost part of
the metal on the 6 cycle LK3/L sample (acquisition parameters: 15 kV, 240-260 nA, spot
size). The scale bar is 5 pm.

In order to reveal the behaviour of the different elements at the Metal-oxide interface, the point
line-scan is enlarged only at that region and is shown in Figure 5-13. Fe shows a drop in the
first 0.5 pum of the oxide close to the interface which is followed by a steady increment in its
concentration.

The Fe map on this region (Figure 5-14) confirms this observation; Fe has decreased in the oxide
close to the interface. Cr and Ni do not show the same step like change at the interface, their
transition to the oxide is smooth, and the concentration of these elements is inherited from the

metal without change.
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Figure 5-13 Point line scan through the metal-oxide interface of the 6 cycle LK3/L sample
(acquisition parameters: 15 kV, 240-260 nA, spot size). Concentration ratio to Zr is given.
The arrow indicates an SPP.

Figure 5-14 EPMA maps on the metal-oxide interface of the 6 cycle sample (acquisition
parameters: 15 kV, 240-260 nA, spot size). The scale bar is 2 pm.
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Figure 5-15 EPMA maps on the outer part of the oxide layer of the 6 cycle sample (acquisition
parameters: 15 kV, 240-260 nA, spot size). The scale bar is 2 pm.

The oxide shows different characteristics in terms of composition in the different regions.
Therefore in order to give an average composition which describes the oxide properly, the
average concentration values are given according to these regions. The “inner oxide” is the
innermost 1.5 pm; “outer oxide™: the outer 2-3 um of the oxide depending on the local oxide
thickness of the sample; “intermediate oxide” represents the region in between the inner and
outer oxide. The data is presented in Table 5-4 and in Figure 5-16. 3 point line-scans with 7-8
data points gave the average for the Inner oxide, same number of scans with 23-26 points are
collected for the intermediate oxide and 2 scans with 7-9 points for the outer oxide. The SPP
remnants are excluded. With the exception of Sn which has a slightly higher concentration at

the inner oxide, all the other elements have an increasing concentration towards the outer oxide.
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Table 5-4 Average concentrations of the different parts of the oxide matrix of the 6 cycle
LK3/L sample by EPMA point analysis. “Inner oxide”: innermost 1.5 pm; “outer oxide”:
the outer 2-3 pm; “intermediate oxide”: region in between the inner and outer oxide.

3 .
Phase O (at%) | Zr (at%) (at;) Cr (at%) | Fe (at%) | Ni (at%)
0
Inner oxide 6135 | 3793 | 046 0.07 0.16 | 0.031
Intermediate 6575 | 3348 | 040 0.10 024 | 0.034
oxide
Outermost oxide | 6570 | 3331 | 041 0.14 038 | 0.056

Figure 5-16. The average element concentrations at the different regions of the oxide of
the 6 cycle LK3/L sample. For the definition of the different parts please refer to the text.

5.2.1.4. The chemical composition after 9 cycles
In the case of the 9 cycle material a complete fuelled segment was studied by EPMA and
measurements were performed around the segment in every 45°. For the definition of the
orientations on the segment, a zero sign was used. The orientations are defined as it is shown
in Figure 5-17. At each orientation, a set of elemental maps were obtained in the metal, at the
metal-oxide interface and in the oxide. Therefore, larger amount of data is collected than for
the other cycles. Only the most important results are presented due to the length limitations of

the thesis.
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Figure 5-17 Collection of SE images showing some parts of the full segment of the 9 cycle
LK/L sample, and its orientations.

Chemical analysis of the metal after 9 cycles

Figure 5-18 represents an EPMA point line-scan along the whole metal cladding. In Part (A),
Zr and O are shown and their distribution is relatively homogenous with a slight change close
to the metal-oxide interface and the metal-inner liner interface. Figure 5-18-(B) shows the
distribution of the alloying elements with a much finer vertical scale. Using this and other point
line-scans on the base metal, the concentration ranges of the elements (excluding SPP remnants)
are as follows. The Fe content changes between 0.16 and 0.32 at%. The Ni content varies
between 0.013 and 0.08 at%. The minimum values could be influenced (lowered) by the
hydrides. This is further discussed below. The value of the Cr concentration has a scatter
between 0.03 and 0.20 at%. Cr shows higher concentration fluctuation in this sample as well,

due to its SPP remnants.
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Figure 5-18. EPMA point line-scan across the base metal at 40° of the 9 cycle LK3/L
sample (acquisition parameters: 15 kV, 240-260 nA, 2 pm beam diameter). (A):

Concentration of Zr and O. (B): Concentration of Cr, Fe, Ni, and Sn. (C): Element
concentration ratio to Zr.
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Figure 5-19 shows the average element concentration in the metal at different orientations of
the cladding. Each data point represents an average of 10-25 measurements. The SPPs are
excluded. All alloying elements show fairly homogenous distribution around the
circumference. Due to the asymmetry of the burnup, it was expected to observe a certain
variation of element distribution, in particular a smaller dissolution of alloying elements in the
lower burnup side. Although a slight drop of Cr concentration in the matrix is observed around

180° (which is close to the lower burnup side), no considerable variation could be observed.

Figure 5-19. Average element concentration by EPMA point analysis of the metal part at
different orientations of the 9 cycle LK3/L sample. All data was collected at a distance of
up to 20 pm from the metal-oxide interface. The data shows only the matrix, the SPP
remnants are excluded, while the hydrides were not distinguished and removed.

One example of the elemental maps obtained is shown in Figure 5-20. Only few Zry(Fe, Ni)
remnant SPPs are present and Zr(Fe, Cr), SPP remnants are mostly depleted of Fe. The highest
measured element concentration for the SPPs were determined by point analysis directly on the
SPPs which were located based on the elemental maps. It is 1.58 at% Cr and 0.33 at% Fe for a

Zr(Fe, Cr)2 and 0.12 at% Ni and 0.35 at% Fe for Zrz(Fe, Ni). The element distribution in the
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metal matrix is homogeneous except in the areas of the hydrides which show Fe and Ni
depletion compared to the surrounding matrix.

Figure 5-21 shows the measured Fe/Zr and Ni/Zr ratios in the matrix (average of 3-21
measurements) and in the hydrides (averaged over 3-6 point measurements) at five different
orientations of the segment. The concentration of these two elements in the hydrides is lower
by a factor of 1.5-2.4. Cr and Sn do not show detectable difference in the hydrides by EPMA

point measurements, therefore, their ratios are not provided.

Figure 5-20. BSE image and elemental maps of Zr, Cr, Fe, and Ni in the metal matrix 30
pm from the metal-oxide interface at 0°, of the 9 cycle LK3/L sample. The frame shows
the mapped area and the arrows point to the hydrides. The scale bar is 5 pm.
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Figure 5-21. Average ratios of Fe/Zr and Ni/Zr of the 9 cycle LK3/L sample in the hydrides
and in the surrounding metal matrix up to 20 pm from the metal-oxide interface, obtained
by EPMA point analysis (acquisition parameters: 15 kV, 240-260 nA, spot size).

Although, the bulk and the interface metal show similar composition, for the better comparison
with the other materials, these regions are given separately. The average data is presented in
Table 5-5 and in Figure 5-22. 11 point line-scans with 138-166 data points in total were
collected for the bulk region while 5 scans and 15-16 points for the interface region. As before,

the interface region is defined as the distance up to 1.5 pm from the metal-oxide interface.

Table 5-5. Average concentrations of the metal matrix of the 9 cycle sample obtained by
EMPA point analysis, in the bulk metal: 2-520 pm from metal-oxide interface; and close
to the interface: up to 1.5 pm distance from the interface. The SPPs are excluded.

Phase O (at%) | Zr (at%) | Sn (at%) | Cr (at%) | Fe (at%) | Ni (at%)
Bulk metal 9.34 89.16 1.03 0.12 0.25 0.06
Metal close to the
Metal-oxide interface

12.16 86.39 1.03 0.11 0.25 0.06

159



Figure 5-22. The average element concentrations at the different regions of the metal of
the 9 cycle LK3/L sample measured by EPMA.

Chemical analysis of the oxide and the metal-oxide interface after 9 cycles

Figure 5-23 shows a quantitative point line-scan between the crud-oxide and the oxide-metal
interface. The step size is relatively large providing an overview of element distribution. In Part
(A), the Zr and O signals are plotted. The N1 and Fe content can also be observed in the crud.
In Part (B) the ratios of the alloying elements to Zr are shown. Fe shows an increasing
concentration towards the outer oxide. The points indicated by arrows in Figure 5-23-(B) show
an increased ratio of Cr or Fe which are most probably SPP remnants.

Figure 5-24 presents two sets of point line-scans with smaller step size, one at the close
environment of the metal-oxide interface (A shows at% and B shows the ratios to Zr) and
another at the outer side of the cladding (C: in at% and D: ratios). Increased concentration of
Ni is revealed as well at the outer region of the oxide. A point line-scan with high resolution
through the metal-oxide interface is presented in Figure 5-25. The oxide region close to the
interface seems to be slightly depleted by the alloying elements compared to the rest of the

oxide scale.
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Figure 5-23. EPMA quantitative point line-scan between the crud-oxide and the oxide-
metal interface at 120°, of the 9 cycle LK3/L sample (acquisition parameters: 15 kV, 240-
260 nA, spot size). (A): Zr and O. Ni and Fe are higher in the crud than in other regions,
therefore these elements are plotted in A. (B): Element concentration ratios to Zr. Arrows
indicate the possible remnants of SPPs.
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Figure 5-24. EPMA quantitative point line-scans of the oxide of the 9 cycle LK3/L sample
at 270° orientation (15 kV, 240-260 nA, spot size). Alloying element concentrations and
ratios close to the metal-oxide interface (A, B); and at the outer region of the oxide (C, D).

162



Figure 5-25. EPMA Point line scan through the metal-oxide interface of the 9 cycle LK3/L
sample on a half segment (i.e. orientation is not known) (acquisition parameters: 15 kV,
240-260 nA, spot size). (A): Zr and O concentrations. (B): element concentration ratios to
Zr.

The elemental maps acquired from the outer and the intermediate regions of the oxide are shown
in Figure 5-26 and Figure 5-27, respectively. The increasing concentration of Fe towards the
outermost oxide is observable. In the oxide, as in the metal, most of the SPPs are already
dissolved, but some remnants of Zr(Fe, Cr), SPPs still can be observed, therefore, the
distribution of Cr is much more inhomogeneous. Similar clusters of Fe and Ni are very rare in
the oxide. Figure 5-26 shows the Fe enrichment at some sites of the oxide layer. The

superposition of the Fe and O maps shows that the intense Fe signal is superimposed on the
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long crack in the oxide. The crud and the crud-oxide interface are enriched in Fe and to a lower
extent in Ni. In Figure 5-27 some slight segregation of Sn is also observable. Maps at the metal-
oxide interface are shown in Figure 5-28. The Fe depletion at the interface oxide was not clearly
observable in this or other maps. Due to the fact that it is clearly observable in the point line-

scans, it is expected to be a narrow, not very well-defined region in the oxide.

Figure 5-26. SE, BSE images and elemental maps of the 9 cycle LK3/L sample, at the crud-
oxide interface at 270°. A superposition of Fe with O maps also provided. The red frame
indicates the mapped area and a crack (due to sample preparation — it contains resin) in
the oxide is marked by the arrow. The scale bar is S pm.
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Figure 5-27. SE, BSE images and elemental maps of the 9 cycle LK3/L sample in the oxide
at 45°. The frame on the SE image and the BSE image show the mapped area. The scale
bar is 5 pm.

Figure 5-28. SE, BSE images and elemental maps of the 9 cycle LK3/L sample at the metal-
oxide interface at 200°. The red frame shows the mapped area. The scale bar is 3 pm.
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The average values of three parts of the oxide are given separately, in Table 5-6. The “inner
oxide” is up to a distance of 1.5 um from the interface; the “outer oxide: is the outermost 4 um
(this region is enriched in Fe and Ni). The region in between these two sites is referred as
“intermediate oxide”. The data is provided from all measured orientations together, as no
considerable difference in concentrations is observed in different orientations. The SPP
remnants are excluded. Between 12 and 15 point measurements in total from 9 different point
line-scans gives the average concentration of the inner oxide. The intermediate oxide
composition is calculated from 7 point line-scans containing 85-98 data points in total. 12-13
point from 9 point line-scans are used for the outer oxide. In the case of Sn less data points were
considered because for some of the point line-scans the Sn value was fixed in order to decrease
the time of the measurement. The fixed values are not included in the average calculation
therefore 15, 67, and 3 points were considered for Sn in the inner, intermediate, and outermost
oxide, respectively. The inner part of the oxide shows the lowest concentration for each alloying
element, except for Sn which is slightly higher at this part of the oxide. The Fe concentration
increases significantly, while concentration of Ni and Cr increase moderately towards the

outermost oxide.
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Table 5-6. Average concentrations of the different parts of the oxide matrix of the 9 cycle
LK3/L sample from EMPA point analysis. For the definition of the different parts please
refer to the text.

Phase O (at%) | Zr (at%) (j;) Cr (at%) | Fe (at%) | Ni (at%)
0
Inner oxide 6239 | 37.01 | 044 | 0036 | 009 | 0.028
Intermediate

) 64.12 35.26 0.42 0.045 0.13 0.031
oxide

Outermost oxide 65.40 33.50 0.39 0.061 0.58 0.087

Figure 5-29. The average element concentrations at the different regions of the oxide of
the 9 cycle LK3/L sample. For the definition of the different parts please refer to the text.

5.2.2. Analysis of the samples by ChemiSTEM — Local changes
of composition

In this section the effect of irradiation on the element re-distribution (e.g. in GBs and in the
metal and oxide matrices) at the nanometric scale is followed up. The un-irradiated, and the 3,
7, and 9 cycle cladding samples examined by ChemiSTEM are reported. The observed
differences between the materials with different service times are correlated to the change of

oxidation and HPU at high and extreme high burnups.
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The SPPs are present in the alloy to enhance the oxidation resistance [19]. Under irradiation
they dissolve gradually and their solubility limit in the metal matrix is very low [40]. The
behaviour and redistribution of the dissolved elements in the metal matrix could influence the

subsequent oxidation and HPU properties of the cladding.

5.2.2.1. Un-irradiated LK3/L

An electro-polished un-irradiated material from the same batch as the irradiated LK3/L samples
was studied. This sample accurately represents the initial conditions of the material and
provides a good basis for comparison.

The two types of SPPs, namely Zr(Fe, Cr), and Zr2(Fe, Ni) precipitates, are revealed and are
shown on the overview maps in Figure 5-30.

The average composition of the metal matrix and the highest measured composition for the two
types of SPPs are shown in Table 5-7. The high O signal possibly originates from the natural
oxide film that has formed on the thin foil. These SPP concentration values do not represent the
highest compositions expected (i.e. the atomic concentrations for each species of the SPPs). In
Figure 5-31 the GB segregation of Fe and Ni prior to irradiation is shown. No Cr or Sn

segregation was observed in any of the measured GBs.

The GB segregation have been determined based on the elemental maps by a point line-scan
across the segregation and not by direct point analysis. Therefore it is rather qualitative and the
ratio is given between the segregation and the matrix. In the case of Fe, 5.5 times and for Ni,

4.6 times higher concentrations were measured in the GB.
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Figure 5-30 HAADF images and ChemiSTEM maps obtained from the un-irradiated
LK3/L sample. Zr(Fe, Cr)z and Zr2(Fe, Ni) SPPs are revealed.

Table 5-7 The measured average metal matrix composition from 3 points in the un-
irradiated LK3/L. Composition of the SPPs: the highest measured concentration is given.
These SPP concentration values do not represent the highest compositions expected.

Phase O (at%) | Zr (at%) | Sn (at%) | Cr (at%) | Fe (at%) | Ni (at%)

Metal 1851 | 80.42 0.95 0.008 0.10 0.007
matrix
Zn(Fe,Ni) | 586 | 7289 | 028 0.11 1244 | 842

Zr(Fe, Cr), 7.90 64.74 0.52 13.01 13.66 0.17
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Figure 5-31 HAADF image and ChemiSTEM elemental maps obtained from the un-
irradiated LK3/L. sample. The mapped area is marked by the white rectangle. GB
segregation of Ni and Fe is visible and marked by arrows. A Zr(Fe, Cr): SPP is marked
by the arrowhead. Some amount of Ni can be observed as well in the SPP.

5.2.2.2. 3 cycle LK3/L
After 3 cycles in reactor the SPPs have dissolved to a certain extent. The segregation of Fe and
Ni at the metal GBs are observed and presented in Figure 5-32. The metal matrix composition
together with the values obtained from the point measurements on the different SPPs is
presented in Table 5-8. The measured maximum concentration values for Fe and Ni at the GB

are about 3.6 and 3 times higher than in the matrix, respectively.
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Figure 5-32 HAADF image and ChemiSTEM maps of a metal GB close to the metal-oxide
interface in the 3 cycle LK3/L sample. The mapped area is marked by the white rectangle.
GB segregation of Ni and Fe is visible and marked by arrows.

Figure 5-33 shows a dissolving SPP which has been incorporated into the oxide on the last
oxide formed, i.e. at the metal-oxide interface. On the ChemiSTEM maps, Fe and Ni
segregation is observable, most likely in the oxide GBs. The concentrations of the different
phases and the maximum measured SPP values are presented in Table 5-8. The O concentration
in the oxide indicates a low value therefore sub-stoichiometric oxide is assumed. The O value
could be slightly higher if a higher lamella thickness is considered but even then it is around 60
at%. This issue is further discussed in the Discussion of this chapter. For more quantitative data
regarding the O value in the bulk oxide please refer to the EPMA results in Section 5.2.1.2. As
the lamella was prepared at the metal-oxide interface high Fe concentration is measured in the
metal matrix due to the Fe-enrichment of this region which was already presented by EPMA

(Table 5-1). The value observed here represents the interface metal and does not represent the

171



Fe concentration in the bulk matrix; for the bulk concentration of Fe please refer to Table 5-1.
Much higher (about 2.5 times) Fe concentration is measured by ChemiSTEM than by EPMA.
This can be explained by the fact that the interaction volume of the sample and the beam is
much larger in EPMA than in ChemiSTEM. As the Fe-enriched region is rather narrow, EPMA
could give a rather mixed signal partially coming from the area designated as “bulk metal”
region as well while in ChemiSTEM only this so called “metal at interface” region is measured

locally.

Figure 5-33 HAADF image and ChemiSTEM maps on the oxide close to the metal-oxide
interface of the 3 cycle LK3/L sample. The mapped area is marked by the white rectangle.
Arrows indicate fine lines of Fe and Ni.
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Table 5-8 Results of point analysis by ChemiSTEM. The average metal and oxide matrix
composition from 3 points measured at the metal-oxide interface of the 3 cycle LK3/L
cladding. Composition of the SPPs in both phases is given for the highest measured
concentration.

Phase O (at%) | Zr (at%) | Sn (at%) | Cr (at%) | Fe (at%) | Ni (at%)
Metal matrix* 1562 | 82.52 1.07 0.04 0.67 | 0.068
Fe-Ni SPP in metal** | 14.46 | 8092 | 090 | 0086 | 2.18 1.45
Fe-Cr SPP inmetal | 14.98 | 80.14 1.06 2.82 0.82 0.17
Oxide matrix* 4924 | 4970 | 074 | 0015 0.24 0.06
Fe'Nl((;girc)leSP Pin ysa0 | 4552 0.32 1.41 4.59 2.75
Fe-Cr SPP in oxide | 43.89 | 4338 | 0.71 10.20 1.46 0.35

*For the O and Zr content of the bulk metal and bulk oxide matrix please refer to the EPMA result.
**Measurement based on spectra collected during mapping, i.e. providing only semi-quantitative data.

5.2.2.3. 7 cycle LK3/L
In the absence of a 6 cycle metal-oxide interface TEM lamella, due to time limitation, a 7 cycle
TEM lamella available was selected for this study. Figure 5-34 shows that the GB segregation
of Fe and Ni is present at high burnups as well. Although Sn has a relatively high solid solubility
limit and its segregation in the metal is not expected, Sn segregation occurs at the GBs of the 7
cycle sample. The highest measured Fe, Ni, and Sn concentration at the GB are 3.6, 2.3, and
2.2 times higher than their concentration in the metal matrix, respectively. No such phenomenon
has been observed in the case of Cr. In the metal part both type of SPPs could be observed. The
number of remnant SPPs in the oxide is very low and they contain mostly Cr. The compositions
of the metal and oxide matrices and the containing SPPs are shown in Table 5-9. Due to the
lack of SPPs, the statistics are low in the oxide. An example for the SPP remnants in the metal

and the oxide is shown in Figure 5-35 and Figure 5-36, respectively.
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Figure 5-34 HAADF micrograph and ChemiSTEM maps of the metal of the 7 cycle LK3/L
sample. The arrows show the GB segregation of the elements.

Figure 5-35 HAADF micrograph and ChemiSTEM maps in the metal part of the 7 cycle
LK3/L sample. A remnant of a Zr2(Fe, Ni) SPP and a small Cr-containing particle is
revealed.
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Figure 5-36 HAADF micrograph and ChemiSTEM maps in the oxide of the 7 cycle LK3/L
sample. A remnant of a Zr(Fe, Cr)2 SPP is revealed.

Table 5-9 Results of point analysis by ChemiSTEM of the 7 cycle LK3/L cladding. The
average metal and oxide matrix composition from 3 and 9 points measured, respectively.
Composition of the SPPs in both phases: the highest measured concentration is given.

Phase O Zr Sn Cr Fe Ni
(at%) | (at%) | (at%) | (at%) | (at%) | (at%)
Metal matrix* 1591 | 82.42 | 1.17 | 0.036 0.37 0.095

Fe-Ni SPPinmetal | 4.88 | 8472 | 0.89 | 0.07 | 483 | 4.6l
Fe-Cr SPP inmetal | 15.01 | 7520 | 0.90 | 7.78 | 0.79 | 033
Oxide matrix* 64.90 | 34.18 | 0.63 | 0.039 | 021 | 0.034
Fe-Ni SPP in oxide not available
Fe-Cr SPP in oxide** | 57.02 | 3638 | 0.78 | 3.85 | 127 | 039

* For the O and Zr content of the bulk metal and oxide matrix please refer to the EPMA result.
**Measurement based on spectra collected during mapping, i.e. providing only semi-quantitative data.
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5.2.24. 9 cycle LK3/L
The ChemiSTEM results on the 9 cycle sample revealed Fe and Ni segregation at the GBs. The
observations confirm that Sn segregates as well at the metal GBs at extreme high burnups
(Figure 5-37). Based on the Cr map in Figure 5-37 Cr shows traces of segregation at a limited
region of the same GB where Fe and Ni segregation is observed. The highest measured
concentrations at the GB for Fe is 6.7, for Ni, 3.6, for Sn, 2.5, and Cr, 4.3 times higher than in

the metal matrix.

Figure 5-37 HAADF micrograph and ChemiSTEM maps at the metal-oxide interface of
the 9 cycle LK3/L sample. Dashed line on HAADF micrograph represents the metal-oxide
interface. The arrows mark the GB segregation.

Table 5-10 summarizes the average matrix compositions and the highest measured SPP remnant
concentrations. The metal matrix composition was measured by point analysis collected 2.5-7
um from the interface. For the oxide matrix direct point analysis is available only from the TEM
lamella which was prepared at the outer region of the oxide (within 2-7 um from the crud-oxide
interface) and presented in Table 5-10. Based on a QMap, a point line-scan through the metal-

oxide interface (see Figure-All 3 in Appendix II) revealed that the oxide is stoichiometric both
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away from the interface and in the vicinity of the interface. A very thin (~5-10 nm) transition
layer is observed, i.e. the O signal drops suddenly at the interface. An SPP remnant in the oxide
close to the metal-oxide interface is shown in Figure 5-38. The maps show that Fe and Ni
segregate in the oxide in the shape of fine lines away from the core of the SPP, presumably in

an oxide GB, or the interface of the original SPP.

Table 5-10 The average metal and oxide matrix composition from 3 and 4 point
measurements respectively, in the 9 cycle LK3/L cladding. Composition of the SPPs in
both phases: the highest measured concentration is given.

Phase O (at%) | Zr (at%) | Sn (at%) | Cr (at%) | Fe (at%) | Ni (at%)
Metal matrix* 24.41 74.12 1.01 0.03 0.36 0.07
Fe-Ni SPP in metal*** | 23.85 64.52 0.09 0.66 3.14 5.72
Fe-Cr SPP in metal* 14.74 74.94 0.76 8.65 0.84 0.07
Oxide matrix*** 66.89 32.60 0.28 0.04 0.17 0.03
Fe-Ni SPP in oxide*** | 65.48 26.81 0.05 0.31 3.29 4.06
Fe-Cr SPP in oxide*** | 57.33 23.60 0.08 17.47 1.45 0.08

For the O and Zr content of the bulk metal and oxide matrix please refer to the EPMA result. *Data
collected 2.5-7 um away from the interface. **Measurements are based on spectra collected during
mapping, i.e. providing only semi-quantitative data. ***Measured on the lamella which was prepared at
the outer part of the oxide (within 2-7 pm from the crud-oxide interface).

Figure 5-38 HAADF micrograph and ChemiSTEM maps at the metal-oxide interface of
the 9 cycle LK3/L sample. A remnant of a Zr2(Fe, Ni) SPP is revealed. Arrows show Fe
and Ni in a shape of a fine line in the oxide. Dashed line represents the metal-oxide
interface.
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5.2.3. The effect of hydrides on the chemical composition at high
burnup

The effect of the hydride on the microstructure is presented in Chapter 4 while this section
examine their impact on the chemical composition. The H content of the high and extreme high
burnup samples are above the H solubility limit in Zircaloy-2. As the H content is very high in
this cladding, we assume that most of the hydrides investigated have occurred during service.
In the case of the 9 cycle sample the EPMA results have shown Fe and Ni depletion of the
hydrides (Figure 5-21).The hydride and metal matrix compositions were compared by direct
point measurements in TEM as well. In the 7 cycle sample no systematic difference was
observed. In the case of the 9 cycle sample systematic differences were revealed not only for
Fe and Ni but in the Sn concentration as well: 1.1-1.7 times less Fe, 1.2-1.3 times less Ni and
1.1-2.6 times less Sn is measured in the hydrides than in the metal matrix. The ChemiSTEM
maps on the hydrides confirm this observation, shown in Figure 5-39. In the case of Cr, despite
a certain drop observed on the images, clear quantitative depletion was difficult to detect in the
hydrides.

While EPMA did not show Sn depletion in the hydrides, slightly higher level of depletion of
Fe and Ni has been observed by EPMA. This could be due to the better statistics, i.e. higher
number of large hydrides available on the bulk sample while in TEM the amount of available

hydride phases is very limited.
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Figure 5-39 HAADF micrograph and ChemiSTEM maps on the hydrides in the metal of
the 9 cycle LK3/L sample. One of the hydrides is marked by H.

5.3. Discussion on the chemical evolution of the metal and oxide matrices

and its impact on the hydrogen uptake

A detailed chemical analysis of the LK3/L type Zircaloy-2 cladding has been presented in this
chapter. The aim is to explore in depth the chemical changes occurring after different stages of
irradiation in reactor. It is expected to find some correlation between these changes and the
cladding’s modified HPU and oxidation behavior at high burnups.

The limitations of the techniques used are discussed in the Discussion chapter of the thesis. The
precision of the EPMA measurements are presented in Table-All 1 in Appendix II.

In order to compare the obtained results by the two techniques, a short description Figure-All

4, Figure-All 5, Figure-All 6 are presented in Appendix II.
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The results of EPMA and TEM confirm some of the previous observations presented in the
literature, such as the continuous dissolution of alloying element from the SPPs under
irradiation, or the formation of hydrides as a function of time. However some of the
observations are not reported in the literature and add new parameters to be considered as
possible causes of the changes in the HPU or the oxidation. For instance the redistribution of
the alloying elements due to the hydride formation and the fact that hydrides repel some of the

elements is one of these findings.

It seems that there is no available data in the literature on the chemical composition of the
hydrides in irradiated Zr-based cladding materials, and the question whether they contain any
alloying elements is not yet answered by any quantitative measurement. The question could
arise whether zirconium-hydrides do contain alloying elements or not. However, this question
cannot be systematically answered, as binary intermetallics of Zr and Fe or Ni, do form hydrides
as shown in [ 193] and [194]. In those studies, the formation of the Zr,FeHy systems by hydration
of the Zr,Fe compound even at low temperatures and low hydrogen pressures [193], and
formation of the Zr:NiHx hydride systems have been shown [194]. Therefore, it is not evident
and not necessarily expected that the hydrides would be depleted of certain alloying elements
and this is shown for the first time in this study, to the best of our knowledge.

The observed phenomenon (i.e. hydrides being depleted of some of the elements) can affect the
hydride formation after long-term irradiation where the matrix is rich in alloying elements by
leading to the growth of the existing hydrides rather than nucleation and growth of smaller
grains. This phenomenon could be at the origin of accumulation of hydrides at the outer wall

of the cladding, and could add an extra parameter to the stresses developed in the material.
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GB segregation is another phenomenon which was revealed in this study. Other authors studied
the behaviour of the alloying elements as well, both with and without irradiation. As an example
an APT study on un-irradiated Zr-based alloys showed GB segregation of some elements in the
metal [93]. Ni and Fe segregation in un-irradiated Zircaloy-2 both at the metal and the oxide
grain boundaries was observed in [106], while Sn segregation in the oxide [195]. Another APT
study on the 9 cycle LK3/L material presented Sn and Fe clustering in the metal in ring-shaped
features as well as Fe and Cr-rich nano-sized precipitates [126]. The authors suggest that
precipitation of these elements occur at the site of dislocation loops or in their stress field [126].
In this thesis the evolution of the GB segregation has been revealed. Based on the example of
irradiation-induced dissolution of the alloying elements from SPPs, it was expected that the GB
segregation observed in the un-irradiated material may disappear with irradiation. However, the
studies on the 3, 7 and 9 cycle samples reveal persistent presence of such segregation.
In the following, the effect of irradiation, a. on the metal and oxide matrix compositions, b. on

the behaviour and distribution of different elements, and c. on the GB segregation are discussed.

The metal matrix is separated into two parts: the bulk metal and the metal close to the interface
while the oxide layer is separated into three parts: the outer, the intermediate and the inner
oxide. This separation is necessary due to the well-noticeable composition difference between
these regions. Figure 5-40 shows the changes in concentration after 3, 6, and 9 cycle in these
regions for each alloying elements separately. The metal and the oxide are shown together. This
provides the evolution and behaviour of the different elements from low to high burnup region.
As the two different phases are compared, the element ratio to Zr is given. For the
concentrations in at% for the metal and oxide separately please refer to Figure-All 7 and Figure-

AlI 8 in Appendix II
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Figure 5-40. Comparative data for each alloying elements and each cycles showing the
chemical evolution of the cladding in the metal and oxide matrices based on the EPMA
point line-scans. SPPs are excluded.
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Based on the results of Fe by EPMA in Figure 5-40 it is clear that at each region of the material
there is an increase in the Fe concentration from 3 to 6 cycles. This can be explained with the
SPP dissolution: as Fe is the fastest element which diffuses out from the SPPs an overall
enrichment of the matrix is expected. However between the 6 and the 9™ cycles sample the
tendency is different. Although the bulk metal composition is similar in the 9 and the 6 cycle
samples, in the other regions the 6 cycle sample shows higher Fe concentration. The explanation
for the Fe “deficiency” in the 9 cycle sample can come from the fact that this sample has a
significantly higher Fe content at the outermost oxide than in the other parts of the sample and
also compared to this region in the other cycles. This indicates that once the material is saturated
of the dissolved Fe there could be a driving force which leads the excess iron to the outer surface
of the material. Another explanation could be that the original composition of the 6 cycle

cladding was slightly different from the other claddings.

There is a tendency of drop in Fe concentration in the oxide side of the metal-oxide interface,
compared to the metal side, for all claddings at different cycles. This drop is slight for the 6 and
9 cycle samples when the average is considered, however it is clearly observable in the
individual point line-scans. If the mobility of Fe was similar in the oxide and the metal, as the
oxide interface moves into the metal, it would be expected that the concentration of Fe on the
two sides of the interface be the same, with respect to Zr. Therefore, it is unambiguously clear
that the Fe has a higher mobility in the oxide and thus, should diffuse out.

Furthermore, it is systematically observed that the Fe content increases towards the outer oxide
in all samples; and the level of enrichment in this region increases with the number of cycles.
It could be the case that this is a general behaviour of Fe in zirconia, i.e. Fe seems to dissolve

with a higher rate in the oxide and diffuse to the free surface. This phenomenon is observed
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without irradiation as well [105], [103]. Although the crud has not been the topic of the thesis,
both under and without irradiation, the migration of Fe to the free surface could influence the
formation of crud, or in turn the crud could change the behaviour of Fe in the oxide. Considering
the fact that in the above mentioned studies ( [105], [103]) Fe accumulation was not observed
at the outer oxide in those alloys which did not contain Fe, the possibility that the enrichment
is due to contamination from the coolant could be rejected. The similar behaviour of the other
elements further strengthen this statement. Despite the observations in autoclave that have
provided unambiguously demonstrated Fe diffusion to the outer oxide surface and its
accumulation there, in the case of in-reactor studies the water chemistry cannot be excluded.
Therefore, this question remains open until further studies provide evidence that supports one

or the other statement.

Ni increases slightly in the bulk metal towards the higher burnups. The Ni concentration reaches
its maximum level in the intermediate oxide in the 6 cycle. The inner oxide shows a higher
percentage of Ni at high burnups (6 and 9 cycles) than after 3 cycles. This could modify the
HPU behavior of the cladding based on the study of Kuri et al [131]. The authors claim that Ni,
even in oxidized form in the vicinity of the metal-oxide interface, could increase the HPU. Ni
concentration increases towards the outer oxide in all samples and the level of Ni-enrichment
increases with increasing burnup. These observations indicate that Ni dissolves and a part of it

accumulates at the outer oxide.

The formed hydrides which are large phases at high and extreme high burnups repel Fe and Ni

from their volume; therefore further limit the capacity of the alloy to keep these elements in

solid solution.
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The observed segregation of Fe and Ni in the metal GBs after all cycles measured indicates that
the GB segregation could be a path for the diffusion, i.e. the phenomenon could be considered
rather as a “highway” for the alloying elements to diffuse out of the metal matrix, due to their
low solid solubility limit. The alloying element concentration in the GBs compared to the metal
matrix is given in Figure 5-41, after each cycles. However this data provides only the
concentration ratio of matrix/GB, i.e. it shows that after each cycles how much the GB is
enriched by the given element compared to the bulk composition. However, ChemiSTEM does
provide only semi-quantitative data and very local information on the bulk matrix composition.
Therefore, the compositional evolution of the GBs based on only the ChemiSTEM data cannot
be provided. In order to estimate how the concentration of different elements evolved in the
GBs, the quantitative data with high statistics obtained on the bulk matrix by EPMA analysis
were used: The element ratios to Zr are taken into account for each elements and, for each
cycles, multiplied with the concentration increments of the given element in the GB segregation
(presented in Figure 5-42). In other words the calculation was done as follows:

(CAMA/C MU )ppyp % (CATB/CAM™ ™ ™) chemisTEM < CAT/ CzMAt

where CaM*"™X is the concentration of element A (A=Fe, Ni, Cr, or Sn) in the matrix; Cz™"* is
the concentration of Zr in the matrix; CA%? is the concentration of the element in the GB; EPMA
and ChemiSTEM subscript expresses that from which measurement the data was used. In this
way it is possible to give an estimation for the GB segregation evolution with cycles.

No EPMA measurement of the un-irradiated sample is available, therefore the data is based on
the ChemiSTEM results. For the calculation of the GB segregation after 7 cycles the EPMA
results on the 6 cycle sample was used. A trend of increasing element concentration in the GBs

with the number of cycles emerged from this calculation (Figure 5-42). It must be noted that

the statistics of the GB measurements are low. At extreme high burnup the GBs are enriched of
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all four alloying elements but the Cr segregation was not observed along the whole GB only at

certain limited locations.

Figure 5-41 Amount of alloying elements at the GBs compared to the metal matrix after
each measured cycles. Cr segregation after 9 cycles was observed only at limited sites of
the GB.

Figure 5-42 The evolution of GB segregation with the number of cycles calculated based
on the metal compositions measured by EPMA and on Figure 5-41. The element ratios to
Zr were used. The un-irradiated matrix composition is based on the ChemiSTEM results.
The 6 cycle sample composition was used from EPMA to calculate the GB segregation of
the 7 cycle sample. The composition of the “metal at the interface” region was used from
the EPMA of the 3 and 6 cycle samples. 9 cycle EPMA data from the “bulk metal” region.
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It was claimed that dissolution of certain alloying elements, such as Fe and Ni (and Nb in Zr-
Nb alloys) in the oxide could change the diffusivity of H in the oxide layer by affecting the
potential gradient through the oxide [151] or the mobility of interstitial protons [152], [141].
The role of Fe on the HPU was claimed to be dependent on its state: when in form of SPP Fe is
claimed to increase the HPU [148]. Dissolved Fe** in the monoclinic and Fe?" in the tetragonal
oxide were associated with lower HPU [147], [153] and oxidation, respectively [153].

In un-irradiated and oxidized Zircaloy-4 the highest proportion of Fe*" was measured near the
oxide surface [153]. Although the oxidation state of the dissolved Fe has not been examined in
this PhD work; a higher oxidation state could be expected in the outer region of the oxide. An
Fe-rich outer oxide layer is observable in all irradiated samples. Although we could assume that
a certain level of protection is provided by the chemical composition of the outermost oxide
layer due to its Fe enrichment, we conclude that the level of protectiveness provided by this
layer is negligible after a certain period of time. In other words, other processes that are coming
to action at higher burnups could overcome on its effect and significantly reduce the relevance
of this composition-based protection. For example, once there is an interconnected pore system

which allows the water to flow inside the oxide, this protective behaviour would be lost.

As it was already described in the Chapter 2— Section 2.4.2.5, metallic Ni in the barrier oxide
was claimed to have a negative effect on the HPU by offering a “window” for H-ingress to the
metal [109], or in an oxidized form increasing the diffusion of H" through the oxide
significantly [110] or offering nucleation sites for hydride-ion (H") storage at the oxide grain
boundaries [131].

A higher fraction of Ni in the inner oxide layers was measured in the high burnup samples by

EPMA. This could be a factor in the increased HPU of the sample at high burnups.
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An unexpected behaviour is revealed in the case of Cr (Figure 5-41): although the Cr content
does not change significantly in the metal at all stages of irradiation it shows a dominant
maximum in the 6 cycle sample in all oxide regions. The causes of this significant change
between 3 and 6 cycles and the decreased Cr content between the 6 and the 9" cycles need to
be explored in future studies. One of the clarifications for this behaviour could be that dissolved
Cr in the oxide rather goes out to the crud. It has been demonstrated in a previous in-situ
measurement performed in the laboratory on oxidized Zircaloy-4 that when Fe and Cr dissolve
from the SPPs and diffuses to the outer oxide Cr actually forms a layer on the top of the Fe
accumulation [105]. The significant decrease of Cr content between 6 and 9 cycles could be
explained by this process. Another possibility could be that the original composition of the 6
cycle cladding was slightly different from the other claddings with higher initial Cr and Fe

content.

It must be mentioned that the pressure vessels and the tubing contain Cr, Fe, and Ni as alloying
element and one can argue that this could be a possible source of these elements in the coolant.
However, no data is available regarding the Cr water chemistry changes due to the mentioned
phenomenon. Therefore we cannot reject the possibility that some of the observed Cr, Fe, and
Ni could come from the coolant and further analysis (e.g. Cr water chemistry data) is needed in
order to take a final conclusion on this point. It is worth noting that no Cr segregation has been
observed in the metal GBs with the exception of a very limited region with accumulation of Cr
with high concentration. Therefore it is logical to expect that Cr would not use the GBs of the
metal as a route to access the outermost regions of the cladding. In fact, based on the

observations regarding Cr and the fact that Cr is the slowest element which dissolved from the
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SPPs it could be the case that once the Cr-containing SPPs are incorporated into the oxide layer

there is a driving force to diffuse out to the water side surface.

Sn did not show significant changes during the service of the cladding (Figure 5-41). A trend
of slight increment in Sn content is observable from medium to the higher burnups in the oxide
close to the metal-oxide interface. At the same time, a trend of decreasing Sn content in the
bulk metal and in the interface region of the metal is revealed. In the 9 cycle sample
ChemiSTEM has shown some Sn segregation at the metal GBs and that the segregation
continues to the oxide as well through the metal-oxide interface. It was claimed that Sn
segregation in the oxide could enhance the tetragonal to monoclinic transformation of the oxide
reducing its protectiveness [196]. Sn segregation is also observed at the boundary of a hydride

precipitate and a metal grain (Figure 5-39).

EPMA point line-scans through the metal-oxide interface suggest a sub-stoichiometric oxide
up to 2 um from the metal-oxide interface after 3 cycles with 55-60 at% O (Figure 5-6). This
region seems to decrease to 1.5 um after 6 cycles with 55-63 at% O (Figure 5-11); and even
further narrows to 0.5 um after 9 cycles with higher, 62 at% O (Figure 5-25). It is important to
notice that, although the WDS system has a higher sensitivity compared to EDS, EPMA also
has lower sensitivity when measuring elements with low atomic number. Therefore, the values
that are obtained for O needs to be handled with certain precaution, keeping the limitation of
the EPMA technique in mind. However, the relative comparison of the oxygen concentration
at different distances from the metal-oxide interface can be considered with confidence and

allows to make a statement about the variation of O concentration.
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The ChemiSTEM measurements confirm the presence of a sub-stoichiometric oxide of the 3
cycle sample. The measured O value in the oxide is quite low. The obtained O and Zr value has
a dependency on the lamella thickness. Even when composition was re-calculated using a range
of thicknesses, the O value remained low. A maximum of 60 at% O was reached when using
180 nm thickness which is certainly higher than the actual thickness of the lamella. Even though
the O value could be slightly higher than measured and some uncertainty remains due to the
lamella thickness, it is certain that the oxide is sub-stoichiometric after 3 cycles. Here as well,
the limitations of the EDS technique regarding the measurement sensitivity of low atomic
number elements has to be taken into account. However, the difference between two regions or
two samples can be considered as confirmation of the above mentioned results. Work is in
progress for the further evaluation of the oxide phase of the 3 cycle sample as a continuation of
this PhD. The ChemiSTEM data confirmed the stoichiometry of the 9 cycle oxide also in the
vicinity of the interface (please refer to Figure-All 3 in Appendix II).

It has been demonstrated that a sub-stoichiometric oxide would result in a higher conductivity
[197], therefore lower H-uptake [60]. Therefore, the change in this property can be one of the

reasons for the decreased protectiveness against HPU at high burnups.

The EPMA results show an increasing O content in the metal in the region close to the interface.
After 3 cycles the O/Zr ratio is 10.1 (Figure 5-2). The ratio is 11.7 after 6 cycles (Table 5-3)
and 14.1 after 9 cycles (Table 5-5). Faster oxidation has been correlated to the higher dissolved
O content in the metal at the interface [169], [170]. Therefore, this is also an indicator of the

reduced protectiveness of the material towards higher burnups.
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Furthermore, the undulation of the metal-oxide interface has an effect on the stress distribution
in the oxide [139], [69], [138]. Changes in the compressive and tensile stresses were revealed
in an undulated interface by modelling [138]. It was also claimed that the differences in the
stresses have an influence on the diffusion coefficient of oxygen [69], [21]. Due to the
appearance of the local stress at the metal-oxide interface the free energy of the vacancy
formation and therefore the vacancy concentration will be changed [21].

To the best of our knowledge there is no study on the topic of how the changes in the stress
distribution at the interface would influence the diffusion of other elements. However, based
on the example of O, it is highly possible that other elements are also influenced by the stresses.
In Chapter 4 it is demonstrated that the undulation indeed changes in the different samples with
different service time spent in the reactor. It is important to note that the undulation of the
interface in the different materials is not a site-specific property: based on the 2D images that
are collected for the 3D visualization, as well as the general SEM inspection of the segments
with an overview of the interface along the whole segment has shown the same undulation; no

significant variation of the undulation was observed.

5.4. Conclusions

This chapter studied the compositional changes of LK3/L Zircaloy-2 claddings after 3, 6/7, and
9 cycles in a BWR and attempts to correlate these changes to the change of oxidation and HPU
behaviour of the cladding at high burnups. The important findings of the chapter can be

summarized as follows:
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A. Metal:

The composition of the metal part of the cladding has extremely changed with the
increasing time of irradiation and especially after 9 cycles: the alloying elements present
in the secondary phase particles have dissolved to a great extent. However it is important
noticing that some remnant of SPPs — majority containing only Cr —still exist in the
metal even after extremely long irradiation time which is beyond the design of the
cladding.

The bulk metal matrix (SPPs/remnants excluded) is enriched of the alloying elements
after irradiation compared to the initial state of the matrix. However, the alloying
element content of the matrix at high burnups, i.e. between the 6™ and 9" cycles, does
not differ to a great extent.

The O content of the metal at the interface increases from medium to higher burnups.
Such increment is correlated to higher corrosion rates.

The hydrides are present in particular in the vicinity of the metal-oxide interface and
they are depleted from Fe and Ni at high burnups. This implies that the hydrides repel
alloying elements and this could lead to further enrichment of the matrix in these
elements.

GB segregation of Fe and Ni before and at all stages of irradiation have been revealed
in the metal. GB segregation of Sn is present only in the high and extreme high burnup
claddings (7 and 9 cycle). The element content of the GBs seems to increase with the
number of cycles. These findings suggest that the GBs could be the diffusion routes for

these elements.
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B. Oxide:

The oxide contains very few SPPs, regardless of the service time, as a faster dissolution
of them occurs once they are incorporated in this phase. The oxide matrix is increasingly
enriched of the alloying elements towards high burnups.

All samples showed increasing Fe and Ni content towards the outermost region of the
oxide. Furthermore, a trend of increasing Fe and Ni content of this region is revealed
with the increasing number of cycles. In conclusion, the elements from the dissolved
SPPs have a tendency to accumulate at the outer oxide or; in the case of Fe; other free
surfaces, such as in the large cracks of this region. Based on the observations and the
previous studies in the literature, dissolved Fe in the oxide could have a positive effect
on the HPU. However, it seems to have a negligible effect in the high and extreme high
burnups (i.e. 6 and 9 cycle) when other factors (e.g. interconnected pore system, etc.)
might overcome this protectiveness. It is claimed that metallic Ni has the opposite effect
on the HPU by increasing the H diffusion in the oxide. Therefore Ni may help to increase
the H-pickup besides other processes at high burnups.

The fact that Cr still remains as remnant SPPs in the material even after 9 cycles of
irradiation indicates that Cr could be one of the reasons why the cladding did not
undergo rapid corrosion under extreme conditions. The observed overall decrease in the
Cr content in the material from 6 to 9 cycles remains to be explained. It is proposed that
Cr could diffuse out to the crud or that the 6 cycle cladding had a slight difference in its

original composition. However there is no evidence to support any of these statements.

The stoichiometry of the oxide changes with time and that reduced protectiveness (through

reduced conductivity) is characteristic at high burnups. The correlation between the

electronic resistance of the oxide and the HPU in other materials in autoclave was already
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described in Chapter 2 — Section 2.4.2.3: in an oxide with lower conductivity a higher

electrochemical potential gradient would build up across the oxide resulting in a decreased

activation energy of the proton absorption at the cathodic site resulting in a higher HPU

[53]. Despite the fact that the 9 cycle oxide is stoichiometric at the interface, a very thin

sub-stoichiometric layer of oxide even in the 9 cycle cladding leads to an intermediate

behaviour that is confirmed by a narrow layer that is more conductive than the rest of the

oxide (provided in Figure-Al 1 in Appendix I). This confirms that the oxide formed after

long term stays, i.e. at higher burnup shows a stoichiometric composition, knowing that such

oxide will be less conductive, the charge compensation will be satisfied more by the H

migration near the metal-oxide interface and thus the pick fraction will increase.

All samples show some drop in the Fe and Ni content in the oxide side of the interface
compared to the metal side when high resolution EPMA point line-scans were carried
out. Furthermore, the 3 cycle cladding shows an accumulation of alloying elements at
the metal-side of the interface, which has decreased after the 6 cycle and which is not
present in the 9 cycle sample. This could be the result of the change in the morphology
of the metal-oxide interface. As it was discussed the undulated interface could change
the diffusion properties of the elements through the metal-oxide interface compared to
a less undulated or straight interface.

Ni content increases with the number of cycles in the inner oxide region. Oxidized Ni
close to the interface could increase the HPU.

With a great coincidence, in the 3 and the 9 cycle samples, one Zrz(Fe, Ni) SPP is
observed by TEM in the vicinity of the interface in the oxide. Both precipitates show

early stages of their oxidation. Alloying elements are observed in the surrounding of
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these SPPs which seem to decorate possibly the oxide grain boundaries. These clusters
are formed a few nm away from the core of the observed SPPs, therefore these
segregations could also be simply the remnants of the boundary of the original SPP. If
the first suggestion is true, i.e. these are GB segregations, that could indicate that these
elements use GBs as paths for diffusion, at the early stage of incorporation into the
oxide. Such a statement should be further confirmed by more studies.

In the 9 cycle sample segregation of Sn is observed in the oxide close to the metal-oxide
interface as a continuation of the metal GB segregation. Although the segregation of Sn
is surprising due to its high solid solubility, such segregation in the oxide is claimed to
degrade the oxidation properties by helping the tetragonal to monoclinic transformation
[196]. Lower H diffusivity is reported in the tetragonal oxide. Therefore segregation of

Sn at the GBs could increase the HPU at high burnups.

The results show extreme change of composition of the alloy such as the dissolution of
SPPs; the presence of large hydrides pushing away the dissolved elements; the change
in the oxide’s stoichiometry; combined with processes in the nanometre scale such as
Sn segregation in the interface oxide are the factors which could be responsible for the
reduction of the overall protectiveness against fast oxidation and increased HPU. On the
other hand, it is important to emphasize that even though the cladding shows a higher
oxidation and HPU rate at late-life, it is still resistant to deleterious HPU and oxidation

and performs well even beyond the designed service time.
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6. PWR MATERIALS - LOW-TIN ZIRCALOY-4 AND ZR-2.5NB

In the previous chapters the behaviour of the LK3/L type cladding that has served in a BWR
reactor has been described. The variable parameter was the service time in the reactor which
gave a good basis for following-up the changes in the chemical composition and the
microstructure. In this manner the evolution of the material can be better understood. In this
chapter two cladding materials that are designed for PWR environment and which have served
in the same PWR reactor (KKG reactor) with different composition are presented and compared
to each other. These claddings show different performance in the reactor. In general Zr-Nb
claddings show lower hydrogen pickup and they are used extensively in PWRs. The description
about the general behavior and differences between the two cladding alloys as well as the
possible factors responsible for this difference is described in more details in the Literature
Review. For the composition of the as-received samples and the measured oxide thickness and
H content after service please refer to Chapter 3. As a reminder of the most important
parameters:

The 4 cycle Zircaloy-4 has a burnup of 51.1 MWd/kgU. The alloy composition is: 0.91 at% Sn,
0.356 at% Fe and 0.186 at% Cr (calculated based on wt% data). The analysed segment is from
the elevation of 1468 mm, the maximum oxide thickness of the rod is 59 pm. The H-content
measured on the closest elevation (1561 mm) is 209 ppm.

The 3 cycle Zr-2.5Nb contains 2.438 at% Nb and 0.114 at% Fe (calculated based on wt% data).
The segment is selected from the elevation of 869 mm, with 70 ppm H content, 41.4 MWd/kgU

burnup. The maximum oxide thickness measured on the rod (not the segment) is 16 pm.
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The aim of this chapter is to:

¢ Find additional parameters that could be responsible for their different performance.

e To provide data for the comparison between the BRW and PWR claddings (Chapter 7)
in order to better understand the factor of different reactor environments and to
differentiate between general and alloy-specific phenomena.

Therefore, the microstructure and the chemical composition of the different regions of the
materials are presented in a similar manner as for the LK3/L Zircaloy-2 sample. The
microstructure of the samples is studied using 3D reconstruction by FIB tomography and it is
shown in the first part. EPMA maps and point line-scans will be presented in the second part of

the chapter.

6.1. Microstructural changes in the PWR materials

The second part of the chapter presents the comparison of the oxide microstructure of the two
samples having the crack system in the centre of the attention. The Nb-containing samples show
better resistance to cracking. Cracks in the oxide have been claimed to be a possible short-cut
for the faster diffusion of the different species through the oxide, helping the penetration of
oxidizing species and hydrogen. The reason behind the better performance of the ZrNb and the
absence of cracks in the oxide is a topic of research and some explanations have been already
suggested such as the higher undulation and roughness of the metal-oxide interface in the case
of the ZrNb resulting in a better stress distribution compared to a straighter interface. In the
case of the Zircaloy-4 type sample the outer part of the metal with the hydride phases is also
present. During the sectioning of the Zr-2.5Nb sample no hydride phase was observed therefore

the metal is not reconstructed in more details.
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In this current section FIB tomography is applied on the two irradiated samples with the aim to
better understand the causes behind the formation of a higher quality oxide in the Zr-2.5Nb
compared to that of the low-tin Zircaloy-4. The possible role of the Nb phases in the crack

formation is described.

6.1.1. 4 cycle low-tin Zircaloy-4

6.1.1.1. Overview of the microstructure by SEM
A low and a higher magnification SE micrograph of the outer part of the sample are presented
in Figure 6-1. The oxide thickness of the segment was measured as 25 pm (1.5 pm). The oxide
is very uniform in terms of thickness. The SEM micrographs show that the outermost ~2.5-3
pum part of the oxide is dense and it contains no or only small-sized micro-cracks. As an example
for the overview of the hydride distribution in the sample a BSE micrograph is shown in Figure
6-2. At this magnification it can be observed that large hydride phases are present in the metal

with the highest concentration close to the metal-oxide interface.

Figure 6-1 SE images of the outer part of the 4 cycle low-tin Zircaloy-4 cladding. (A): low
magnification; (B): higher magnification of the metal-oxide interface. Arrows show some
of the hydride phases.
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Figure 6-2 BSE micrograph on the metal part of the 4 cycle low-tin Zircaloy-4 cladding
showing the hydride distribution. Arrows show some of the hydride phases.

6.1.1.2. Characterization of the oxide layer and the metal-oxide

interface by FIB tomography
Two different sites of the oxide have been reconstructed and will be presented here: 1. the outer
part of the oxide layer (around the first 7 um of the oxide from the water-oxide interface); and
2. the metal-oxide interface including the hydrides in the metal as well.
An example SE image is shown for both the outer (Part (A)) and the inner oxide (Part (B)) in

Figure 6-3.
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Figure 6-3 Example for the SE images obtained during the slice-and-view (A): at the
metal-oxide interface; and (B): the outer oxide of the 4 cycle low-tin Zircaloy-4 sample.
Black arrows mark the hydrides, white arrows indicate the cracks.

The 3D visualization of the outer 7 pm of the oxide is presented in Figure 6-4. In total 143 SE
images have been collected along 2.6 um distance in the Z direction, 1.e. with step size of ~18.6
nm. Cracks in the oxide are coloured as green. The oxide matrix is not displayed here with
colour but the entire bounding box of the reconstructions contains the oxide. Two region with
different characteristics can be distinguished on the Figure: the outermost ~3 pm is dense and
contains only 0.004 volume % of cracks, it is marked as oxide “from early oxidation” on the
figure. This is an extremely low value and shows that practically no cracks were formed in the
beginning of the oxidation. This dramatically changes in the oxide which formed after
breakdown: large volumes of cracks were formed in the subsequent layer which contains 3.42
V% of cracks. The total volume fraction of the cracks in this visualized volume (i.e. in the
whole 7 um thick outermost region) is 2.52%. Cracks are not interconnected to each other;

however they are elongated objects.
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Figure 6-4 3D visualization of the cracks (green) in the outer region of the oxide
(transparent pink) of the 4 cycle low-tin Zircaloy-4 sample. The size of the “bounding
box”: X=7.1 pm, Y=5.5 pm, Z=2.7 pm. The oxide that is formed in the beginning of the
service is marked.

A snapshot of the reconstructed volume at the metal-oxide interface is presented in Figure 6-5.
In total 64 SE images have been collected along about 1.7 um distance in the Z direction, with
step size of ~26.6 nm. The cracks in the oxide are displayed in green while the hydride phases
in the metal in blue. The surrounding oxide is visualized in transparent pink in order to give a
better view of the metal-oxide interface. Large and interconnected hydride phases are observed
close to the interface. In the case of occurrence of some circumferential cracks close to each
other, the oxide could create an interlinkage of the cracks by inducing radial cracks which
connect these circumferential cracks to one another. This interlinkage was not observed in the
3D visualization. The total crack volume fraction of the oxide in this visualized volume is
3.21%, while if we consider only the innermost part of the oxide taken into account up to 1 um
from the interface, the measured value is 4.25%. The hydride volume fraction in the total

volume of reconstructed metal is 16.75%, while up to 1 um from the interface it is 26.3%.
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Figure 6-5 3D visualization of the hydrides (blue) in the metal; and the cracks (green) in
the oxide (transparent pink) close to the metal-oxide interface of the 4 cycle low-tin
Zircaloy-4 sample. The size of the bounding box: X=6.6 pm, Y=10.7 pm, Z=1.7 pm.
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6.1.2. 3 cycle Zr-2.5Nb

6.1.2.1. Overview of the microstructure by SEM
Figure 6-6 shows SEM micrographs on the outer region of the 3 cycle Zr-2.5Nb sample showing
the full oxide (Part (A)) and the metal-oxide interface (Part (B)), both showing a top-view of
the segment. The average oxide thickness is 7.7 um with 1 um of standard deviation. The
outermost 1-1.5 um of the oxide has only small micro-cracks. In the rest of the oxide two types
of cracks can be distinguished: small non-connected crack