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Abstract

Zirconium alloys are used as fuel cladding tubes in nuclear reactors. During reactor
operation, these alloys are degraded by corrosion, hydrogen pickup (HPU), and
radiation-induced growth, processes influenced by the alloying elements. The alloy
Zircaloy-2, which contains Sn, Fe, Cr, Ni, and O as alloying elements, is commonly
used in boiling water reactors (BWRs). This thesis deals with atom probe tomography
(APT) investigations of Zircaloy-2 and a similar model alloy, Alloy 2, before and after
up to nine years of BWR operation. Alloy 2 contains more Fe and Cr and exhibits lower
corrosion and HPU.

Less than 10 wt ppm each of Fe, Cr, and Ni was observed in the matrix of as-produced
Zircaloy-2 and Alloy 2 of commercial heat treatment, a consequence of very low
solubility and formation of second phase particles (SPPs). After reactor exposure, these
elements were found in nanoscale clusters that were located at radiation-induced (a)-
type dislocation loops. The amount of Fe, Cr, and Ni in clusters increased with
increasing fluence. There were two main types of clusters, spheroidal Fe—Cr clusters
and disc-shaped Fe—Ni clusters. On average there were no large differences in clusters
before and after acceleration in degradation, only small increases in cluster number
density, cluster size, and cluster Cr content. (c)-component loops decorated with Sn, Fe,
and Ni were observed after but not before acceleration in degradation. Sn formed a
network-like structure. No differences in cluster and matrix chemistry between
Zircaloy-2 and Alloy 2 were observed after reactor exposure, indicating that the
improved properties of Alloy 2 are related to additional Fe and Cr being located in SPPs.

It was possible to analyse the materials using voltage-pulsed APT. Voltage pulsing was
needed to reliably determine Fe—Ni cluster composition and shape. Fe—Cr clusters were
observed also using laser-pulsed APT. Focused-ion-beam (FIB) preparation of APT
specimens at room temperature resulted in phase transformation from o-Zr to y-hydride,
whereas cryo-FIB preparation did not. The average number of ions detected before
specimen fracture was higher for y-hydride specimens. There were no significant
differences in clustering of Fe, Cr, and Ni between a-Zr and y-hydride specimens.

Keywords: Zirconium alloys, Zircaloy-2, Radiation effects, Dislocation loops,
Clustering, Nuclear fuel cladding, Boiling water reactor, Atom probe tomography
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1. Introduction

The applications of the materials in focus of this thesis are within the nuclear industry.
In this chapter, the reason for performing the research presented in this thesis and the
aim of this research are explained.

1.1 Background

Nuclear power is one of the major methods of producing electricity in the world. In
2021, about 10 % of the world’s electricity production was generated by nuclear power
[1]. In studies comparing the main sources of electricity production, nuclear power is,
per unit electric energy generated, among the sources with lowest greenhouse gas
emissions, lowest land use, lowest impact on ecosystems, and lowest impact on human
health [2]. If an increased demand for electricity by a growing human population is to
be met with low greenhouse gas emissions and reasonably low impacts on biodiversity
and human health, nuclear power thus has the capability of making a significant
contribution. A more efficient use of the nuclear fuel would allow for more electricity
to be generated from the existing uranium reserves and would lead to a lower amount
of highly radioactive waste being produced in nuclear reactors. In the vast majority of
current reactor designs, the performance of zirconium alloys is one of the factors that
limit more efficient fuel utilisation, thereby motivating research aiming at improving
the properties of Zr alloys. Improved Zr alloys that are more resistant to degrading
mechanisms might, furthermore, enable safer operation of nuclear power plants.

According to the International Atomic Energy Agency (IAEA), in the end of 2021,
worldwide, there were 437 operational nuclear power reactors and 56 under
construction [3]. In almost all of these nuclear reactors, Zr alloys are used as cladding
tubes for the nuclear fuel or as structural core components.

In the harsh environment inside the core of a nuclear reactor in operation, a combination
of radiation effects, corrosion, and hydrogen pickup (HPU) contributes to degradation
of the cladding. Notable phenomena are irradiation growth, which refers to dimensional
changes of the material while the volume remains constant [4], and hydrogen
embrittlement. Although a lot of research to understand the degrading mechanisms and
their interrelation has been undertaken during the approximately 70 years that Zr alloys
have been in use in nuclear reactors, their detailed nature still is unclear. As the
performance of characterisation techniques has improved over the years, it is now
possible to study the degradation of Zr alloys in more detail than previously.



1.2 Aim

The alloying elements of Zr alloys affect irradiation growth [4], corrosion [5], and HPU
[6] during reactor operation. It is thus of interest to study the relation between radiation-
induced defects and alloying elements.

The aim of this work is to get information that can be used to understand how the in-
reactor degradation of Zr alloys occurs and evolves over time; more specifically, to
study the effect of alloying elements in Zircaloy-2-type alloys on this matter. To obtain
the desired information, investigations of the nanoscale chemistry of Zircaloy-2-type
alloys before and during various stages of nuclear reactor operation have been
performed. Atom probe tomography (APT) has been the main technique used in this
work. Parts of the work presented in this doctoral thesis have previously been presented
in a licentiate thesis by the same author [7].

From previous work it is known that the matrix content of solute elements in Zr alloys
is very low [8-15], but precise concentrations of these elements in as-produced
commercial alloys have not been established. To compare the materials before and after
reactor operation, more studies in the as-produced state are thus needed. Furthermore,
it is not clear how large quantities of solutes that can be retained in the matrix via heat
treatment at high temperature followed by fast cooling.

It is known that the alloying elements are redistributed after reactor operation [16-24].
Fe, Cr, and Ni are known to be located in nanometre-sized clusters at radiation-induced
defects [18,19,21,22]. In previous APT work, clusters of essentially only Fe and Cr have
been observed [ 18], whereas in previous transmission electron microscopy (TEM) work
clusters also containing Ni have been observed [21,22]. There is thus a discrepancy
between the observations made using APT and the observations made using TEM. The
APT work on in-reactor-exposed Zr alloys previously performed at Chalmers
University was performed on the alloy Zircaloy-2 that had been exposed for three (3C)
or nine annual cycles (9C) in the boiling water reactor (BWR) at Kernkraftverk
Leibstadt (KKL) in Switzerland [18,19,23]. The material was investigated after these
two operating times, as they correspond to before and after an acceleration (sometimes
referred to as breakaway) in growth, corrosion, and HPU. The previous work [18,19,23]
did not contain any detailed cluster anaylsis comparing the two operating times.

In comparison with commercial Zircaloy-2, a model alloy, called Alloy 2, containing
more Fe and more Cr, has exhibited significantly lower HPU and slightly lower
corrosion during reactor operation [25]. The role of the increased Fe and Cr content
leading to the improved properties of Alloy 2 are not known. Therefore, comparing
these two alloys before and after reactor operation is of interest.

In order to obtain more information on the matrix content of solutes in as-produced Zr
alloys, on the possibility of supersaturating the Zr alloy matrix with solutes, on the role
of Ni in the degradation, on the difference in nanoscale chemistry before and after
accelerated degradation, and on the roles of Fe and Cr in improving the HPU and the



corrosion of Zircaloy-2-type alloys, the research performed in this thesis has the
following objectives:

e To measure the content of solutes in the matrix of as-produced, as well as in-
reactor-exposed, Zircaloy-2 and Alloy 2 of the commercial heat treatment LK3.

e To study the influence of annealing at 770 °C followed by various cooling rates
on the matrix content of Zircaloy-2.

e To study the distribution of Ni and its presence in clusters.

e To compare the 3C and 9C materials from KKL, including a quantitative
comparison of clusters.

e To investigate the difference in nanoscale chemistry in the metal of Zircaloy-2
and Alloy 2 exposed to two different neutron fluences during BWR operation.

Additionally, in the experimental work of this thesis, more hydrogen than expected from
the hydrogen content of the material was observed in the APT analyses. To better
understand the origins of the measured hydrogen signal, the influences of specimen
preparation method and analysis conditions on this matter were studied.






2. Nuclear reactors

A variety of nuclear reactor designs exists, and there are multiple ways of classifying
reactor types. Common ways are to classify according to the type of nuclear reaction
occurring, according to the cooling medium, or according to the moderator material.
Most nuclear reactors are thermal fission reactors, utilising thermal neutrons, i.e.
neutrons of approximate energy 0.025 eV, to induce fission in the nuclear fuel [26]. Of
the thermal reactors, light-water reactors (LWRs) constitute the most common subclass
[27]. In LWRs, water is used for neutron moderation and cooling of the fuel. The name
light-water reactor is used to distinguish LWRs from heavy-water reactors, which
instead use heavy water for neutron moderation and cooling.

The nuclear fuel in LWRs consists of cylindrical UO; pellets, typically slightly less than
1 cm in diameter and a little larger in height [28]. These pellets are placed in cladding
tubes made of Zr alloys, having a height of approximately 4 m, a diameter around 1 cm,
and a wall thickness in the approximate range 0.6—0.8 mm [29]. The top and bottom of
the tubes are sealed by welded end plugs, and He gas under pressure (ranging from
approximately 1-35 bar depending on design) is used to maintain a gap between the
tube inside and the fuel pellets [28]. The stack of pellets is held in position by a spring
or a clip from the topmost pellet to the top plug. The space between the stack of pellets
and the top plug is called the plenum region and is the volume in which gases released
in the fission process are contained (unless the integrity of the fuel rod is broken). A
number of cladding tubes are grouped together to form a fuel assembly, and several
hundreds of fuel assemblies are grouped together to form the core of the reactor. The
core is located inside a reactor pressure vessel. The water used as cooling medium and
moderator flows through the core. Thus, the Zr cladding tubes, which are in direct
contact with the water, function as a barrier between the fuel and the water.

Compared with natural U, the U in the fuel pellets in LWRs is isotopically enriched in
235U. The isotopic percentage of 2°U in fresh fuel is 3—-5 %, the rest, except for trace
amounts of 2**U, being >*®U. In a fast neutron flux, ?**U can, via neutron capture
succeeded by B--decays, be transmuted to >*°Pu [30]. Thermal neutrons can induce
fission of 2*U and 2**Pu [30]. In each fission event, one of these nuclides is split into
two smaller nuclides, called fission fragments, and a few fast neutrons, on average
approximately 2.4 for 2°U and 2.9 for 2°Pu [26]. The fast neutrons are moderated, i.e.
slowed down, by the water in the reactor to reach thermal energies. When thermal, the
neutrons can induce fission in other 2>°U and ?*°Pu nuclei. In a nuclear reactor, a critical
chain reaction is sustained, i.e. the neutrons released in one fission event give on average
rise to exactly one new fission event. The energy released is large, about 200 MeV per
fission event, and is imparted as kinetic energy of the fission fragments. When the
fission fragments slow down, the temperature inside the fuel pellet increases. Heat is
conducted through the pellet and through the Zr alloy cladding (which is exposed to
approximately 400 °C on the inside and about 300 °C on the outside) to increase the
thermal energy of the coolant water. This thermal energy is converted to electricity via
turbines and generators.



There are two types of LWRs, pressurised water reactors (PWRs) and BWRs. In PWRs
there are two water circuits, the primary and the secondary. The water of the primary
circuit is heated while passing through the core in the reactor pressure vessel, is cooled
in steam generators, and is pumped back into the reactor pressure vessel. At all times
during normal operation, the pressure of the primary circuit is kept high enough to keep
its water liquid. The water of the secondary circuit is transformed to steam in the steam
generators, passes through the turbines, is condensed in the condensers, and is pumped
back into the steam generators. In BWRs the water that passes through the core is heated
and starts boiling inside the reactor pressure vessel. The steam thus generated goes to
the turbines, is condensed in the condensers, and is pumped back into to the reactor
pressure vessel. The typical operating pressure in a PWR core is around 15 MPa, and
the temperature of the outgoing water from the core is around 320 °C [31]. The pressure
of a BWR core is around 7 MPa, and the temperature of the steam is usually 286 °C
[31]. A schematic of a PWR and a BWR is shown in Figure 2.1.

The Pressurized Water Reactor (PWR)

Containment Structure

Pressurizer _Steam
Genera

The Boiling Water Reactor (BWR)

Containment Structure

CoMrol Rods

l|ll

Figure 2.1: Schematic of a PWR and a BWR. From [32] and [33].



The design of the core differs between PWRs and BWRs. In both types of reactors, the
fuel assemblies are arrays of fuel rods held together with so-called fuel rod spacer grids
to keep the rods in correct position. The PWR fuel assemblies are generally quadratic
with 14 x 14 to 18 x 18 rods in each array for non-Russian reactor designs and
hexagonal with up to more than 300 fuel rods in each array for Russian reactor designs,
so-called VVERs (or WWERSs). Control rods containing neutron-absorbing material
that stops the nuclear chain reaction can be inserted at positions in the fuel assemblies
where the fuel rods have been replaced by control rod guide tubes. The number of fuel
rods in PWR assemblies is inherent to the reactor design and cannot be changed. In
BWR fuel assemblies, the arrays are quadratic with, most commonly, 10 x 10 or 11
x 11 rods in each array. For reasons of flow stability, each fuel assembly is surrounded
by a channel box made of Zr alloy. Fuel assemblies are grouped together in units of
four, and, in each group, control blades containing neutron-absorbing material can be
inserted between the channel boxes. The number of fuel rods in BWR assemblies is not
inherent to the reactor design and varies between different assembly designs. A larger
number of fuel rods in the assembly gives a higher power density, and modern fuel
assemblies therefore have a higher number of fuel rods than older designs. The total
number of fuel rods is in the approximate range 40 000—60 000 in a PWR core and
50 000-90 000 in a BWR core [28]. Fuel assemblies for BWRs and PWRs (of non-
Russian design) are shown in Figure 2.2.

BWR
Boiling water reactor

PWR
Pressurised
water reactor

Zr alloy cladding tubes
containing UO, pellets

Figure 2.2: Schematic of fuel assemblies for BWRs and PWRs. Adapted from [34]. Republished with
permission from Elsevier.






3. Zr alloy nuclear fuel claddings

A number of different Zr alloys are used for nuclear fuel claddings. In this chapter some
of the most common are described along with some of the basics of crystallography,
chemistry (with emphasis on the Zircaloys), and manufacture and texture of Zr alloys.
The main reference for this chapter is [29]. Additional references are stated in the text.

3.1 Types of alloys

Zr alloys have been used as nuclear fuel cladding since the 1950s, their low absorption
cross section for thermal neutrons being their main advantage [35]. Various types of Zr
alloys have been developed over the years. In PWRs of non-Russian design, Zircaloy-
4 has historically been the most common, but nowadays Nb-containing Zr alloys are
generally used. In VVERSs, Nb-containing Zr alloys have been used throughout most of
their history. This is also the case for RBMKSs (graphite-moderated, light-water-cooled
reactors of Russian design) and CANDU reactors (heavy-water reactors of Canadian
design). However, CANDU reactors also use Zircaloy-2 and Zircaloy-4 for some
components. Examples of Nb-containing alloys are ZIRLO® !, Optimized ZIRLO™ 1,
M5®1 (all three used in PWRs), E110, E125, E635 (all three used in reactors of Russian
design), and Zr-2.5Nb (used in CANDU reactors). In BWRs, Zircaloy-2 has been and
still is the most common Zr alloy. HiFi™ ' and GNF-Ziron are two newly developed
BWR claddings that have a slightly higher Fe content than Zircaloy-2 [36]. The higher
Fe content results in lower HPU compared with Zircaloy-2 [36]. For channel boxes in
BWRs, Nb-containing Zr alloys are often used in modern fuel assemblies [36]. Table
3.1 shows the composition of some of the most common Zr alloys and the model alloy
studied in this work, Alloy 2.

1ZIRLO®, Optimized ZIRLO™, HiFi"™ are trademarks or registered trademarks of Westinghouse Electric
Company LLC, its affiliates and/or its subsidiaries in the United States of America and may be
registered in other countries throughout the world. All rights reserved. Unauthorised use is strictly
prohibited. M5® is a registered trademark of Framatome and/or its affiliates. Other names may be
trademarks of their respective owners.



Table 3.1: Content of alloying elements (wt%) in some of the most common Zr alloys and Alloy 2. O is
usually also present as an alloying element, not always within a specified range but typically below 0.2
wt%.

Alloy Sn Fe Cr Ni Nb
Zircaloy-2' 1.20-1.70 0.07-0.20 0.05-0.15 0.03-0.08 -
Zircaloy-4' 1.20-1.70 0.18-0.24 0.07-0.13 - -
ZIRLO? 0.9-1.2 0.1 - - 0.9-1.13
Optimized

ZIRLO" 0.6-0.79 0.1 - - 0.8-1.2
M52 - 0.015-0.06 - - 0.8-1.2
E110° - 0.006-0.012 - - 0.95-1.05
E1254 - - - - 2.20-2.60
E635° 1.10-1.30 0.30-0.40 - - 0.95-1.05
Zr-2.5Nb! - - - - 2.50-2.80
HiFi 1.20-1.70 0.25-0.50 0.05-0.15 0.03-0.08 -
GNF-Ziron® 1.46 0.26 0.10 0.05 -
Alloy 2 1.31 0.36 0.18 0.06 -

"Values from [37].
2Values from [38].
3Values from [39].
4Values from [40].
SValues from [25].
“Values from [36].

3.2 Crystallography

Solid Zr exists in two phases, a hexagonal close-packed (HCP) a-phase below and a
body-centred cubic (BCC) B-phase above 865 °C [29]. In thermal nuclear reactors,
where the operating temperature is in the range 280-330 °C, Zr is in the a-phase.
However, during accident conditions, the temperature can be so high that a phase
transformation to the B-phase occurs.

A primitive unit cell for the hexagonal lattice can be constructed by using two a-axes
(aq and a,) and a c-axis. The angle between the a-axes is 120°, and they lie in a plane
that is perpendicular to the c-axis. Often, a non-primitive unit cell is used to more clearly
reveal the hexagonal structure. Then, a third a-axis (as) being £120° from a, and a, is
usually employed. A primitive and a non-primitive hexagonal unit cell are shown in
Figure 3.1. For a-Zr the lattice parameters are ¢ = 0.515 nm and a = 0.323 nm, and the
c/a-ratio is 1.59, which is somewhat lower than the ideal c¢/a-ratio of Zm (=1.63)
for an HCP lattice [41]. There are two atoms in the primitive unit cell with coordinates
000 and g;% (aya,c) [41]. In HCP lattices, there are two octahedral and four tetrahedral
interstitial sites per primitive unit cell (both of the octahedral and two of the tetrahedral

sites are fully contained within the cell, and eight tetrahedral sites are shared with three
other cells each) [41]. However, the configuration of interstitial atoms is often such that

10




two atoms are associated with one lattice site. According to modelling using empirical
potentials, taking the possible association of two atoms with one lattice site into account,
there are eight interstitial configurations, tetrahedral (T), octahedral (O), basal
tetrahedral (BT), basal octahedral (BO), crowdion (C), basal crowdion (BC), split
(dumbbell) (S), and basal split (dumbbell) (BS) in HCP lattices [42]. In addition to these
configurations, there are according to density-functional theory (DFT) modelling four
more configurations that could be stable [43]. These are C' and BC’, which can be
formed by breaking the symmetry of C and BC, respectively, and PS and P2S, which
can be formed by breaking the symmetry of S. Figure 3.2 shows the conventional
interstitial configurations obtained using empirical potentials, and Figure 3.3 shows the
additional configurations obtained using DFT modelling.
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Figure 3.1: Primitive unit cell (solid lines) and non-primitive unit cell (dashed lines) of the hexagonal
lattice. oc= =90°. y=120°. Republished with permission from The Royal Society (U.K.), [44].

Figure 3.2: Interstitial sites in the HCP lattice. Republished with permission from Elsevier, [45].
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Figure 3.3: Low-energy interstitial sites formed by breaking the symmetry of the conventional
interstitial sites in the HCP lattice. Republished with permission from the American Physical Society,
[43].

Often, the hexagonal lattice system is described using the Miller—Bravais notation, a
notation with four indices, (hkil), where i = - (h + k) [46]. The third index, i, is thus
redundant but used for convenience due to the symmetry of the lattice. Indices within
parentheses, (hkil), denote families of planes, indices within braces, {hkil}, denote all
planes equivalent to the families of planes (hkil), indices within square brackets,
[hkil], denote directions, and indices within angle brackets, (hkil), denote all directions
equivalent to the directions [hkil]. In contrast to cubic lattices, directions in the
hexagonal lattice are not always normal to the planes with the same indices. A number
of atomic planes in the hexagonal lattice can be of interest when discussing radiation-
induced defects. Figure 3.4 shows the basal, the first-order pyramidal ({0111}), and the
first-order ({1010}) and second-order ({1120}) prismatic planes together with the {(c)-
direction ([0002]) and the (a)-directions ((1120)) of the lattice. For HCP lattices with

a c/a-ratio lower than V3 (= 1.73), e.g. Zr, the interplanar spacing is smallest for the

(0002) planes, and for HCP lattices with a ¢/a-ratio higher than \/3, the interplanar
spacing is smallest for the {1010} planes [47]. The stacking order of the (0002) planes
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is ABAB..., and the stacking order of the {1010} planes is ABCDA..., with the distance

between A and B and between C and D equal to a+/3/6 and the distance between B
and C and between D and A equal to twice this distance [48]. The pairs A-B and C-D
are sometimes referred to as corrugated (first-order) prismatic planes, and the distance

between these corrugated planes (= a3/ 2) is usually what is meant by the interplanar
spacing of the {1010} planes. Figure 3.5 shows the stacking of the {1010} planes.

[0002]

Figure 3.4: Directions and planes in the hexagonal lattice. a, b, and c in the top left unit cell correspond
to three of the (a)-directions (and thus correspond to the three a-axes as, as, as). [0002] indicates the
(c)-direction. (1120) is a second-order prismatic plane, (0110) is a first-order prismatic plane, (0002)
is the basal plane, and (0111) is a first-order pyramidal plane. Republished with permission from IEEE,
[49].

13



X
)

¢

P
0]
oo > w

O
O

[1010)

0 > >~ B
>, © A
[1210}
{(0001)

Figure 3.5: Stacking of prismatic planes in the HCP lattice. The circles correspond to the white and the
crosses to the grey atoms in Figure 3.4. The pairs A—B and C-D are referred to as corrugated (first-
order) prismatic planes. Republished with permission from Elsevier, [48].

3.3 Chemistry

The alloys in focus of this study are Zircaloy-2 and the very similar Alloy 2. The
detailed composition range of Zircaloy-2 is shown in Table 3.2, together with the reason
for adding each of the alloying elements. Alloy 2 (composition shown in Tables 3.1 and
8.3) has about twice as high Fe content as the maximum of Zircaloy-2 and Cr content
slightly above the maximum of Zircaloy-2. As Alloy 2 otherwise fulfils the Zircaloy-2
standard, it can be called a Zircaloy-2-type alloy. For comparison, the composition
range of Zircaloy-4 is shown in the table. Zircaloy-4 contains no Ni. The reason for this
is that HPU is decreased without the presence of Ni. On the other hand, Ni improves
the corrosion resistance. Due to the different environments in BWR and PWR cores,
Zircaloy-2 is preferred in BWRs and Zircaloy-4 PWRs. In addition to the elements
specified in Table 3.2, there are impurity levels of various elements present in the Zr
alloys. Common impurities in Zircaloy-2 are C, N, Si, and Al [50,51].

Table 3.2: Composition of Zircaloy-2 and Zircaloy-4 (wt%) and the role of each alloying element. Values
from ASTM Standard B350/B350M [37].

Element Zircaloy-2 Zircaloy-4 Role of alloying element

Sn 1.20-1.70 1.20-1.70 Increases }_/ield st'rength and
corrosion resistance

Fe 0.07-0.20 0.18-0.24 Increases corrosion resistance

Cr 0.05-0.15 0.07-0.13 Increases corrosion resistance

Ni 0.03-0.08 - Increases corrosion resistance

Fe + Cr + Ni 0.18-0.38 -

Fe + Cr - 0.28-0.37

0 To be specified on order | To be specified on order Increases yield strength
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The solubilities of Fe, Cr, and Ni are low in Zr. In the Zircaloys, second phase particles
(SPPs) of the types Zrx(Fe,Ni) and Zr(Fe,Cr), are formed. The Zr(Fe,Ni) SPPs (in
Zircaloy-2) have been observed to be fewer in number and generally larger than the
Zr(Fe,Cr), SPPs [22,52-55]. Also Si can be found in the SPPs [51]. O and Sn are a-
stabilisers and do not form SPPs. Fe, Cr, and Ni are interstitial diffusers, and their
diffusivity is about three times faster in the (c)-direction than in the (a)-directions of the
Zr lattice. The diffusivities of Fe and Ni are higher than the diffusivity of Cr, and at
temperatures of reactor operation the difference is several orders of magnitude [56].
Also O is an interstitial diffuser, and its diffusivity at temperatures of reactor operation
is a few orders of magnitude lower than the diffusivity of Cr. Sn, as well as Nb, is a
substitutional diffuser with slower and more isotropic diffusion [56].

3.4 Manufacture and texture

In Zr alloy manufacture, the starting material is usually ore containing both Zr and Hf.
Due to the high thermal neutron capture cross section of Hf, a separation of the two
elements is performed. The Zr is purified further before being mixed with the alloying
elements and melted to form ingots. The thermal treatments and mechanical processing
performed after this step vary between different alloys and different applications but
usually comprise high-temperature forging or rolling in the B-phase (at 1000-1050 °C),
extrusion (for tubes) in the B-phase, water-quenching from the B-phase, intermediate-
temperature forging and rolling (for sheets) or extrusion (for tubes) in the upper o-
phase, and a number of low-temperature rollings or pilgerings with intermediate
annealings. During treatment in the B-phase, the SPPs are dissolved, the material is
homogenised, and large grains are formed. Upon quenching, a basketweave structure of
a-grains forms with SPPs at the grain boundaries. The succeeding processing steps lead
to a more homogeneous distribution of SPPs. The annealings between the low-
temperature processing steps are performed to increase the ductility of the final product.
A fully recrystallised (RXA) product with equiaxed grains and SPPs both inside the
grains and at the grain boundaries can be obtained. If the temperature of the final
annealing step is decreased, a stress-relieved (SRA) product with elongated grains and
improved mechanical properties can be obtained. It is also possible to get a partly
recrystallised (PRXA) structure.

The crystallographic orientation of the grains in the final fuel cladding tubes is strongly
anisotropic. The (c)-direction of the matrix is preferentially oriented approximately 30°
from the radial direction of the tube, and one of the directions (1010) and (1120) is in
or close to the axial direction [57]. Figure 3.6 shows the typical texture of Zr alloy
cladding tubes.
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Figure 3.6: Schematic of the typical cladding tube texture. The hexagonal unit cells are oriented
approximately 30° from the radial direction.
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4. Irradiation effects on Zr alloys

The radiation during reactor operation degrades the Zr alloys. In this chapter, the
creation of point defects and dislocation loops, irradiation growth and irradiation creep,
radiation-induced SPP dissolution, and pellet—cladding interaction are described.

4.1 Point defects and dislocation loops

The main references for this section are [29,58]. Additional references are stated in the
text.

In nuclear reactors, radiation damage in the Zr alloys is primarily caused by fast
neutrons knocking out atoms from their lattice positions. For this interaction to occur,
a minimum neutron energy is needed. This energy is different for different
crystallographic orientations. A standard value of 40 eV is, however, commonly used
as the energy needed to displace a Zr atom from its lattice position. This energy is very
much smaller than the energy of the fast neutrons from the fission process (> 1 MeV)
but much larger than the energy of the thermalised neutrons (0.025 eV).

The first atom to be hit by the neutron and to be knocked out of its position is called the
primary knock-on atom (PKA). After being knocked out, the PKA can displace other
atoms, which in turn can displace other atoms, thus creating a collision cascade. The
process of knocking out an atom from its lattice position creates a self-interstitial atom
(SIA) and a vacancy, a so-called Frenkel pair. Most, but not all, Frenkel pairs recombine
within the time frame of several picoseconds, and the resulting configuration of a
cascade is considered to be a core of vacancies surrounded by interstitials [59].
Diffusion of the SIAs and vacancies that do not recombine affects the microstructural
evolution of the material. In Zr and Zr alloys, the diffusion of SIAs has been proposed
to be anisotropic with preferential diffusion in the basal plane, whereas the diffusion of
vacancies has been proposed to be more isotropic [60,61]. This difference between SIAs
and vacancies is termed diffusion anisotropy difference (DAD), and modelling using
reaction kinetics and molecular dynamics (MD) indicates that this could explain parts
of the microstructural evolution of Zr alloys [60,61]. However, more recent modelling
using DFT, the kinetic Monte Carlo method, and rate theory indicates that, at
temperatures relevant to reactor operation, vacancies instead diffuse more
anisotropically than SIAs, both species diffusing preferentially in the basal plane [62].
If the more recent modelling is correct and the DAD model is invalid, some of the
phenomena that could have been explained by DAD could instead be explained by
formation and anisotropic diffusion of small SIA clusters [62,63].

Due to the high neutron flux and the continuous creation and recombination of Frenkel
pairs during reactor operation, each individual Zr atom is displaced multiple times.
Often, the average number of displacements per atom (dpa) is used to describe the
radiation effect on materials. The neutron spectrum varies significantly for different
types of reactors and for different positions in the core. Therefore, individual dpa values
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have to be calculated for each position in each reactor. To get an approximate value,
conversion factors from fast neutron fluence (of neutron energy £ > 1 MeV) to dpa for
Zr materials in PWRs and BWRs of 1.5-1.6 dpa/(10?° n m™) can be used [64].

The SIAs and vacancies that do not recombine can be eliminated at defect sinks, e.g.
grain boundaries and surfaces, or they can form clusters that can accumulate to form
e.g. small planar defects, either a piece of an extra atomic plane or a piece of a missing
atomic plane. In the first case a stacking fault due to interstitials is formed, and in the
second case a stacking fault due to vacancies is formed. Along the edge of such stacking
faults a dislocation loop always exists. Figure 4.1 schematically shows a dislocation
loop formed by condensation of vacancies and a dislocation loop formed by
condensation of interstitials. Dislocation loops in Zr and Zr alloys are commonly
referred to as (a)-loops and (c)-component loops according to the direction of their
Burgers vector, b. The Burgers vector of a dislocation can be defined via comparing a
closed circuit around a dislocation in a distorted lattice with a circuit taking the same
number of steps in the same directions in an undistorted lattice where no dislocation is
present. Since the lattice around the dislocation is distorted, the same circuit in the
lattice without a dislocation will not be closed without an additional step. The length
and direction of this step give the Burgers vector of the dislocation, as schematically
shown in Figure 4.2. Unfaulting (i.e. removal of the stacking fault) of dislocation loops
can occur, leading to what is termed perfect dislocation loops [47]. For this to happen,
the stacking fault energy, which increases with increasing loop size, needs to be so high
that the perfect loop is energetically favourable. Loops that are associated with a
stacking fault are referred to as faulted loops.

(a)@@@@@@@@ <b©@@6@6‘@'@

Figure 4.1: Schematic of dislocation loops formed by condensation of (a) vacancies and (b) interstitials
at an atomic plane. Republished with permission from Elsevier, [47].

)
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Figure 4.2: Schematic of a Burgers circuit starting in M and ending in Q, in (a) a distorted lattice due to
a dislocation and (b) a perfect lattice. The additional step needed in (b) to get back to M from Q is the
Burgers vector of the dislocation. Republished with permission from Elsevier, [47].

Vacancy (a)-loops are considered to be formed by condensation of vacancies on two
adjacent layers in the ABCDA... stacking of the {1010} planes, as condensation of
vacancies on only one plane would lead to a much higher stacking fault energy [48].
According to modelling based on empirical potentials and DFT, unfaulting of vacancy
(a)-loops is energetically favourable somewhere in the approximate loop diameter range
3-5 nm [65]. Figure 4.3 shows a schematic of unfaulting of loops on first-order
prismatic planes.

............................................................

1/3 [1210] [08?1] T T1/3[1210]
(a) (b)

Figure 4.3: Schematic of unfaulting mechanism for corrugated first-order prismatic planes. The
stacking fault in (a) is removed by a shear, resulting in the unfaulted stacking in (b). The Burgers vector,
b, in each case is indicated by an arrow. Adapted from [65]. Republished with permission from Elsevier.
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After unfaulting, each (a)-loop has its Burgers vector in one of the (a)-directions, and
for the (a)-loops observed in neutron-irradiated Zr and Zr alloys b = 1/3(1120) [66].
Both interstitial and vacancy (a)-loops have been observed to coexist in various ratios
depending on irradiation conditions and with large grain-to-grain variations, and both
types have been reported to be perfect loops [67]. The habit plane of (a)-loops is close
to, but usually not exactly on, one of the first-order prismatic planes; they have been
observed to be distributed between the first- and second-order prismatic planes but with
a tilt to the (c)-direction, meaning that they seem to inhabit various pyramidal planes
[67—69]. (a)-loops are formed already after irradiation to low neutron fluence, and they
align in layers that are parallel to the basal planes of the matrix [67]. The size of (a)-
loops varies with irradiation temperature and is smaller in Zr alloys than in Zr without
alloying additions [69]. After BWR exposure, (a)-loops in Zircaloy-2 have been
observed to have a diameter of approximately 5 nm [21]. A TEM micrograph showing
(a)-loops aligned in layers perpendicular to the (c)-direction is shown in Figure 4.4,
which also shows a schematic illustrating how (a)-loops are aligned on planes that are
close to {1010} and how they are imaged in TEM.
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Figure 4.4: (a) TEM micrograph of (a)-loops aligned in layers perpendicular to the (c)-direction in
neutron-irradiated pure Zr. The approximate [1120] direction (one of the (a)-directions) and the
approximate (c)-direction are indicated by the arrows. The negative beam direction was approximately
[1100]. Adapted from [67]. Republished with permission from Elsevier. (b) Schematic showing the
alignment of (a)-loops on planes close to {1010} in a Zr alloy and how the loops are imaged in the
TEM. Republished with permission from Elsevier, [70]. The schematic in (b) is not drawn from the
micrograph in (a), and therefore the loop size, the distance between loops, and the beam direction in
(b) do not correspond to those in (a).
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(c)-component loops have Burgers vector with a component in the (c)-direction (with
or without additional components in the (a)-directions), and for the (c)-component
loops observed in neutron-irradiated Zr and Zr alloys b = 1/6(2023) [66,71]. Only
vacancy-type (c)-component loops have been observed, and they have been reported to
be faulted and inhabit the basal plane [66,71]. (c)-component loops have been observed
only after irradiation to relatively high neutron fluence, in Zircaloy-2 after
approximately 3 x 10%> n m2. Often, (c)-component loops can be observed close to
dissolving SPPs. The size of (c)-component loops observed with TEM is approximately
100-1000 nm [21,66]. The exact mechanisms of formation of (c)-component loops are
not understood. Alignment of (a)-loops has been suggested to be involved in the
formation of (c)-component loops, and an anticorrelation of (a)-loop and {(c)-component
loop line density has been observed with TEM [21]. The atomistic mechanisms of (c)-
component loop formation have been modelled in a number of studies, and from the
results it seems that (a)-loops [72,73] or stacking fault pyramids [74] are involved in
the formation. A schematic showing an (a)-loop and a {(c)-component loop in relation
to the hexagonal lattice is shown in Figure 4.5, and an APT reconstruction showing
segregation of Fe to a presumed (c)-component loop surrounded by clusters of Fe and
Cr at expected positions of (a)-loops is shown in Figure 4.6.

(c)-component loop

4 (c)
‘ » (a)

(a)-loop

Figure 4.5: Schematic of the orientation of (a)-loops and (c)-component loops in relation to the
hexagonal lattice. The (a)-loop in the schematic is located on a first-order prismatic plane, and the (c)-
component loop is located on the basal plane.
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Figure 4.6: APT reconstruction of Zircaloy-2 exposed to BWR operation, showing a presumed (c)-
component loop decorated with Fe and surrounded by clusters of Fe and Cr that probably are located
at (a)-loops.

4.2 Irradiation growth and irradiation creep

Zr alloys exposed to neutron irradiation undergo irradiation growth, which means that
dimensional changes of unstressed material occur while the volume is unchanged [58].
The matrix expands in the (a)-directions and contracts in the (c)-direction [58]. Since
the texture of nuclear fuel cladding tubes is such that one of the (1010) or (1120)
directions is in or close to the axial direction and the (c)-direction approximately 30°
from the radial direction [57], the tube expands in the axial direction and contracts in
the radial direction. Irradiation temperature, neutron fluence, amount of cold-work,
texture, and material composition have all been observed to affect the growth of Zr
alloys [4]. RXA material initially has a high growth rate for a short dose range, followed
by a slow growth rate over a long dose range until a breakaway growth phenomenon
occurs, meaning that the growth rate increases drastically [4]. Breakaway growth has
been reported to coincide with the appearance of (c)-component loops [75]. SRA
material has a high growth rate from the onset of irradiation, comparable to that of
breakaway growth in RXA material [4]. This is most probably due to the existence of
(c)-component loops in the as-produced SRA material [4]. The influence of alloying
and impurity elements is not clear. Nb has been observed to delay the onset of (c)-
component loop formation, thereby delaying the onset of breakaway growth [4].
Increased Fe content seems to lead to decreased growth for some alloys [4,23,76].
Impurity levels of C should be kept below the solubility limit to minimise growth [4].
Also H picked up during operation can lead to increased growth [4,76].

22



The DAD model for vacancies and interstitials is able to explain the correlation between
breakaway growth and the appearance of (c)-component loops [60]. Also the more
recent modelling not relying on DAD is capable of explaining this correlation
[63,77,78].

Irradiation creep is deformation under irradiation in the presence of an external stress
[58]. The total strain in the material can be taken as the sum of the creep strain and the
growth strain (with the creep strain being due to both irradiation creep and thermal
creep) [58]. In Zr alloys the irradiation creep strain rate has been observed to vary with
stress, irradiation temperature, neutron flux, amount of cold-work, dislocation density,
content of alloying elements in solid solution, and grain size [4]. Creep seems under
conditions of normal commercial reactor operation to be dominated by diffusion, but
under some conditions, e.g. at low fluence and flux, dislocation slip can be the major
contributor to creep [4]. The mechanisms behind growth and creep are connected, and
it is thus generally not possible to separate growth from creep.

Irradiation growth and irradiation creep can lead to bowing of cladding tubes and
channel boxes. This might lead to deteriorated flow conditions for the water in the core,
problems with inserting control rods or control blades, and problems when handling
fuel assemblies after operation [79]. Bowing occurs after the onset of breakaway growth
[4]. As bowing is highly undesirable, reactors are operated in such a way that it is
avoided.

4.3 SPP dissolution and alloying element redistribution

Under irradiation at temperatures of LWRs, Zr(Fe,Cr), SPPs undergo transition from
crystalline to amorphous. An amorphous rim forms at the periphery of the particles and
progresses inward toward the centre [29]. On the contrary, amorphous Zrz(Fe,Ni) SPPs
have not been observed after irradiation at temperatures of LWRs [29]. After in-reactor
exposure, preferential dissolution of Fe from the Zr(Fe,Cr), SPPs has been observed.
This has been evidenced by a decrease in the Fe/Cr ratio in the SPPs already after
exposure to low fluence [16,22,80]. At fluences where there is a marked decrease in the
Fe/Cr ratio in Zr(Fe,Cr), SPPs, observations of no change in Fe/Ni ratio in the
Zr2(Fe,Ni) SPPs have been made, indicating simultaneous dissolution of Fe and Ni
[22,80,81]. After exposure to high fluence, however, Fe has been observed to be
preferentially dissolved also from the Zra(Fe,Ni) SPPs [22,80,82]. A large fraction of
the SPPs are dissolved during reactor operation, leading to a decrease in their number
density [80]. Furthermore, the average SPP size has been observed to increase during
reactor operation due to complete dissolution of small SPPs [80]. The Zr2(Fe,Ni) SPPs
are larger and dissolve later in life than the Zr(Fe,Cr)> SPPs, meaning that there is,
relatively, a higher number of Ni-containing SPPs after exposure.

The Fe, Cr, and Ni atoms that have been dissolved from the SPPs during reactor

operation have been observed to cluster at positions of (a)-loops and segregate to (c)-
component loops [18,21,22,83,84]. The observed clusters contain mainly Fe and Cr or
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Fe and Ni, but usually not Cr together with Ni [18,21,83]. Observations of clusters of
Sn in regions where clusters of Fe, Cr, and Ni are virtually absent and segregation of Sn
to features interpreted to be (c)-component loops have been made with APT [18]. With
TEM, Sn enrichment has been observed between layers of clusters of Fe and Cr and
clusters of Fe and Ni at (a)-loop dislocations [21]. Also, segregation of Sn, Fe, and Cr
to grain boundaries has been observed with APT [18,83,84], and with TEM Sn, Fe, and
Ni have been observed at grain boundaries [85]. Overall, there are large grain-to-grain
variations in the chemistry of irradiated Zircaloys [18,24,83—86].

4.4 Pellet—cladding interaction
The main reference for this section is [87]. Additional references are stated in the text.

Pellet—cladding interaction (PCI) is interaction between the inside of the Zr alloy
cladding and the fuel pellets. Sometimes the term pellet—cladding mechanical
interaction (PCMI) is used when mechanical interaction specifically is referred to. The
generation of thermal energy and the release of gaseous fission products inside the
pellets during reactor operation lead to swelling and a change in shape of the pellets to
an hourglass-like structure. Cracking of the pellets accompanies this change in shape.
The cladding experiences creep due to the radiation and the pressure from the coolant
water, and contact between the cladding and the pellets results. This means that the
initial gap between the pellets and the cladding is closed. Usually, contact between
cladding and pellet occurs after about a year of operation in PWRs and after about two
years in BWRs.

PCI can lead to cladding failure, especially in combination with stress corrosion
cracking induced by corrosive fission products, of which iodine is considered to be the
most prominent, and caesium and cadmium are considered to be possible contributors.
Since the swelling of the fuel increases with increasing maximum power and the rate at
which the power is changed, reactors are operated in such a way that PCI is avoided.
Cladding failure due to PCI has not been much of a problem in PWRs but has
historically been so in BWRs. To mitigate this problem, modern BWR claddings (since
the 1980s) are manufactured with a Zr liner (making up about 10 % of the total wall
thickness [88]) on the inside of the tubes. The liner is softer than the outer part of the
cladding and has a different chemical composition. It is thus more resistant to cracking
initiated by PCI. The bonding between the liner and the outer part of the cladding is
metallurgic [88]. Low concentrations of alloying additions, e.g. Sn and Fe, are generally
used in modern liners to increase the corrosion resistance in case the cladding is
penetrated so that water can reach the inside of the tubes [36]. If a pure Zr liner is used,
the risk of severe secondary degradation that leads to relatively large amounts of
radioactive substances being released to the coolant is increased [36].
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5. Corrosion of Zr alloys

Corrosion degrades the Zr alloys during reactor operation. In this chapter, corrosion in
autoclave and in reactor is described, and the effects of SPPs, alloying elements, and
impurities are emphasised. The main reference for this chapter is [89]. Additional
references are stated in the text.

5.1 General corrosion phenomena in autoclave and in reactor

Corrosion of the fuel cladding is highly affected by the environment in the reactor.
Minimising the corrosion and the HPU resulting from corrosion is the reason for
utilising different types of Zr alloys in different types of reactors. On the outside of the
oxide, a layer of crud, i.e. deposition of corrosion products from materials (e.g. stainless
steel and Ni-base alloys) in the surroundings, is formed. If the oxide or crud layer gets
too thick, the temperature of the cladding will increase, leading to an increase in the
corrosion rate, leading to a further increase in oxide thickness. Such a positive feedback
can result in both deteriorated mechanical properties and through-wall corrosion of the
cladding tubes. The lower the corrosion rate, the higher the burnup of the fuel that is
possible to achieve while still keeping a sufficient margin to cladding failure due to
corrosion.

The oxide formed in the corrosion process is ZrO, zirconia. It exists (in addition to a
high-pressure orthorhombic phase) in the three polymorphic forms monoclinic,
tetragonal, and cubic [90], whereof the two first are relevant for conditions of reactor
operation. The overall reaction for formation of ZrO> in water is

Zr (s) + 2H20 (1) — ZrOs (s) + 2Hs (g).

Since the diffusion of O is faster than the diffusion of Zr through zirconia, the oxide is
inward growing, meaning that the formation of zirconia takes place at the metal/oxide
interface. The transport path of O is nowadays considered to be via grain boundaries in
the oxide [91], in contrast to a previously assumed vacancy-mediated mechanism [29].
As the Pilling—Bedworth ratio, the ratio of the volume of the oxide to the volume of the
metal, is 1.56 for Zr, there is a volume expansion during growth of the oxide. Usually,
the oxide growth is measured as oxide thickness or as weight gain.

Based on autoclave corrosion, the corrosion can be described according to the
following. In the initial stage of oxidation, the oxide thickness, d, is considered to be
proportional to the oxidation time, t, raised to the power of n,

d < t",

where n typically is around 1/3 [92].

25



At this stage of oxidation, the oxide is black (because of localised surface plasmon
resonances in SPPs in the oxide [93]), protective, and consisting of small equiaxed
grains. Columnar grains form and start to grow with their long axis perpendicular to the
metal/oxide interface. Eventually, a transition occurs when the columnar grains become
unstable (at a height of approximately 2 um) due to compressive stresses, and small
equiaxed grains start to grow at the metal/oxide interface. Below this layer, a new layer
of columnar grains of zirconia starts to grow, and the corrosion process continues
according to this cyclic behaviour, forming a structure with alternating layers of
equiaxed and columnar grains [92,94]. The time between these cyclic transitions
becomes increasingly shorter, and eventually a linear oxide growth rate can be
observed. The three growth regimes are referred to as pre-transition (cubic), transition
or transitory, and post-transition (linear). Although the pattern is cyclic in the transitory
regime, the corrosion kinetics after the first transition is sometimes approximated by a
linear relationship between oxide growth and corrosion time. (The cyclic pattern was
not recognised in early corrosion models [95].) The corrosion rate of different alloys is
related to the length of the transition cycles, with shorter cycles for faster-corroding
alloys. Longer cycles are related to a thicker and denser innermost oxide layer, termed
barrier oxide layer, that offers a more difficult transport path for oxygen ions toward
the metal/oxide interface. A higher fraction of columnar grains in the barrier layer is
beneficial for the corrosion properties. The thickness of the barrier layer has been
observed not to be the same as the thickness of the pre-transition oxide or the average
thickness of the oxide of the transitory cycles. The oxide outside the barrier layer is
associated with more cracks and porosities. The growth regimes (based on autoclave
corrosion) are schematically shown in Figure 5.1.
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Figure 5.1: The three growth regimes during autoclave corrosion of Zircaloy-type alloys. The dashed
lines indicate earlier models that did not recognise the transitory regime. Republished with permission
from Elsevier, [95].
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In autoclave-corroded Zircaloys, a substoichiometric oxide layer of a few tens of nm
with a composition close to ZrO forms at the metal/oxide interface and is followed by
an O diffusion profile into the metal, extending up to some hundreds of nm, starting
with saturated metal with about 30 at.% O and ending with the O concentration of the
metal matrix [96—98]. The metal/oxide interface is undulated and has in Zircaloy-2 after
autoclave corrosion been reported to have a periodicity of approximately 1 pm with an
amplitude of 100 nm [97]. Lateral cracks in the oxide have been observed to appear
with a periodicity corresponding to the thickness of the layers of cyclic transition
between equiaxed and columnar grains [94]. A proposed mechanism for the formation
of this type of lateral cracks is that tensile stresses that form in the oxide above metal
wave crests of the undulating metal/oxide interface and above SPPs due to the volume
expansion during oxide growth lead to cracking at these locations [99]. The existence
of lateral cracks in the oxide has been suggested to increase corrosion by facilitating
inward transport of oxygen ions through the oxide [94,99]. An additional observation
is that the growth of the oxide leads to the formation of subgrains in the metal close to
the metal/oxide interface [100]. Figure 5.2 shows the metal/oxide interface and
subgrains in the metal of autoclave-corroded Zircaloy-2.

Figure 5.2: TEM micrograph of the metal/oxide interface in autoclave-corroded Zircaloy-2. Arrows
indicate subgrain boundaries in the metal. Republished with permission from Elsevier, [100].

27



In reactor, the corrosion rate is usually enhanced compared with in autoclave. This has
for Zircaloy-2 been linked to the observation of a more heterogeneous oxide
microstructure with weaker texture and more cracks compared with autoclave-corroded
samples [24,101]. The number of cracks has been observed to increase with increasing
exposure, and at the metal/oxide interface the cracks in the oxide have been observed
to be located at or close to hydride phases in the metal [24,102,103]. Also after in-
reactor exposure, the cyclic pattern of cracks in the oxide has been observed [94]. The
enhanced diffusion resulting from interaction between fast neutrons and the oxide
seems not to affect the corrosion rate, but dissolution of alloying elements from SPPs
due to radiation seems to have a large impact on corrosion [92].

If the environment is oxidising, as in BWRs, a phenomenon called shadow corrosion
can occur when Zr alloys are in direct contact with or close to other metals and alloys.
A difference in corrosion potential between Zr and the other material can lead to
galvanic corrosion, resulting in increased oxide thickness at the affected Zr surface.
Shadow corrosion has generally not led to fuel performance problems [89], but there is
at least one example where enhanced shadow corrosion at spacer grids has done so
[104]. Enhanced spacer shadow corrosion can occur when a cladding material with a
small SPP size is used in a reactor with a low Fe/(Zn + Ni) ratio in the coolant [36]. (Zn
is injected in some BWRs to reduce dose levels to the personnel by inhibiting release
of radioactive corrosion products, mainly ®®Co [105]) To avoid the problem of enhanced
spacer shadow corrosion, the SPP size has been optimised [36].

5.2 Effects of SPPs, alloying elements, and impurities

The influence of SPPs and alloying elements on corrosion is not well understood. Some
of the observations reported in the literature are summarised in this section.

In BWRs, nodular corrosion, i.e. corrosion localised to spots on the cladding tubes, has
been a problem. It occurs in oxidising environments when the SPP size is large. By
decreasing the average SPP size, the issue with nodular corrosion in BWRs has been
resolved. In PWRs, where nodular corrosion has not been a problem, the SPP size has
not been decreased, since smaller SPP size leads to an increase in uniform corrosion
rate. Due to the dissolution of SPPs, a too small SPP size is a problem also in BWRs. If
the burnup of the fuel is to be increased, the increased neutron fluence exposure of the
cladding will lead to more SPP dissolution, requiring a large SPP size to get good
uniform corrosion properties during the whole operating life of the cladding. An
optimisation of the SPP size is thus necessary to get both a low uniform corrosion rate
and a low risk of nodular corrosion.

In autoclave corrosion, SPPs are known to be incorporated in unoxidised state into the
oxide, both in unirradiated Zircaloy-4 and in Zircaloy-4 pre-irradiated with ions [106].
After being incorporated into the oxide, amorphisation of Zr(Fe,Cr), SPPs and
preferential dissolution of Fe have been observed in the absence of irradiation. This
effect of oxidation on SPP dissolution is similar to the effect of irradiation. In autoclave-
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tested Zircaloy-2, observations of enrichment of Fe and Ni at subgrain boundaries have
been made close to the metal/oxide interface, in both the metal and the oxide [107], and
after in-reactor exposure Fe and Ni have been observed at features that appear to be
oxide grain boundaries [85].

In BWRs, Zircaloy-2-type alloys are the alloys that have the best corrosion
performance. In PWRs, however, Nb-containing alloys have lower corrosion rate than
the Zircaloys [108,109].

Sn, which is added mainly to improve the mechanical properties of Zr alloys, is in
BWRs beneficial also for the corrosion resistance. Especially the nodular corrosion is
decreased by the presence of Sn. In PWRs, however, decreased Sn content has been
shown to improve the corrosion performance, and therefore newly developed alloys for
PWRs often contain less Sn than the older alloys [108]. It is known that Sn is a stabiliser
of tetragonal zirconia [110], and clusters and precipitates of Sn have been observed in
the oxide of autoclave-corroded Zircaloy-2 [111].

Of the impurities in Zr alloys, N is the element that has the most detrimental effects on
corrosion, both in autoclave and in rector. Si has been observed to decrease the
corrosion in reactor, whereas it in autoclave decreases the corrosion rate in
concentrations below 120 (wt) ppm and increases the corrosion rate in concentrations
above 120 ppm. C has been observed to increase corrosion in autoclave in the
concentration range 100-300 ppm, to increase corrosion in PWR, and not to affect
corrosion in BWR. Al has in autoclave been observed not to affect corrosion in
concentrations up to 80 ppm and to increase corrosion in concentrations between 80 and
400 ppm.
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6. H pickup and hydride phases in Zr alloys

HPU is a lifetime-limiting process in Zr alloys. As in the case of corrosion, the HPU
varies significantly between different reactor types and different alloys. This chapter
describes the origin of the H picked up, the influence of alloying elements on HPU, the
solubility of H in Zr, and the Zr hydride phases.

In the overall corrosion reaction described in Section 5.1, the H, gas formed in the
splitting of the water molecules can be formed via positive H ions, H', and H radicals,
H* [89]. In addition to this, radiolytic dissociation of water molecules occurs, also
producing H" and H* [26]. It has been proposed that, when not recombining to form Ho,
the H* species formed at the oxide/water interface can be transported through the oxide
via hydroxylated grain boundaries and reach the metal [112]. The H> gas dissolved in
the reactor coolant is thus not the hydrogen picked up by the Zr alloys. The hydrogen
pickup fraction (HPUF) is used to quantify the HPU and is the amount of H picked up
by the metal to the amount of H generated in the corrosion process.

HPU in binary Zr alloys has been studied out of reactor in [6]. From these results it
seems that, compared with pure Zr, Sn has no impact on HPU, Fe and Cr decrease HPU,
and Ni increases HPU. This can be seen in the commercial alloys, where the HPU in
Zircaloy-2 is higher than in Ni-free alloys [89]. In BWRs, accelerated HPU in Zircaloy-
2 is observed after relatively long exposure time. This acceleration in HPU and HPUF
is believed to be related to the dissolution of Zry(Fe,Ni) SPPs and is followed by
breakaway corrosion [81,89]. In Nb-containing Zr alloys, the HPU is relatively low
[109,113]. The relatively lower HPUF of Nb-containing alloys compared with the
Zircaloys has been suggested to be due to the presence of Nb>" in the oxide, which might
lead to proton reduction at the oxide/water interface instead of at the metal/oxide
interface [109].

When incorporated in the metal matrix, H atoms can occupy the tetrahedral and
octahedral interstitial sites in the Zr lattice. According to DFT calculations, tetrahedral
sites are preferred, with about 6 % of the H atoms located at octahedral sites at
temperatures of reactor operation [114]. When the solubility limit is exceeded, hydride
precipitation occurs [115]. The terminal solid solubility for precipitation differs from
that for dissolution, and they are often denoted TSSP and TSSD, respectively. Results
of measurements performed on Zircaloy-2 using differential scanning calorimetry
[116], which correlate well with results obtained by other techniques [115], have
yielded the following equations for TSSP and TSSD (for both unirradiated and
irradiated material):

Crssp = 1.43 x 105 (-36686/(RT)) (6.1)
Crssp = 3.27 X 10%e(-25042/(RT)) (6.2)

where C is the H concentration in (wt) ppm, e is Euler’s number, R = 8.314 Jmol'K™!

is the ideal gas constant, and T is the temperature in K. This gives approximate terminal
solid solubilities of 91 and 220 ppm at 600 K and of 0.059 and 1.4 ppm at 300 K for
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TSSD and TSSP, respectively. The solubility of H is thus much higher at temperatures
of reactor operation, and therefore there are more hydrides in the cladding tubes post
service. Irradiation effects have been observed to lead to increased H solubility, both
experimentally [117,118] and by modelling [114]. Modelling also indicates that Fe, Cr,
and Ni increase the H solubility, that O, Sn, and Nb do not affect the H solubility, and
that all alloying elements destabilise hydride phases, meaning that hydride phases
probably are less likely to form where the alloying elements are present [119].

There are four known hydride phases in Zr with the following names and approximate
stoichiometries: { — ZrHo.s,y — ZrH, 6 — ZrH15.1.7, e — ZrH> [115]. 8 and ¢ are stable
phases, C is metastable, and y is probably a metastable phase that is stable only under
certain conditions [115]. The crystallography of the hydride phases differs from the
crystallography of the Zr matrix. However, the atomic positions of Zr are not very
different in the hydride phases compared with a-Zr [114,120,121]. The crystal
structures of the phases are trigonal for £ (which is fully coherent with a-Zr with a twice
as large lattice parameter in the (c)-direction [122]), face-centred tetragonal (FCT) for
v, face-centred cubic (FCC) for 6, and FCT for ¢ [115]. The {111} planes for the FCC
and FCT phases correspond to the (0002) planes of the hexagonal a-Zr phase. Both y-
and 0-hydrides have been observed to exist as plate-like structures in the Zr matrix. The
habit plane, which corresponds to the broad side of the plate, has for both y and & been
observed to be parallel to {1010} and {1017} [115]. For & a number of other habit
planes also have been observed [115]. The growth direction of hydrides in the absence
of external stresses is (1120), and in the presence of external stresses, the growth
direction is perpendicular to tensile stresses and parallel with compressive stresses
[115]. Intergranular hydrides with their habit plane parallel with grain boundaries often
form [115]. A Zr—H phase diagram is shown in Figure 6.1, the lattice parameters for the
hydride phases and a-Zr are shown in Table 6.1, and unit cells for y-, 5-, and e-hydrides
are shown in Figure 6.2.
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Figure 6.1: A Zr-H phase diagram. Top: with experimental data. Bottom: without experimental data.

Republished with permission from Springer Nature, [123].
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Table 6.1: Lattice parameters of a-Zr and the hydride phases in Zr.

Phase Crystal structure a (nm) ¢ (nm)
o-Zr' Hexagonal 0.323 0.515
¢ Trigonal 0.33 1.029
T FCT 4.586 4.948
&* FCC 4771 -

e FCT 4975 4.447

"Values from [124].
2Values from [122].
3Values from [125].
4Value from [126].

SValues from [127].

y—2ZrH & —ZrH, ¢ € —ZrH,

Figure 6.2: Unit cells for y-, &, and &-hydrides. Adapted from [120]. Republished with permission from
Springer Nature.

Since the diffusivity of H in a-Zr is high, the hydrides may be located far from where
the H entered the metal [89]. The location and orientation of hydrides are highly
dependent on the stresses in the metal [29]. The crystallographic texture of the cladding
tubes determines the stress orientation, thus affecting the hydride orientation [29].
Tangential orientation of hydrides is beneficial for the mechanical properties of the
cladding, whereas radial orientation leads to embrittlement and increased risk of
delayed hydride cracking (DHC) [115]. Post service, when the cladding tubes are
moved from wet storage to dry storage, the temperature in the cladding initially
increases and subsequently decreases again. Many of the hydride phases are then
initially dissolved followed by reprecipitation at the lower temperature. The hydride
phases are thereby reoriented. This might lead to an increased risk of cladding failure if
a larger amount of radial hydrides is precipitated. The phases that cause most cladding
failures and, therefore, have been studied most are 6 and y [115]. Also during sample
preparation, e.g. for microscopy studies, the atomic configuration of H might be
rearranged and hydride phases formed or dissolved [67,80,128,129].
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7. Experimental techniques

The main experimental technique used in the work of this thesis is APT. This chapter
describes the basic principles of this technique and methods of data evaluation along
with normal procedures of specimen preparation. The main references for this chapter
are [130—132]. Additional references are stated in the text. TEM has been used to some
extent in the work presented in Paper VI. A description of TEM can be found in [133].

7.1 Atom probe tomography

This section is divided into four subsections. The first gives an overview of APT, the
second describes the procedures for specimen reconstruction and data evaluation, the
third describes some limitations and common artefacts associated with APT, and the
fourth describes APT of Zr alloys.

7.1.1 Overview

APT is a destructive analysis technique that can give chemical information with spatial
resolution at the near-atomic scale. The specimen to be studied is needle-shaped with a
tip diameter of some tens of nanometres and is subjected to a direct-current (DC)
positive voltage. Due to the small radius of the tip, the electric field at the surface is
very high, several tens of V/nm. When subjected to a sufficiently high field, ionised
atoms or molecules at the tip surface are emitted from the specimen, a process called
field evaporation (although it rather is a transformation from solid state to plasma). As
the evaporation probability depends on electric field strength and temperature, it is
possible to achieve field evaporation by pulsing with either an additional electric field
(voltage pulse mode) or a laser beam that heats the specimen (laser pulse mode). The
evaporation field and the two pulsing modes are schematically shown in Figure 7.1. The
penetration depth of the field is very small, and therefore only ions at the surface are
evaporated. After being evaporated, the ions are accelerated by the electric field toward
a position-sensitive and time-resolved detector, where a highly magnified image of the
tip is created. The magnification is roughly L/R, where L is the flight path length and R
the tip radius, and is typically in the order of 10°.
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Figure 7.1: Schematic of evaporation field and voltage pulsing and laser pulsing.

The time of flight, t, for each ion depends on its mass-to-charge ratio, m/z, according
to

m/z = 2eVt?/L?, (7.1)

where e is the elementary charge, V the combined voltage of the DC electric field and
the pulse, and L the flight path length. This equation can be derived by setting the kinetic
energy, mL?/(2t?), of the ion at the detector equal to its potential energy, zeV, at the
specimen surface. From Equation (7.1) it is evident that the time of flight increases with
increasing mass-to-charge ratio. The time of flight is measured as the time between the
voltage or laser pulse and the event of the ion hitting the detector. From this time of
flight, a mass spectrum, showing the mass-to-charge ratio (usually in the unit Da) on
one axis and the number of hits on the other, can be created. In this way, chemical
information about the specimen is obtained. Since the impact position and the order of
events at the position-sensitive detector are stored, it is possible to make a three-
dimensional (3D) reconstruction of the specimen. Combining this 3D reconstruction
with the chemical information obtained makes it possible to use APT for both spatial
and chemical analysis at length scales ranging from atomic interplanar spacings to
micrometres.
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APT measurements have to be performed under ultra-high vacuum (UHV), typically in
the range of 1078 Pa. Therefore, all APT instruments are equipped with a UHV system.
During analysis, the specimen is usually held at a temperature in the range 20—-100 K.
Most commonly, a local electrode, i.e. an electrode positioned at a distance on the order
of tens of micrometres from the specimen apex and having an aperture through which
evaporated ions can pass, is utilised for accelerating the emitted ions toward the
detector. The voltage used for the DC electric field is typically several kV, and it
increases throughout the analysis as the specimen gets blunter. The pulse frequency is
usually in the range 100-500 kHz for both voltage and laser pulsing. A voltage pulse
usually extends a few ns in time and a laser pulse usually around 10 ps. Green lasers of
wavelength 532 nm and pulse energies of 0.01-1 nJ or ultraviolet (UV) lasers of
wavelength 355 nm and pulse energies about a factor 100 lower than those of green
lasers are commonly used. (Due to a difference in focus between green lasers and UV
lasers, the energy per unit area is not a factor 100 lower for UV lasers.) Instruments
having a green laser are decreasing in number, and almost all modern instruments are
equipped with a UV laser [134]. The most recent generation of instruments is equipped
with what is termed a deep-UV laser of wavelength 266 nm and is capable of performing
simultaneous voltage and laser pulsing [135]. If voltage or laser pulsing is most
appropriate and what values of the analysis parameters to use depend on the material to
be studied and what information is desired.

The flight path to the detector after leaving the local electrode is straight in instruments
that are not equipped with a reflectron and curved in instruments that are equipped with
areflectron. A reflectron is a time- and space-focusing device that gives all ions of equal
mass-to-charge ratio (almost) equal flight times to the detector by increasing the flight
path length for ions of higher energy. This is done by an electrostatic field that deflects
the ions entering the reflectron toward the detector. lons of higher energy travel longer
into the reflectron and thus take a longer path to the detector, meaning that their time of
flight is increased. Instruments with a reflectron have better mass resolution but slightly
decreased spatial resolution compared with instruments without a reflectron. A
schematic of local-electrode APT and flight paths with and without reflectron is shown
in Figure 7.2.
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Figure 7.2: Schematic of APT. (a) Without reflectron. (b) With reflectron. Adapted from [131].
Republished with permission from Springer Nature.

Generally, the detector consists of micro-channel plates (MCPs) coupled to anodes that
are in the form of delay lines. MCPs are arrays of tubes of an electron-multiplying
material. Thus, when an ion hits the inside of an MCP tube, secondary electrons are
generated and multiplied. The multiplied electrons generate electrical pulses in the
delay lines, which are two-dimensional (2D) anodes, each consisting of one
transmission line bent to a meander-like shape. The pulses travel in opposite directions
along the same delay line and are collected at both ends of the line. There are two delay
lines oriented perpendicularly to one another, allowing for determination of the impact
position of the ion via the difference in time of arrival of the pulse at each end of each
line. The time of flight can be estimated from the average of the times of arrival at the
four line ends. Additionally, a third delay line, oriented + 45° from the other two, is
usually employed to separate events that are too close in time and space to be separated
by the two perpendicular lines.
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7.1.2 Specimen reconstruction and data evaluation

There are a number of ways to reconstruct the specimen from the experimental raw data.
Most of the reconstruction protocols commonly used are based on the Bas protocol
[136]. The specimen apex is assumed to be hemispherical, and the evaporation is
assumed to be uniform across the projected tip area. Reconstruction is done in the lateral
directions for successive layers of evaporated species in the axial tip direction. Four
parameters are used, the detection efficiency (77), the evaporation field (F,), the field
factor (kf), and the image compression factor (). The electric field, F, is related to the
radius of curvature, R, of the specimen tip, the field factor, and the combined voltage,
V, of the DC electric field and the pulse according to

F = V/(keR). (7.2)

During measurement V is adjusted to get a constant detection rate, and F = F,.

The image compression factor for straight-flight-path instruments can be expressed as

&= gcrys/gobsa (7.3)

where 6,5 is the crystallographic angle and 6,5 the observed angle. 6, 1s related to

the distance, D, between observed crystallographic poles on the ion density map (also
referred to as detector hitmap or field evaporation image) obtained during analysis and
the flight path length, L, according to

6,,s = arctan(D/L). (7.4)

Normally, the image compression factor has a value between 1 and 2, where 1
corresponds to a radial projection and 2 to a stereographic projection.

When the (approximately) hemispherical surface of the tip cuts parallel lattice planes,
these take the shape of concentric rings on the surface. The crystallographic poles
(which correspond to the crystallographic directions [137]) are the centres of these
rings. The local chemical environment of edge atoms at the poles is such that some
atoms just before being field evaporated are displaced from the original lattice site,
whereas other atoms evaporate at a higher field than the neighbouring atoms [138].
Similar effects occur at the zone lines connecting the poles. Poles and zone lines can
appear as regions with variations in density on the detector hitmap. A schematic of
angles and distances used in the reconstruction and a hitmap with crystallographic poles
and zone lines for a local-electrode atom probe with straight flight path is shown in
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Figure 7.3. For instruments having a reflectron, a virtual flight path length, shorter than
the real flight path length, can be used to perform the same calculations as for
instruments without reflectron.
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Figure 7.3: Schematic of angles and distances used in APT reconstruction and a detector hitmap with
crystallographic poles and zone lines visible. Adapted from [139]. Republished with permission from
Elsevier.

It is usually difficult to calibrate the reconstruction. If crystallographic information is
obtained in the analysis, that information might be used for determining appropriate
values of k¢ and &. If the poles are visible on the hitmap, they might be identified using
the symmetry that appears on the map and, if multiple poles are visible, the distance
between them. Also, if there are features within the sample that have a known
crystallographic orientation, these can be used for identification of the poles (or for
identification of the crystallography if no poles are visible). At the poles, atomic planes
are sometimes visible in the reconstruction. Using the atomic spacing of the different
sets of planes and the angles between the planes of a known crystal structure, it is
possible to iteratively change the values of k¢ and £'to get an appropriate reconstruction.
If only one pole with visible atomic planes is observed and identified, it is often possible
to get a reconstruction that is appropriate regarding spacing of those planes but that does
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not necessarily give an appropriate representation of other crystallographic directions.
However, crystallographic information is only occasionally obtained in APT analysis,
and calibrations of the reconstruction according to the above are therefore often not
possible to perform. To more easily obtain the crystallography of the specimen, it is
sometimes possible to study the crystallographic orientations of the grains of the sample
prior to lift-out, e.g. by electron backscatter diffraction (EBSD). Moreover,
complementary microscopy techniques such as field ion microscopy (FIM), TEM,
transmission Kikuchi diffraction (TKD), and EBSD can in some cases be used to obtain
information on crystallography or other features in the prepared specimen in order to
calibrate the reconstruction or to enable interpretation of results. Alternatively, the
specimen can after analysis be viewed using scanning electron microscopy (SEM) or
TEM to measure R and thereby obtain a reasonable value of ks (assuming the
evaporation field is known).

When the reconstruction has been performed there are various means to evaluate the
data, the choice of which to use depends on what features are present in the specimen
and what information about these features that is desired. Often, quantitative
information about clusters of solute species is wanted. Multiple ways of obtaining this
information exist. The definition of a cluster is not straightforward and can be done
more or less arbitrarily. In the definition, clusters might not be distinguished from small
precipitates, and from APT data it is in many cases not possible to tell the difference
between the two. Various algorithms are used for cluster characterisation, one of the
most common being the maximum separation method (MSM) [140,141] (which is very
similar to the density-based scanning algorithm (DBSCAN) [142]). In the MSM
algorithm, the distance between detected species is used to define clusters. A minimum
number, Nuin, of solute species with a separation distance between individual species
not exceeding dn.x form a cluster. Other species within an envelope distance, L., from
the solute species of the cluster can be included in the cluster. A halo of these other
species might then form around the cluster. This halo is eroded away by applying an
erosion step, removing species that are not the solute atoms of the cluster and that are
located within an erosion distance, d., from species that are located outside of the cluster
and are not of the same kind as the solute atoms of the cluster. The order of neighbours
(i.e. first-nearest neighbours, second-nearest neighbours, and so forth) for which dyax 1s
applied has to be specified. A schematic of MSM is shown in Figure 7.4.
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Figure 7.4: Schematic of cluster definition using the MSM. (a) lons of clustering element(s) identified.
(b) lons of the clustering element(s) within dn.x belong to the cluster. (c) Other ions within L. are
incorporated in the cluster. (d) Other ions within d. from other jons than the clustering ions are eroded
away from the cluster, thus defining a final cluster.

The values of the abovelisted parameters in the MSM algorithm are determined by the
person performing the cluster analysis. A comparison with randomised distributions of
the same composition and positions as the data to be evaluated can aid in the decision-
making. Nearest-neighbour distributions, cluster size distributions, and cluster count
distributions are frequently used for this purpose. The nearest-neighbour distribution
shows the distance from species of interest to other species (which can be chosen to be
of the same type as or of other types than the species of interest). When the average
distance between the species of interest is shorter for the experimental data than for the
randomised data, clustering is indicated. Clustering often, but not always, gives a
bimodal distribution of the experimental data, with one mode for the clusters and one
for the matrix. Nearest-neighbour distributions can be determined for various orders of
nearest neighbours. The cluster size distribution can be used to determine an appropriate
value of Ny, for a given value of dmax. It shows the number of clusters as a function of
Npmin. The cluster count distribution can be used to find an appropriate value of dyax for
a given value of Nuin. It shows the number of clusters as a function of dyax. Clustering
is indicated if the number of clusters for small values of duac is higher for the
experimental data than for the randomised data. Iteration might be needed to find
appropriate values of dnax and Nuin from cluster count distributions and cluster size
distributions. Figure 7.5 shows a nearest-neighbour distribution and a cluster count
distribution for Fe and Cr in Zircaloy-2 exposed to BWR operation. Both distributions
indicate clustering.
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Figure 7.5: Nearest-neighbour distribution (top) and cluster count distribution (bottom) for Fe and Cr
in Zircaloy-2 exposed to BWR operation. Both distributions show that there is a non-random
arrangement of Fe and Cr, thus indicating clustering.

Another way of characterising clusters is by isoconcentration surfaces, which are the
surfaces given by a specific concentration of one or more elements. (These surfaces are
dependent on the voxel (volume pixel) size and the delocalisation (a 3D Gaussian
smoothening of the ion to account for the uncertainty in ion position) used in the
reconstruction.) From isoconcentration surfaces, proximity histograms, abbreviatedly
called proxigrams, showing concentration as a function of distance from the surfaces,
can be computed [143]. Isoconcentration surfaces and proxigrams can also be used for
characterisation of other features than clusters, e.g. grain boundaries and phase
boundaries.

Information that is often searched for in cluster analysis is number density, composition,
and size. It might also be desirable to decide how the clusters are oriented with respect
to the crystallography of the specimen. However, since crystallographic information is
only occasionally obtained in APT analysis, it is often not possible to determine the
cluster orientation in relation to the crystallography. Compared with laser pulsing, the
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higher spatial resolution of voltage pulsing usually results in improved cluster detection
[144] and more likely in better crystallographic information [145]. The increased spatial
resolution of voltage-pulsed over that of laser-pulsed APT is more pronounced for
instruments having a green laser than instruments having a UV laser [146].

7.1.3 Limitations and artefacts

In APT analysis, there are limitations that restrict what experiments can be performed
and what information can be obtained. The physical processes of the technique and the
assumptions made when doing the reconstruction can in some cases introduce artefacts
that need to be understood in order to correctly interpret the results.

An important limitation of APT analysis is the risk of specimen fracture. Often, the
analysis is terminated due to specimen fracture. The probability of fracture is very
material dependent and is also affected by the analysis parameters. The specimen is
subjected to a (Maxwell) stress, o, proportional to the square of the electric field, F,
according to

o= €0F2/2, (7.4)

where & is the vacuum permittivity.

Voltage pulsing usually puts more stress on the specimen than laser pulsing, thereby
increasing the risk of fracture. Therefore, laser pulsing has to be used for materials that
do not withstand the stress imposed by voltage pulsing. These materials include poor
electrical conductors and brittle materials.

Artefacts can be related to differences in evaporation field between different species.
Preferential evaporation is one such artefact. It can occur for species having a lower
evaporation field than the average evaporation field of the phase in question, meaning
that they can evaporate between pulses if the field between pulses is too high. Similarly,
preferential retention can occur when the field during pulsing is too low to evaporate
species that require a higher-than-average evaporation field. Another artefact related to
the difference in evaporation field between species is local magnification, which can
occur for phases having a lower or higher evaporation field than the matrix. If the
evaporation field of a particle embedded in the matrix is lower than the evaporation
field of the matrix, the local magnification is lower, resulting in a smaller reconstructed
size and a higher measured atomic concentration of the particle. If the evaporation field
of a particle, instead, is higher than the evaporation field of the matrix, the local
magnification is higher, resulting in a larger reconstructed size and a lower measured
atomic concentration of the particle. Another artefact is related to surface migration of
certain species, especially in laser pulse mode. When the specimen is heated by the
pulse, some species migrate along the specimen surface and evaporate at a position
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some distance away from their original position, often at crystallographic poles. Species
with a higher evaporation field than the matrix are more likely to surface migrate due
to their prolonged time at the specimen surface.

Since the mass-to-charge ratio is the chemical information obtained about the
evaporated species, the isotopic composition of each element present in the sample has
to be used for identification. Often there are spectral overlaps between some of the
species in the sample, precluding certain assignment of spatial position for the
individual ions and sometimes limiting the possibilities of accurate identification of
elemental composition. Moreover, evaporation and detection of molecular ions
commonly occur, making mass spectrum evaluation more complicated. Additionally,
the peaks in the mass spectrum are not perfectly sharp but have a width. In voltage pulse
mode this width is caused by the extension and non-uniform amplitude of the pulse in
time giving some of the field-evaporated ions energies slightly lower than the maximum
energy of the pulse (this is termed energy deficit), and in laser pulse mode it is caused
by evaporation during cooling of the specimen after the pulse, giving so-called thermal
tails to the peaks. The extension of the peaks along the mass-to-charge ratio axis often
increases peak overlap and complicates mass spectrum evaluation further. The use of a
reflectron can compensate the energy deficit in voltage mode, and the thermal effects
in laser mode can be reduced by adjustment of analysis parameters. The difference in
time between evaporation events cannot, however, be compensated by the reflectron.

Although APT analysis is sensitive to ions of all mass-to-charge ratios, and accordingly
also to all elements of the periodic table, analysis of H content in the specimen can be
difficult due to the presence of residual hydrogen gas in the vacuum chamber. The H
atoms of the residual gas can bond to atoms at the specimen surface, forming molecules
that evaporate at a lower field than the individual specimen atoms. Therefore, hydride
peaks often appear in the mass spectrum, especially for specimens containing elements
with high affinity for H. Peaks from H and H; also appear in the mass spectrum. These
peaks can be attributed to field desorption during the pulses of some of the H atoms that
bond to the specimen surface.

A further limitation of APT is the detection efficiency of the instrument. This limitation
is usually not of major concern, since the detection efficiency is the same irrespective
of mass-to-charge ratio. However, small clusters might not be observed due to all ions
not being detected. In most of the instruments currently used, the detection efficiency
is in the approximate range 57 %—80 % for instruments without and 37 %50 % for
instruments with reflectron. The reason for the lower values for instruments with
reflectron is that there are grids in the reflectron that some of the ions hit, and the limited
detection efficiency without reflectron is mainly due to that the area between the
channels of the MCPs is inactive and no detection results when it is hit by ions.

If two or more ions hit the detector sufficiently close in time and/or space, there might
be overlapping electronic signals that are registered as fewer events. This is referred to
as pile-up, and there is thus a deadtime and a dead zone associated with each ion impact
on the detector. A typical deadtime is around 3 ns, and the location of the dead zone
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varies with the propagation of the electronic signals through the delay lines [147,148].
The delay line oriented + 45° from the other two can in some cases be used to resolve
overlapping signals. Due to pile-up, ions can end up undetected. Multiple ions hitting
the detector (almost) simultaneously can have been evaporated as single ions at
(approximately) the same time or originate from a molecular ion that has dissociated
after evaporation. The former of the two processes commonly occurs for elements that
have a high evaporation field and can thus lead to a smaller fraction of these elements
being detected and their abundance being underestimated. Additionally, ions can escape
detection due to formation of neutral species after field evaporation. Neutral species
will not be accelerated by the electric field and will thus not be detected.

The detection limit, in terms of atomic fraction of a specific element, of APT is not
straightforward to determine. Levels of a few tens of atomic ppm, sometimes even
lower, can usually be detected [149]. There are multiple ways, using statistical methods,
to estimate the detection limit when there is no peak at the expected position of a species
in the mass spectrum. The Currie definition of detection limit [150] can be applied to
APT [151]. According to the Currie definition, which assumes that the number of counts
follows a normal distribution, a peak of height 2.71 + 4.65\/Fb, where N, is the
number of background counts, would be detected 95 % of the time. There are also other
methods based on the Poisson distribution that have been applied to APT to reduce the
detection limit compared with the Currie method [152]. These methods (including the
Currie method) are sensitive to the peak width (range of mass-to-charge ratio in the
mass spectrum) assigned to the species of interest and are thus affected by the person
performing the analysis.

Due to the large influence of measurement parameters, the possible influence on the
material by specimen preparation, and the assumptions made during reconstruction, it
is generally very difficult to accurately estimate the combined measurement uncertainty
from an APT experiment. However, the counting statistics is frequently used to
characterise the uncertainty in compositional measurements, using the standard
deviation, o;, of the measured fraction (usually referred to as concentration or
composition), C;, of species i, given by

C;(1-Cy)
O; = ‘/T’ (7.5)

where N is the total number of background-corrected ranged species. Equation 7.5 relies
on that the detection of ions can be considered a binomial process, that the volume
probed is representative of the specimen as a whole, and that the atoms are randomly
distributed. If local concentrations in subvolumes of the specimen are considered, also
the detection efficiency, 7, has to be considered in the expression for the standard
deviation according to
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¢;i(1-C(-n)
o = fN—Sn, (7.6)

where Nj is the total number of background-corrected ranged species in the subvolume.

As the analysis conditions can affect the results to a large extent, suitable choice of
analysis parameters is necessary to be able to calculate meaningful detectabilities or
compositions. To get a low detectability and not to miss low concentrations of dilute
species, it is necessary to keep the background low. The background arises due to
several reasons. One is ionisation of residual gas atoms in the vacuum system of the
instrument, one is electronic noise in the detector, and one is due to evaporation between
pulses (which gives incorrect times of flight). This latter contribution to background
affects all mass-to-charge ratios and is more prominent in voltage than laser mode, and
the background is thus generally higher in voltage mode. It is, however, not always
possible to make use of the lower background in laser mode to get a lower detectability
or to accurately determine low concentrations. The reason for this is that the higher
thermal diffusivity and lower evaporation field in laser mode in some cases can prevent
detection of specific species. Preferential evaporation between pulses can lead to
underestimation (of detectability or concentration) of some species. In voltage mode, a
too high DC voltage in relation to the pulse needed for field evaporation or too high
temperature can lead to this type of preferential evaporation [153].

7.1.4 Atom probe tomography of Zr alloys

There are a number of studies of Zr alloys, either in the as-produced state or exposed to
various environments prior to analysis, in which APT at least partly has been used
[13,18,19,23,39,50,51,83,84,86,96-98,107,110-112,154—-192]. The studies reported in
[180,190,191] are included in this thesis (Papers I, II, and IV, respectively), [18] is a
publication of results from analyses of the same material as in Papers I, II, and III, and
[50] is a publication of results from analyses of part of the materials in Papers IV and
VI. In addition to APT studies, there are a number of older atom probe studies on Zr
alloys performed using voltage-pulsed one-dimensional (1D) atom probe instruments,
i.e. atom probes not capable of laser pulsing or tomography [8,9,193—199]. As Zr alloys
are more prone to fracture when voltage pulse mode is used compared with laser pulse
mode, and as an anodic oxide formed on the specimens during electropolishing
preparation (increasing the risk of specimen fracture even more), [158,168,170], these
1D atom probe studies yielded relatively few ions. For the former reason, most APT
studies have been performed using laser pulsing.

Of main interest to compare with the work in this thesis are studies performed on
Zircaloy-type alloys, especially in the as-produced state and after reactor exposure. In
[51,83,84,158,162,183,188,191], APT examinations of Zircaloy-type alloys in the as-
produced state are presented and in [18,23,83,84,86,160,180,188,190,191] after reactor

exposure, whereof [18,23,83,84,160,180,190,191] present results on materials exposed
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in commercial BWRs and [86,188] on materials exposed in research reactors. The
neutron flux in research reactors for materials testing is often higher, and the
temperature is usually also different, compared with commercial reactors. These
differences can make the microstructure and chemistry of the irradiated materials evolve
somewhat differently.

Zr has high affinity for H, and Zr hydride species (ZrH, often ZrH>, and sometimes
ZrH3) are typically detected in APT analyses. The detection of Zr hydride species can
be due to the existence of dissolved or precipitated H in the specimen. This H can be
incorporated into the specimen during exposure to autoclave corrosion or reactor
operation, during cool-down after autoclave or reactor operation, or during specimen
preparation. Also the hydrogen gas present in the vacuum system in the atom probe
instrument can contribute to the detection of Zr hydride species if it adsorbs on the
specimen and is co-evaporated with Zr. Especially the data evaluation of Nb-containing
Zr alloys can be complicated by the presence of Zr hydrides and Nb hydrides, since the
resulting spectral overlaps often are difficult to resolve.

Other overlaps that occur in Zr alloys are overlaps between Cr* and ZrC?*, between Fe*
and ZrO?**, and between Ni* and Sn?". To avoid these overlaps, a high field is beneficial
so that Cr, Fe, and Ni evaporate as Cr**, Fe?*, and Ni*" [200]. As the field generally is
higher in voltage mode than laser mode, voltage pulsing should be beneficial to
overcome these overlaps. However, there are also overlaps between isotopes of Cr and
Fe, Fe and Ni, and Ni*" and Zr** that need to be accounted for. Due to transmutation of
the elements in the Zr alloys during reactor operation, the isotopic abundances in
reactor-exposed materials might not correspond to the natural isotopic abundances.
However, as detailed calculations of the isotopic composition of the fuel cladding after
rector operation are demanding, the natural isotopic abundances can be used as a
reasonably good approximation when identifying peaks in the mass spectra
[83,180,181,190]. Other uncertainties, such as peak overlaps (e.g. due to unknown
amounts of hydride species) can affect the compositional analysis equally much or
more. Figure 7.6 shows two mass spectra from APT analysis of in-BWR-exposed
Zircaloy-2, one obtained using voltage pulsing and one obtained using laser pulsing.

Because of surface migration of Sn, the Sn distribution in the specimen might not
always be properly reconstructed, and Sn is often detected at crystallographic poles
[111]. However, APT observations of Sn-clustering in the oxide of autoclave-corroded
[111] and in the metal of in-BWR-exposed [18] Zircaloy-2 have been made. This Sn-
clustering should not be an effect of surface migration.
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Figure 7.6: Mass spectra of Zircaloy-2 exposed to BWR operation. The majority of the important peaks
are labelled. The H and the Ga come from the specimen preparation process using focused ion beam—
scanning electron microscopy (FIB-SEM). Different binning was used for the two histograms.
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7.2 Specimen preparation

The objective of specimen preparation is to create a needle that is sharp enough (radius
below 100 nm) to enable field evaporation at a voltage that is lower, preferably much
lower, than 15 kV. There are two conventional ways of preparing samples for APT,
electropolishing and the lift-out technique using focused ion beam—scanning electron
microscopy (FIB-SEM). Electropolishing is the traditional way of preparing APT
specimens, and the FIB—SEM lift-out technique has been developed more recently and
is currently the most common way to prepare APT specimens. Which specimen
preparation technique that is most suitable to use is material dependent, and it also
depends on the size of the sample and whether the analysis needs to be site specific.

7.2.1 Electropolishing

Electropolishing is performed in an electrochemical cell. A rod-shaped piece of the
material to be analysed is placed vertically in the cell, which contains one lower region
of inert liquid and one upper region of electrolyte. The specimen is connected via cables
to a counter electrode that is likewise placed in the cell. When a voltage is applied,
electropolishing occurs on the part of the specimen that is covered by the electrolyte.
Eventually, a neck-shape forms on the specimen. Usually, the electrolyte is replaced by
a weaker solution to perform the succeeding part of the electropolishing until the neck
of the specimen breaks and two needles are formed. A schematic of an electropolishing
setup is shown in Figure 7.7.

Electrolyte

Specimen Counter
electrode

Inert liquid

Figure 7.7: Schematic of the electrochemical cell used for electropolishing.

A prerequisite for electropolishing of a material is that it has good enough electrical
conductivity. Also, it has to be possible to construct an electrochemical cell using that
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material. In addition to the material requirements, a limitation of electropolishing is that
it is difficult to control the process in such a way that specific features, e.g. grain
boundaries, phase boundaries, and SPPs, are incorporated in the analysable part of the
final needle. In the case of Zr alloys, electropolishing is possible, although the formation
of anodic oxides can be a problem [50,193]. Electropolishing of neutron-irradiated Zr
alloys (or other radioactive materials) is generally not preferable, as it will generate
liquid radioactive waste.

7.2.2 Focused ion beam—scanning electron microscopy

FIB-SEM instruments combine a focused ion beam (FIB) unit with an SEM. In SEMs,
samples are studied using electrons that are generated in an electron source and
accelerated and focused through a column with electromagnetic lenses before
interacting with the sample. The electron beam can be scanned over the sample surface.
Depending on what is to be studied, various detectors can be used to collect signals
from e.g. backscattered electrons (i.e. electrons of the electron beam that have interacted
with the atoms of the sample and then taken a path out of the sample), secondary
electrons (i.e. electrons emitted by the sample upon interaction with the electron beam),
or X-rays (emitted from the atoms of the sample). SEMs are usually good tools for
imaging conductive materials or non-conductive materials that have been coated with a
conductive coating. FIBs work in a similar way, but the probing particles are ions
instead of electrons. The ions can also be used for milling in the sample. Most
commonly, liquid metal ions, especially Ga, are used, but in recent years FIBs having
plasma ion sources, usually utilising Xe ions, have increased in number.

Usually, FIB-SEMs include a system for deposition of material on the sample surface.
This deposition is done by introducing the material to be deposited in a precursor gas
that adsorbs onto the surface while scanning the ion or electron beam over the surface.
The precursor gas then splits up into a volatile compound that leaves the surface and a
non-volatile compound that remains at the surface. C, Pt, W, and Au are materials that
are common to deposit [201]. With a micromanipulator incorporated in the FIB—-SEM
it is possible to do lift-outs from the sample. Milling is done around the part to be lifted
out before using the gas deposition system to solder the micromanipulator to the part
and subsequently using milling to cut the part loose from the rest of the sample. There
are various ways of doing lift-outs for APT specimens. One common way is to mill
trenches at the two long sides of a rectangular site of interest at an angle of
approximately 30° to the surface normal so that a wedge-shaped lift-out (i.e. a lift-out
in the form of a triangular prism) is obtained [202]. The lift-out can then be divided into
parts that are individually soldered to commercially available Si posts on a wafer
containing many posts (e.g. 6 x 6 or 12 + 13). Needles suitable for APT analysis are
created by FIB milling (in an annular pattern) of the lifted-out material attached to the
Si posts. Figure 7.8 shows the process of FIB-SEM preparation of APT specimens, and
Figure 7.9 shows a sharpened tip.
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Figure 7.8: FIB-SEM lift-out and attachment of a specimen to a microtip post. Adapted from [202].
Republished with permission from Elsevier.

Figure 7.9: A sharpened APT specimen.

An advantage of FIB-SEM preparation is the possibility to do site-specific lift-outs to
capture features of interest. It is usually also possible to prepare specimens from
materials that are not suitable for electropolishing. An additional advantage is that the
sample can be very small (which is preferred for radioactive samples). FIB—-SEM
operation might, on the other hand, require more training than electropolishing. Also,
the equipment needed is more expensive. Most labs having APT instruments, however,
usually have FIB-SEMs too.

FIB-SEM preparation has been observed to introduce hydrogen to Zircaloy-4 APT
specimens [178]. FIB-introduced H can be dissolved in the matrix, be located in
hydrides in parts of a specimen, or transform the entire APT specimen to a hydride. By
performing the milling of the specimens at cryogenic temperature in the FIB-SEM, it
is possible to create APT specimens not producing a higher H signal than expected from
the H content of the material and the H resulting from the residual gas in the APT
instrument.
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8. Materials studied

This chapter presents the materials studied, which all are Zircaloy-2-type alloys. First,
some general information about heat treatment and different variants of Zircaloy-2-type
alloys is given. Then, the materials studied in the appended papers are described in more
detail. Additionally, it is specified whether voltage or laser pulsing was used in the APT
analysis of the respective material.

Depending on the amount of alloying elements within the specified range [37] and the
heat treatment process during manufacture, various types of Zircaloy-2 can be
produced. The average SPP size, and accordingly also the SPP number density, is
determined by the heat treatment of the material. A normalised heat treatment
parameter, A, is used to describe the heat treatment according to

A = Yt e @/RT), (8.1)

where t; is the time of the i-th heat treatment after quenching from the B-phase, e is
Euler’s number, Q is the activation energy (= 264 kJ/mol), R is the ideal gas constant,
and T; is the absolute temperature of the i-th heat treatment [203].

The size and number density of the SPPs are important for the corrosion and HPU
properties of the material in reactor [204]. Two types of Zircaloy-2, one that has been
and one that still is in use in BWRs, are the Westinghouse materials LK2 and LK3,
respectively, where LK is the Swedish acronym for low corrosion (lag korrosion). In
addition to small differences in content of alloying elements of the two materials, the
heat treatment is different so that a smaller SPP size is obtained in LK2. LK3 was
developed as successor to LK2 to mitigate the high corrosion rate and HPU resulting
from the small SPP size [108]. LK3 has a lower uniform corrosion rate, a decreased risk
of spacer shadow corrosion, and a delayed onset of accelerated growth [108,205].
Cladding tubes produced with an inner liner are usually designated by adding *“/L” after
the heat treatment designation, e.g. LK3/L for liner-containing cladding tubes of heat
treatment LK3.

Most of the materials investigated in the work of this thesis were of the LK3 heat
treatment. Material of LK2 heat treatment is only briefly mentioned in the review paper
(Paper III) for comparison. Some work (parts of the work presented in Papers IV and
VI) was performed on materials of non-commercial heat treatments.

Zircaloy-2 is generally the name for alloys within the composition range specified by
ASTM [37] (given in Table 3.2). Materials of a slightly different composition can be
classified as Zircaloy-2-type alloys. Such alloys comprise the commercial alloys HiFi
and Ziron (which have higher Fe content than Zircaloy-2) and various model alloys, i.e.
non-commercial alloys for testing purposes. Alloy 2, developed by Westinghouse, is a
model alloy, and it is similar to HiFi, but its Cr content is outside the specified range of
Zircaloy-2. The corrosion and, especially, the HPU of LK3-type Alloy 2 have been
observed to be lower compared with LK3-type Zircaloy-2 [25].
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8.1 Papers |, Il, and llI

The material analysed in Papers I and II is LK3/L Zircaloy-2 supplied by Westinghouse
Electric Sweden AB (lot 82873). Its heat treatment parameter was log A = -14.2, and
its content of alloying elements and the impurity Si is given in Table 8.1. Prior to
analysis, the material was used as cladding tubes in the commercial BWR at KKL as
part of the Westinghouse fuel performance programme. Fuel rods of the same lot of
material after operation for three to nine annual cycles (3C—9C) within this programme
have been studied and characterised in previous work [18,20-24,52,80,85,101—
103,205-220]. Some of these publications are reviewed in Paper III. The samples
analysed in the work presented in Papers I and II were exposed for 3C (Paper II) and
9C (Papers I and II). Table 8.2 shows the rod identity and segment designation, rod
average burnup, elevation, fast neutron fluence exposure, fast neutron dose, rod average
oxide thickness, rod average H content, rod average HPUF, and rod growth of the
samples. In the as-produced material, the SPP number density was 6.4 x 10" m= [80].
After 3C no SPP number density is given in [80], but after 5C and 9C it is given as 2.2
x 10" m™ and 1.0 x 10! m™, respectively.

Sample preparation, including FIB lift-out, was performed in the hotlab of Studsvik
Nuclear AB, and APT specimens were created at Chalmers University via FIB milling.
Thus there were a limited number of specimens available for analysis, although it was
possible to resharpen some of them to perform a second APT analysis after they had
become too blunt to continue the first. All specimens were analysed using laser pulse
mode, except for two specimens of the 9C sample that were analysed using voltage
pulse mode.

Table 8.1: Content of alloying elements and Si in wt% or wt ppm in the LK3/L Zircaloy-2 from KKL
studied in Papers | and Il.

Sn Fe Cr Ni (0) Si

(%) | (%) | (%) | (%) | (%) | (ppm)
LK3/L Zircaloy-2 | 1.32 | 0.18 | 0.11 | 005 | 0.13 | 70

Material
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Table 8.2: Rod identity and segment designation, rod average burnup, elevation, fast neutron fluence,
fast neutron dose, rod average oxide thickness, rod average H content, rod average HPUF, and rod
growth of the LK3/L Zircaloy-2 samples from KKL studied in Papers | and II.

3C 9C
Rod identity and segment AEBO70-E4-N AGB108-G6
designation
Rod average burnup!'
(MWd/kgU) 34.7 78.7
Sample elevation from rod 2030-2350 12181308
bottom (mm)
Sample fast neutron fluence s s
(E > 1 MeV) (n m?) 74 %10 16.5 x 10
Dose? (dpa) 11.9 26.5
Rod : : ;
od average oxide thickness 510 4547
(pm)
1
Rod average H content 4442 664 + 94
(wt ppm)
Rod average HPUF' (%) 12.8 30.0
Rod growth! (mm) 10.5 28.5

"Values from [80].
2Calculated from the fast neutron fluence (E > 1MeV) using the conversion factor for BWRs in [64].
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8.2 Papers IV, V, and VI

In papers IV, V, and VI, three different lots of materials were studied. Two were of
commercial heat treatment (Papers IV, V, and VI), and one was of non-commercial heat
treatments (Papers IV and VI).

The materials of commercial heat treatment were LK3/L Zircaloy-2 and LK3/L Alloy
2 supplied by Westinghouse (lots 86788 and 86375, respectively). The heat treatment
parameter of both materials was log A = - 14.2, and their content of alloying elements
and the impurities C, Si, N, and Al are given in Table 8.3. For the particular lot studied,
the Sn content in the Zircaloy-2 was higher than usual.

Table 8.3: Content of alloying elements and the impurities C, Si, N, and Al in wt% or wt ppm in the LK3/L
Zircaloy-2 and LK3/L Alloy 2 studied in Papers IV, V, and VI.

Material Sn | Fe | Cr | Ni (0 C Si N Al
(%) | (%) | (%) | (%) | (%) | (ppm) | (ppm) | (ppm) | (ppm)

LK3/L Zircaloy-2 | 149 | 0.18 | 0.13 | 0061 | 0.12 | 143 91 40 <30

LK3/L Alloy 2 131 | 036 | 0.18 [0.063 | 0.12 | 120 90 38 <30

Samples from cladding tubes before and after operation in the commercial BWR
Oskarshamn 3 (O3) were studied. Additionally, some work was performed on the
(unirradiated) Alloy 2 material after steam autoclave exposure at 415 °C for 30 days at
AB Sandvik Materials Technology (now Alleima AB), but only the introduction of H
during APT specimen preparation was studied (Paper VI). In-reactor-exposed samples
were taken from sibling fuel rods. The irradiation time was 2082 days, corresponding
to 11 cycles during approximately seven years. Samples of both alloys were taken from
the fuelled region and from the plenum region of each rod, thus allowing for studying
the materials at two different fluences. Table 8.4 shows the rod identity, rod average
burnup, elevation, fast neutron fluence exposure, fast neutron dose, oxide thickness, rod
average H content, and rod growth of the samples. In the calculation of the dose, the
same conversion factor from fluence was used for the plenum samples and the samples
from the fuelled region.
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Table 8.4: Rod identity, rod average burnup, elevation, fast neutron fluence, fast neutron dose, oxide
thickness, rod average H content, and rod growth of the LK3/L Zircaloy-2 and Alloy 2 samples from O3
studied in Papers IV, V, and VI.

LK3/L Zircaloy-2 LK3/L Alloy 2
Rod identity 15-O3E9 15-O3F9
Rod average burnup!
(MWd/kgU) 32 32
High-fluence sample elevation 2642-2645 2666-2669
from rod bottom (mm)
Low-fluence sample elevation 37633766 37653768
from rod bottom (mm)
High-fluence sample fast neutron
fluence (E > 1 MeV) (n m™?) 24> 102 24102
Low-fluence sample fast neutron
fluence (E > 1 MeV) (n m™) 54> 107 >4 107
High-fluence sample dose (dpa)’ 38 38
Low-fluence sample dose (dpa)? 8.6 8.6
Oxide thickness (um) 123 114
Rod average H content (wt ppm)° 200 134
Rod growth (mm) 13.6 15.1

!Calculated.

’Calculated from the fast neutron fluence (E > 1MeV) using the conversion factor for BWRs in [64].
3Average of SEM measurements at four circumferential positions of a transversal cross section 2642
mm from rod bottom.

“Average of SEM measurements at four circumferential positions of a transversal cross section 2676
mm from rod bottom.

SMeasured by hot-vacuum extraction (HVE).

Information on the oxide thickness measured by eddy current (EC) lift-off and on the H
content of the rods is given in [25]. For Zircaloy-2 the oxide thickness in the studied
region up to about 900 mm from the bottom of the rod (excluding spacer positions) was
around 20 um. The oxide thickness of the Alloy 2 rod reaches about three fourths of
that value in the same region. In addition to the results presented in [25], the EC lift-off
for Alloy 2 was measured along the rest of the rod up to about 2800 mm from the bottom
of the rod, showing an increasing oxide thickness with the maximum value of just above
20 um reached at the top of the measured region. According to SEM examinations, the
oxide thickness (average value of four circumferential positions at one transversal cross
section of each tube at elevations in the range 2600-2700 mm from rod bottom), the
oxide thickness was 11 um for Alloy 2 and 12 um for Zircaloy-2. The values obtained
by EC lift-off are thus higher than the values obtained by SEM. As EC lift-off is an
indirect method of measuring the oxide thickness, the SEM measurements should be a
better estimate of the actual oxide thickness. Figure 8.1 shows the oxide thickness from
EC lift-off measurements for the lower parts of both rods, and Figure 8.2 shows the
oxide thickness of the whole measured range of the Alloy 2 rod.
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Figure 8.1: Oxide thickness of the lower parts of the LK3/L Zircaloy-2 and Alloy 2 rods from O3 measured
by EC lift-off. From [25].
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Figure 8.2: Oxide thickness of the Alloy 2 rod from O3 measured by EC lift-off. From [221].

58



Figure 8.3 shows the hydrogen content from hot vacuum extraction (HVE) as well as
SEM measurements (of the area fraction of hydrides in transversal cross sections of the
tubes). Using the HVE values, the H content of Alloy 2 was about 60-70 % of that of
Zircaloy-2.

400

# Zircaloy-2, HVE AAlloy 2, HVE

350 ¢ Zircaloy-2, SEM-H A Alloy 2, SEM-H

300

T
o
2 250
€ o
[}
€ 200
8 * *
c
o 150
A

g A A
3
> 100
T

50

0

0 500 1000 1500 2000 2500 3000 3500 4000

Distance from rod bottom [mm]

Figure 8.3: Hydrogen content (wt ppm) at three positions of the LK3/L Zircaloy-2 and Alloy 2 rods from
03 measured by HVE and SEM. From [25].

Preparation of the in-reactor-exposed samples was performed in the hotlab of Studsvik,
and they were delivered to Chalmers University as small pieces, each approximately 3
mm in height and covering about one fourth of the transverse tube cross section. The
pieces contain both the oxide and the inner liner, thus allowing for studies of more than
just the metal. To facilitate FIB lift-outs from the metal/oxide interface (and nearby
regions), one of the edges of each piece was ground so that an oxide thickness gradient
was created. APT specimens were prepared from the pieces using FIB-SEM.

As-produced and autoclave-corroded samples were delivered as approximately 2 cm
long pieces of cladding tubes. Lift-outs from the as-produced samples were performed
approximately 40 um from the outer surface of the tubes, as this distance, which
corresponds to approximately 60 um oxide thickness, is a distance that is relevant when
considering potential accelerated corrosion.

APT analysis of the LK3/L Zircaloy-2 and Alloy 2 before and after operation in O3 was
performed using both laser pulse mode and voltage pulse mode. Cryo-FIB was used for
the final milling of some of the specimens (Paper VI). All the cryo-FIB-prepared tips
were analysed using voltage pulsing. Specimens from the autoclave-corroded sample
were analysed using laser pulsing.
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The Zircaloy-2 of non-commercial heat treatments was a 2 mm thick plate that after [3-
quenching had been subjected to a-annealing at 770 °C for two different hold times, 5
min and 300 min, followed by cooling at three different rates. The means of cooling and
approximate cooling rates were water quenching (WQ) (~300 °C/s), air cooling (AC)
(~3 °C/s), and furnace cooling (FC) (~0.03 °C/s). There was thus a set of six materials
of different heat treatments. They are referred to as SWQ for five minutes hold time
followed by water quenching, and so forth. The heat treatments were performed to vary
the SPP size distribution and the content of solute elements (mainly Fe, Cr, and Ni) in
the matrix. In previous work, the autoclave corrosion performance of these materials
was studied, and the Fe content in solution in the matrix was estimated using
thermoelectric power (TEP) measurements [14]. The content of alloying elements and
the impurities C and Si in the materials is shown in Table 8.5. The Al content of the
material is not specified, but should according to the ASTM standard be below 75 wt
ppm [37] and is usually not exceeding half this value in commercial Zircaloy-2.

All combinations of annealing time and cooling rate were analysed using laser pulsing.
The 300WQ material was additionally analysed using voltage pulsing.

Table 8.5: Content of alloying elements and the impurities C and Si in wt% or wt ppm in the c-annealed
Zircaloy-2 studied in Papers IV and VI.

Material Sn Fe Cr Ni 0] C Si
(%) | (%) | (%) | (%) | (%) | (ppm) | (ppm)
a-annealed Zircaloy-2 | 1.36 | 0.17 | 0.11 | 0.07 | 0.13 132 90
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9. Summary of results and discussion

The findings of the appended papers are summarised and discussed in this chapter. The
focus of Papers I and II is the redistribution of Sn, Fe, Cr, and Ni in LK3/L Zircaloy-2
after BWR operation. Paper III presents a literature review of the microstructural
evolution (including chemistry) during operation in the KKL reactor of the same lot of
material as that studied in Papers I and II. Paper IV presents results of an investigation
of the content of solute elements in the matrix of the LK3/L Zircaloy-2 and Alloy 2 and
the a-annealed Zircaloy-2 described in Section 8.2. Paper V presents a comparison of
the same lots as in Paper IV of LK3/L Zircaloy-2 and Alloy 2 after BWR exposure, with
focus on clustering of Fe, Cr, and Ni. Paper VI deals with the introduction of H during
APT specimen preparation of Zircaloy-2-type alloys, how this H introduction can be
avoided, and how it affects the measurement of clustering of Fe, Cr, and Ni in irradiated
material.

The same APT instrument, of type Imago LEAP 3000X HR, equipped with a green
laser of wavelength 532 nm and having a detection efficiency of 0.37, was used for
acquisition of all the data. When applicable, the detection efficiency has been accounted
for in the results presented. The analysis parameters are described in the papers.
Observations made regarding the difference between laser and voltage pulsing made in
this work might not be the same for APT instruments equipped with other types of
lasers.

9.1 Matrix chemistry in the unirradiated metal

As alloying elements are known to affect the in-reactor degradation of Zr alloys, and as
the exact mechanisms of the degrading processes are still not known, it has since the
introduction of Zr alloys in nuclear applications not been clear if the content of alloying
elements in the matrix in the as-produced material has an impact on the degradation.
Previous work using various methods, including synchrotron radiation microprobe X-
ray fluorescence [11], TEP [12,14], and wavelength-dispersive X-ray spectroscopy
(WDS) [15], has not yielded unambiguous results on the matrix concentrations of solute
elements in Zr alloys. APT is a suitable technique for measurement of these
concentrations, as it combines detectability of low levels of chemical elements with
very high spatial resolution, easily avoiding any contributions from SPPs and grain
boundaries. 1D atom probe has been employed in previous attempts to determine the
matrix concentrations but suffered from frequent specimen fracture during analysis,
resulting in limited statistical accuracy of the results [8,9]. The matrix concentration of
Fe in ZIRLO has been measured to about 18 wt ppm using voltage-pulsed APT [13].
Due to the lack of unambiguous results for the matrix concentrations of solute elements
in as-produced Zircaloy-2-type alloys of commercial heat treatment, an APT
investigation with the aim of establishing these concentrations was performed.
Additionally, to study the influence of heat treatment on matrix concentrations of solute
elements and to relate these concentrations to the (autoclave) corrosion performance of
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the materials according to previous work [14], an investigation of the a-annealed
Zircaloy-2 was performed.

When analysing the matrix of Zr alloys, voltage pulsing (due to the higher field
compared with laser pulsing) minimises the risk of Fe, Cr, and Ni evaporating as
monovalent ions and thereby escaping detection (because of the overlaps with ZrO*",
ZrC**, and Sn*"). However, the, on average, lower specimen yield of voltage pulsing
means that studies using voltage pulsing can be much more time consuming than studies
using laser pulsing. In the study presented in Paper IV, voltage pulsing was used for the
LK3/L Zircaloy-2 and Alloy 2, and laser pulsing was used for the a-annealed Zircaloy-
2. The use of laser pulsing might have resulted in a slight underestimation of some
species in the o-annealed materials. However, a comparison between the samples of
different heat treatments was still possible. Additionally, voltage pulsing was used for
one of the a-annealed Zircaloy-2 materials, 300WQ, to estimate the difference between
the two pulsing modes.

The matrix concentrations of Fe, Cr, Ni, Al, Si, and C were measured in the as-produced
LK3/L Zircaloy-2 and Alloy 2. The results did not indicate any differences between the
two alloys. A few to several tens of wt ppm each of Al, Si, and C were detected in the
matrix, whereas Fe, Cr, and Ni were below the detection limits. The Currie definition
of detection limit [150] was used. Table 9.1 shows the detection limits of Fe, Cr, and
Ni and the measured matrix concentrations of Al, Si, and C along with the total number
of background-corrected ranged ions. It should be noted that the values measured for Si
might (partly) be due to N or CHz, because of unresolvable overlaps in the APT mass
spectra.

According to the results in Table 9.1, the matrix concentrations of Fe, Cr, and Ni are
below approximately 10 wt ppm. The slightly higher detection limits of Ni than those
of Fe and Cr are due to higher background at the position of the Ni peak, and the slightly
higher detection limits in Zircaloy-2 compared with Alloy 2 are due to the more limited
statistics resulting from the lower number of ions detected. As the total concentrations
of Fe, Cr, and Ni are higher in Alloy 2, there should not be more of these elements in
the matrix of Zircaloy-2. The conclusion is thus that there appears to be no significant
difference in matrix chemistry between Zircaloy-2 and Alloy 2.

Table 9.1: Measured solute concentrations in the matrix of the as-produced LK3/L Zircaloy-2 and Alloy
2 in wt ppm. #corresponds to two standard deviations of the counting statistics.

Total number of
Material Fe Cr Ni Al Si C background-corrected
ranged ions
LK3/L <12 | <12 | <16 | 18+4 | 44+5 | 1134 475M
Zry-2
LK3/L, <7 <7 <1l | 13£2 | 312 | 94£2 156 M
Alloy 2
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The matrix concentrations of Fe, Cr, Ni, and Al were measured for all combinations of
annealing time and cooling rate of the a-annealed Zircaloy-2. The results of these
measurements are presented in Table 9.2. As the statistics for the AC materials were
rather poor due to a relatively low amount of ions detected, the results for the AC
materials are not included in Table 9.2. Si and C were not analysed in the a-annealed
Zircaloy-2, since the use of laser pulsing did not allow for a reliable determination of
the concentrations of these elements.

Table 9.2: Measured solute concentrations in the matrix of the a-annealed Zircaloy-2 in wt ppm. +
corresponds to two standard deviations of the counting statistics.

Total number of
Material Fe Cr Ni Al background-corrected
ranged ions (M)
300WQ voltage | 37+4 | 65+5 <9 10£2 12.5
300WQ laser 38+3 | 37+£3 <5 13+1 12.9
5WQ laser 23+2 | 542 <2 15+1 335
300FC laser < 8! <8 <9 13+4 2.2
5FC laser <7 <7? <52 11+1 21.6

"Estimated from the detection limit of Cr due to overlap with CO at 28 Da.
2Estimated from the run with highest concentration.

From the comparison of voltage pulsing and laser pulsing of the 300WQ material, it
appears that mainly Cr could be slightly underestimated in the laser runs. Thus, the use
of laser pulsing should not have resulted in concentrations very different from
concentrations obtained using voltage pulsing.

According to the results in Table 9.2, the concentrations of Fe and Cr, which were
randomly distributed in the matrix, are much lower for the slow cooling rate of FC than
the fast cooling rate of WQ. This should be expected, as slower cooling from 770 °C,
where the solubilities of these elements are higher, gives them more time to diffuse to
SPPs. Also the results that were obtained for the intermediate cooling time of AC, being
between those of WQ and FC, are in accordance with this observation. Ni was not
detected in the materials, except for two runs of the SFC material, in which 4-5 wt ppm
was observed. This can be interpreted as that there are some concentration gradients or
enrichment of Ni at microstructural features (grain boundaries or dislocations, although
no clear such features were observed in the reconstructions). The diffusivities of Fe and
Ni in a-Zr are much higher than that of Cr [56]. As reasoned in Paper IV, this difference
in diffusivities should lead to the matrix content of Fe and Ni being the equilibrium
content after both 5 and 300 minutes annealing time at 770 °C, but the equilibrium
content of Cr should be reached only after 300 minutes annealing time. The slow
cooling of FC should lead to virtually no Fe, Cr, or Ni in the matrix (in agreement with
the experimental data), whereas the fast cooling of WQ should lead to gradients in the
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Fe and Ni content in both SWQ and 300WQ, gradients in the Cr content in SWQ, and
the equilibrium Cr content being retained in the matrix (except very close to SPPs) in
300WQ. The equilibrium content at 770 °C can thus be concluded to be around 65 wt
ppm for Cr, above 37 wt ppm for Fe and below 9 wt ppm for Ni (using the voltage-
pulsed data). The Al concentration in the matrix was observed to be in the range 10-20
wt. ppm irrespective of cooling rate. Due to the non-existence of an Al-rich phase in
Zircaloy-2 (except for some possible enrichment in SPPs), the insensitivity of Al matrix
content to cooling rate should be expected.

The measured matrix content of Fe using APT was not in good agreement with that
estimated using TEP [14]. This discrepancy is probably due to the fact that the TEP
estimation was based on the assumptions that only Fe contributed to the change in TEP
value and that the Fe matrix content was 75 wt ppm in both WQ materials. According
to the APT observations, the Cr matrix content varies more than that of Fe with respect
to cooling rate, and the Fe matrix content of the WQ materials was less than 40 wt ppm.

In the previous study regarding autoclave corrosion of these materials, a similar
oxidation behaviour of the materials of different heat treatments was observed [14].
There are no correlations between the corrosion behaviour and the matrix
concentrations measured in this work. It thus seems that the initial matrix concentrations
of Fe and Cr are not important for corrosion properties. The SPP size distribution seems
to be more important [14].

9.2 Irradiation effects

This section summarises and discusses the APT observations made after reactor
exposure of the studied materials. General observations are presented, followed by
observations regarding clustering of Fe, Cr, and Ni, distribution of Sn, and (c)-
component loops. All appended papers contain, at least partly, results from in-reactor-
exposed samples. The FIB-SEM lift-outs of the KKL materials were performed in the
metal close to (up to a few um from) the metal/oxide interface, and most of the lift-outs
from the O3 materials were also made in the metal close to the metal/oxide interface,
with a few lift-outs further away from the interface.

9.2.1 General observations

A striking observation when comparing the APT reconstructions is that there are large
variations between and within individual specimens regarding the distribution of
alloying elements. Some regions have high, whereas some regions have low,
concentrations of alloying elements. Especially regions close to the oxide appear to have
low content of alloying elements. Sn was, excluding SPPs, always the alloying element
of highest observed concentration, with Fe mostly being the second most abundant
alloying element. Some regions, notably close to SPPs, had higher Cr than Fe
concentration. When voltage pulsing was used, more Ni than Cr was usually detected,
and when laser pulsing was used, more Cr than Ni was always detected. It thus seems
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that voltage pulsing is needed to reliably detect Ni, although some Ni was detected using
laser pulsing.

In many of the specimens, grain boundaries were observed. Due to the high number
density of these grain boundaries, they were most likely subgrain boundaries formed
during growth of the oxide [100]. Enrichment of Sn and Fe, small amounts of Ni, and
very small amounts of Cr was observed at the grain boundaries.

Fe, Cr, and Ni were in most specimens located in clusters that were located at expected
positions of radiation-induced (a)-loops, aligned in layers perpendicular to the (c)-
direction of the matrix. There was also segregation of Sn, Fe, and Ni to features
interpreted to be (c)-component loops. Additionally, Sn was in two cases observed to
form clusters. Figure 9.1 shows three APT reconstructions obtained using laser pulsing
of the KKL materials, two after 3C and one after 9C, displaying layers of clusters of Fe
and Cr (Fe—Cr clusters), grain boundaries, a presumed (c)-component loop, and
differences in Fe and Cr content within and between individual grains.

* Fe
*Cr

Grain
boundaries

{(c)-component loop

Layers
of
Fe—Cr
clusters

3C 3C 9C

Figure 9.1: Distribution of Fe and Cr in APT reconstructions obtained using laser pulsing of three
specimens from the KKL materials.

9.2.2 Clustering of Fe, Cr, and Ni

In comparison with unirradiated materials, there was a much larger amount of Fe, Cr,
and Ni outside SPPs after reactor exposure. Most of the atoms of these elements were
observed to be located in the clusters. The overall trend was that the average bulk
(exclusive of SPPs) concentrations of Fe, Cr, and Ni increased with increasing fluence
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(Papers II, IV, and V). However, the specimen-to-specimen variations were large,
resulting in overlap between measured values from specimens of various fluence levels.
An increase of these elements outside SPPs is expected, as the SPPs are dissolved to a
larger extent after exposure to higher neutron fluence. For Sn, there was no average
difference in bulk concentration with increasing exposure time (Paper II).

In all irradiated materials, Fe—Cr clusters were observed. They were typically spheroidal
and around 5 nm in diameter, but there were also Fe—Cr clusters that were larger and of
other shapes. The observation of these types of clusters in the 3C and 9C materials from
KKL was made before the start of this project [18,19]. In the work presented in Paper
II, a more detailed and quantitative analysis of these clusters was performed. Also, a
comparison between 3C and 9C was made. On average, there was a slightly higher
cluster number density, larger clusters, and higher cluster Cr content after 9C, as shown
in Table 9.3. However, the grain-to-grain variations were larger than the differences
between 3C and 9C. Sn was observed to on average be enriched in the clusters, but the
variation between individual clusters was large. Almost no Ni was detected in the
clusters. The clusters ranged from being almost pure Fe clusters to being almost pure
Cr clusters, as shown in Figure 9.2. The largest clusters were mostly Cr rich and often
of non-spheroidal shape. Large Cr-rich clusters were preferentially located close to
grain boundaries or partially dissolved Zr(Fe,Cr), SPPs.

Table 9.3: Results of cluster analysis for the LK3/L Zircaloy-2 from KKL. #indicates one sample standard
deviation between the evaluated grains.

23
E.lxposure 10 Fe+Cr at.% Fe | at.% Cr | at.% Sn | at.% Zr
time clusters/m? | atoms/cluster
3C 44+1.6 104 + 44 165 |66+£55|15+£02| 75+3
9C 55+34 225 + 165 12+7 [92+54|1.8+£09| 77+4
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Figure 9.2: Fe/(Fe+Cr) versus number of Fe and Cr atoms per cluster for the KKL materials. The 22
largest clusters (all Cr rich) after 9C have been omitted to make it possible to compare at the same
scale.

In addition to the previously observed Fe—Cr clusters, observations of clusters of Fe and
Ni (Fe—Ni clusters) were also made (Papers I, [V-VI). Fe-Ni clusters appeared only
when voltage pulse mode was used in the APT, whereas Fe—Cr clusters appeared both
when laser pulse mode and when voltage pulse mode was used. It thus seems that
voltage pulsing is needed to reliably detect Fe—Ni clusters, at least for instruments
equipped with a green laser (as the instrument in this work). Like for Fe—Cr clusters,
the Fe—Ni clusters were located in layers typical of layers of (a)-loops. Both types of
clusters were sometimes observed to be present within the same layers. Fe—Ni clusters
were more widespread in the matrix than Fe—Cr clusters, i.e. not preferentially located
close to grain boundaries or SPPs. An APT reconstruction containing a grain boundary
and both types of clusters is shown in Figure 9.3.
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Figure 9.3: Distribution of Fe, Cr, and Ni in a high-fluence LK3/L Alloy 2 specimen from O3.

The Fe—Ni clusters were, in contrast to the Fe—Cr clusters, disc-shaped with diameter
and thickness in the approximate ranges 5—15 (a few 20) nm and 2—4 nm, respectively.
The Fe—Cr clusters were denser than the Fe—Ni clusters and had a higher Fe
concentration (including Sn and Zr in the clusters). There were small amounts of Ni in
the Fe—Cr clusters and very small amounts of Cr in the Fe—Ni clusters. In many of the
voltage-pulsed APT analyses it was, from the crystallographic information obtained,
possible to determine the (c)-direction of the a-Zr matrix. It could thus be observed that
the Fe—Ni discs occupied planes that were close to prismatic planes but with a tilt
compared with perfect (c)-axis alignment. This type of plane is what is the observed
[67—69] and modelled [222] habit plane of (a)-loops. It was, furthermore, observed that
Fe—Ni discs within the same layer of clusters were oriented in directions with an angle
of 60° between them, thus matching (a)-loops located at all three families of first-order
prismatic planes (Paper I). However, as the specimens were y-hydrides during analysis
(see Section 9.5), it could not unambiguously be determined that the segregation was
closer to first-order than to second-order prismatic planes. (Since the transformation to
v-hydride had not been confirmed when Paper I was written, it was at that time assumed
the analysed phase was a-Zr and the Fe—Ni discs were then concluded to be located on
planes that were close to the first-order prismatic.) Nonetheless, it seems that the Fe—Ni
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clusters are segregation of Fe and Ni at (a)-loops. According to MD and Monte Carlo
(MC) simulations, segregation of Fe [223] and Ni [224] at (a)-loops can be expected,
with segregation inside interstitial loops of 10 nm diameter and segregation along the
edge of vacancy loops of the same size and interstitial loops of 18 nm diameter. The
observation of disc-shaped Fe—Ni clusters thus matches the predicted segregation at the
smaller interstitial loops. It is not clear how the Fe—Cr clusters are related to the loops,
and their spheroidal shape does not match the predicted segregation of Fe and Ni to
interstitial or vacancy loops. Figure 9.4 shows a typical Fe—Ni cluster and a typical Fe—
Cr cluster and the (c)-direction of the o-Zr matrix.

[ A
(c)-direction ° O'.‘ ° '3 é.o“. .0 ‘Q

p— o
< 9%
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Figure 9.4: (a) A typical Fe—Ni cluster and (b) a typical Fe—Cr cluster in a 9C specimen from KKL. The
clusters are viewed in two directions with a relative rotation of 90° and perpendicular to the (c)-
direction of the Zr matrix. The Fe—Ni cluster is disc-shaped, and the Fe—Cr cluster is spheroidal.

The concentrations of Fe, Cr, and Ni in the matrix surrounding the clusters were very
low. In the Fe—Cr-rich regions of the KKL materials, the concentrations of Fe, Cr, and
Ni in the matrix surrounding the clusters were in the approximate ranges 100500, 50—
200, and 10-90 at. ppm, respectively. There were no significant differences between 3C
and 9C. As comparison, the bulk concentrations (including clusters and grain
boundaries but excluding SPPs) were in the approximate ranges 1000—6000, 200—6000,
and 20-200 at. ppm for Fe, Cr, and Ni, respectively. In the Fe—Ni-rich region observed
using voltage pulsing after 9C presented in Paper I, similar observations were made,
with the matrix concentrations of Fe, Cr, and Ni being about one order of magnitude
lower than the bulk concentrations. The Ni concentration was, however, much higher
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(1900 at. ppm) in this region compared with the Fe—Cr-rich regions observed using laser
pulsing. The Sn concentration, which was close to the total concentration of 1.0 at.% in
the alloy in both Fe—Cr- and Fe—Ni-rich regions, was not very different between bulk
and matrix, with the matrix concentration being just a little lower (average differences
of 0.15 at.% or lower). From the observations of the matrix and cluster content of Fe,
Cr, and Ni being high, relative to the initial content below the detection limits, in all the
studied in-reactor-exposed samples irrespective of exposure time and neutron dose, it
is clear that the possible influence of the initial matrix content of these elements on
degradation of Zircaloy-2-type alloys of the LK3 (or similar) heat treatment during
reactor operation is negligible.

From the observations of the small average differences regarding Fe—Cr clusters
between 3C and 9C (i.e. before and after acceleration in corrosion, HPU, and growth),
it appears that these clusters are not decisive for acceleration in corrosion, HPU, and
growth. In the KKL materials, Fe—Ni clusters were observed only after 9C and only
using voltage pulsing. As no voltage pulsing was performed on 3C specimens, it cannot
only from the work performed on the KKL materials be determined if disc-shaped Fe—
Ni clusters were present also after 3C. However, as disc-shaped Fe—Ni clusters were
observed, using voltage pulsing, in both the low- and the high-fluence samples from
03, it can be concluded that there should be Fe—Ni1 clusters also after 3C.

As Fe—Ni clusters were present in essentially all voltage runs, it can be expected that at
least some of the Fe-rich clusters observed using laser pulsing were Fe—Ni clusters in
which Ni was not detected. Using laser pulsing, no observations of disc-shaped Fe
clusters were made, and it thus appears that laser pulsing using a green laser does not
reveal the shape of Fe—Ni clusters. Disc- or ring-shaped clusters were not reported in
previous work using green laser, where Fe—Cr clusters were observed [83], whereas
ring-shaped clusters containing mainly Fe, but also Cr and Ni, have been observed using
UV laser [84]. Irrespective of how reliable the detection of Ni in laser pulse mode is,
the cluster number densities, the number of Fe and Cr atoms per cluster, and the Fe/Cr
ratios observed should still be valid, and the differences observed between 3C and 9C
should still be indicative of the evolution of clusters during reactor operation. The
evolution of the Ni distribution, especially in clusters, on the other hand, would need
voltage pulsing (or possibly another type of laser) to be revealed.

9.2.3 Distribution of Sn

Sn was in the irradiated materials observed to be non-randomly distributed. It formed a
network-like structure, both between and within layers of Fe—Cr and Fe—Ni clusters,
similar to observations made in other APT work [188]. Within the layers, Fe—Cr and
Fe—Ni clusters were often located where Sn was enriched, although the Sn-enriched
regions were larger, as shown in Figure 9.5. In some cases there was an anticorrelation
between the concentration of Sn and the cluster layers, such that the Sn concentration
was higher between than within the layers of clusters (Paper II), similar to other TEM
and APT observations [21,188]. However, this anticorrelation was not always observed,
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and the Sn concentration was sometimes higher within than between the layers of
clusters. The network-like structure of Sn was observed in most of the voltage-pulsed
analyses and in some of the laser-pulsed analyses.

e Fe

Figure 9.5: One layer of clusters from a relatively Cr-rich part of a 3C specimen from KKL. The layer is
viewed in the approximate (c)-direction.

In two grains or regions of grains, where there was almost no Fe, Cr, or Ni, and where
the O content was lower than in the adjacent regions, Sn was observed to form clusters.
Both of these regions were observed in the 9C material from KKL, and one of them
(also containing what appears to be part of a (c)-component loop, as described in
Section 9.2.4) is shown in Figure 9.6. The number densities of Sn clusters were 14
x 102 m~ and 18 x 10> m™ (i.e. higher than the maximum number density of Fe—Cr
clusters observed in the KKL materials), and the average values of the number of Sn
atoms per cluster were 57 and 64. The Sn clusters were, in contrast to the Fe—Cr and
Fe—Ni clusters, not clearly aligned, and it is thus unclear if the Sn clusters are related to
(a)-loops. A possible explanation for the existence of Sn clusters and the very low levels
of Fe, Cr, and Ni is that these regions were hydride phases during reactor operation. Sn,
Fe, Cr, and Ni have in modelling been predicted to prefer a-Zr over hydride phases
[119]. Due to their faster diffusivities [56], Fe, Cr, and Ni might have migrated from
the hydride upon its formation, whereas Sn formed clusters. Due to the necessity to use
cryo-FIB in the specimen preparation process to study the H distribution (see Section
9.5), it was not possible to determine the phase by measuring the H content in the APT
analysis of these specimens prepared using room-temperature FIB. If the Sn clusters are
related to (a)-loops in the same way Fe—Cr clusters are, and if they were located in
hydride phases, the {(a)-loop number density appears to be higher in hydride phases than
in a-Zr. It is also possible that Sn formed clusters without loops being present.
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Figure 9.6: APT reconstruction (36 nm thick slice) of a 9C specimen from KKL containing Sn clusters, a
feature that appears to be part of a (c)-component loop (displayed as an isoconcentration surface of
Sn), and a grain or phase boundary.

Sn was the alloying element found in highest concentration, around 2-3 at.%, at
(sub)grain boundaries (Paper II). Apart from these observations of Sn, it was also
detected at features interpreted to be (c)-component loops, as described in Section 9.2.4.

9.2.4 {(c)-component loops

In the 9C material from KKL, five ring-shaped features (some of them also described
in the previous work [18]) having diameters in the approximate range 20—60 nm and
interpreted to be (c)-component loops were observed. Three of the loops were decorated
mainly with Sn, and two of the loops were decorated mainly with Fe. Small amounts of
Fe were observed at the loops mainly decorated with Sn, and small amounts of Sn and
Ni (at one of the loops) were observed at the loops mainly decorated with Fe. One of
the loops decorated mainly with Sn, the one displayed in Figure 9.6, was observed as
only a part of a loop and was located in one of the regions with Sn clusters described in
Section 9.2.3. No (c)-component loops were observed in any of the other materials. The
presence of Sn and Fe, but not Ni, at (c)-component loops is what should be expected
from DFT modelling [63].

The sizes of the observed (c)-component loops are smaller than those of (c)-component
loops observed with TEM [21,66]. As the volume of an APT analysis is very small,
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only small (c)-component loops can be detected in their entirety. Parts of larger loops
present in APT reconstructions might, furthermore, sometimes be difficult to identify
as (c)-component loops. The observations of (c)-component loops only in the 9C
material from KKL might be due to the longer analyses obtained using laser pulsing for
this material compared with the voltage-pulsed analyses of the high-fluence materials
from O3. (c)-component loops should be present in the high-fluence materials from O3,
but it is from TEM measurements performed on the LK3/L from KKL [21] not clear if
(c)-component loops should be present in the 3C material from KKL or the low-fluence
materials from O3. If there are (c)-component loops in the 3C and the low-fluence
materials, their number density should be significantly lower than in the 9C and the
high-fluence materials [21,66].

9.3 Effects of higher Fe and Cr content

In this section the observations made on the distribution of alloying elements made in
the O3 samples (Papers IV and V) are presented and discussed, especially in relation to
the higher Fe and Cr content of Alloy 2.

There were after reactor exposure no obvious visual differences between Zircaloy-2 and
Alloy 2. Small differences were observed between high-fluence and low-fluence
specimens, with less Cr, smaller clusters, and, often, less clear cluster layers in the low-
fluence specimens. From the composition measurements it was observed that there was
on average lower content of Fe, Cr, and Ni in the matrix (including clusters) of the low-
fluence specimens. However, the specimen-to-specimen variations were large, and the
measured ranges overlapped between the two fluence levels, especially regarding Ni.
There were no apparent differences between Zircaloy-2 and Alloy 2 regarding measured
composition. The concentrations of Fe, Cr, and Ni in matrix and clusters after reactor
operation of all four studied materials are shown in Table 9.4.

Table 9.4: Measured concentrations (average and range) of Fe, Cr, and Ni in matrix and clusters of the
LK3/L Zircaloy-2 and Alloy 2 from 03, in wt ppm.

Material Fe Cr Ni
LI Zecg | 1210(800-1650) | 120 28-440) | 160 (71-220)
Aoy a1 | 1150(800-1500) | 810-240) | 240(170-290)
YL Zeys | 650(530-850) 24 (0-68) 170 (120-340)
Ao ¢ | 6s0s10-840) | 15.0-28) 110 (84-140)
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Like for the concentrations presented in Table 9.4, there were from the cluster analysis
(Paper V) no apparent differences between Zircaloy-2 and Alloy 2. The results of the
cluster analysis (which was performed for one representative specimen of each material
and fluence level) are shown in Tables 9.5 and 9.6 for two different values of the
minimum number of detected Fe and Ni atoms needed to form a cluster, N,,,;;, = 10
(Table 9.5) and N,,;, = 30 (Table 9.6). The larger value, N,,;, = 30, was used to
quantify mainly large clusters that appeared to be located at (a)-loops, whereas the
smaller value, N,,;, = 10, included also small clusters, not always located in the layers
typical of layers of (a)-loops.

Table 9.5: Cluster number density, average number of Fe and Ni atoms per cluster, and average cluster
content obtained in the O3 materials using Np,;,, = 10.

Specimen 103 Fe + Ni at.% at.% at.% at.% at.%
p clusters/m? | atoms/cluster Fe Ni Cr Sn Zr

High-fluence

Alloy 2 11 157 19 45 0.35 14 76

Low-fluence

Alloy 2 5.0 135 23 1.9 - 1.1 74

High-fluence 12 175 23 32 ; 13 73

Zircaloy-2

Low-fluence 6.0 74 28 53 ; 1.6 67

Zircaloy-2

Table 9.6: Cluster number density, average number of Fe and Ni atoms per cluster, and average cluster
content obtained in the O3 materials using Np,;,, = 30.

Specimen 10 Fe + Ni at.% at.% at.% at.% at.%
p clusters/m? | atoms/cluster Fe Ni Cr Sn Zr

High-fluence

Alloy 2 5.6 262 17 43 0.38 1.5 78

Low-fluence

Alloy 2 25 225 21 1.8 - 1.1 76

High-fluence 58 312 22 3.1 - 13 74

Zircaloy-2

Low-fluence 1.7 148 23 4.9 - 15 7

Zircaloy-2
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The observed smaller cluster number density in the low-fluence specimens than in the
high-fluence specimens could be explained by more loops being present in the high-
fluence materials. A slight increase in (a)-loop number density with fluence can be
expected at the fluences of the O3 samples [21,219]. Alternatively, the lower cluster
number density might be an effect of the clusters on average being smaller due to fewer
Fe and Ni atoms being available after dissolution from SPPs, thereby making the
number density of relatively large clusters not representative of the (a)-loop number
density. For the low-fluence Zircaloy-2 specimen, a smaller cluster size led to a lower
cluster number density when N,,;, = 30 was used, but considering the large local
chemical variations previously observed [18,21,22,83,85,190], this type of region with
smaller cluster size could be expected also in the high-fluence materials. The
observation of a slightly lower cluster number density in the low-fluence materials is in
line with the observed difference between the 3C and 9C materials from KKL, although
the difference appears to be more pronounced between the low-fluence and high-fluence
O3 materials. It is likely that the larger difference in dose between the high- and low-
fluence O3 materials is the reason for the larger dissimilarity between these samples.

The observations of there being no significant difference regarding matrix and cluster
content of Fe, Cr, and Ni between Zircaloy-2 and Alloy 2 after reactor exposure is an
indication that more of these elements remain in SPPs in Alloy 2. Alternatively, the
analysed volumes might not be representative of the matrix and cluster chemistry on a
larger scale. If there was more Fe, Cr, and Ni remaining in SPPs in Alloy 2, three
speculative potential reasons for this could be that there was a larger reflux of dissolved
Fe, Cr, and Ni to the SPPs in Alloy 2, that the chemical composition of the SPPs in
Alloy 2 was altered so that they were more stable to irradiation, or that the SPPs in
Alloy 2 were fewer and on average larger than in Zircaloy-2 so that the total SPP surface
area (which should be decisive for dissolution) was similar in both materials. The first
idea seems unlikely, considering that dislocation loops appear to be strong sinks for Fe,
Cr, and Ni and that large (notably Cr-rich) clusters can form at the loops. No detailed
comparison of the SPP size distribution, number density, or composition was made for
the studied lots, neither before nor after reactor operation. Therefore it is not known
how these SPP characteristics differed between the two materials, and there is thus no
experimental evidence for any of the other two ideas.

SEM characterisation of LK3-type Zircaloy-2 and LK3-type HiFi has indicated that
both Zr(Fe,Cr), and Zry(Fe,Ni) SPPs in HiFi on average are larger, whereas their
number densities are similar for both alloys [55]. It is likely that the difference between
Zircaloy-2 and Alloy 2 is similar with mainly larger SPPs in Alloy 2, although the
higher Cr content of Alloy 2 should have a slight impact on the average SPP size and
composition. If the SPP size in Alloy 2 is larger without the number density being lower,
the surface area is larger than in Zircaloy-2, and the total dissolution of Fe, Cr, and Ni
should be higher in Alloy 2.

A larger SPP size in Alloy 2 is likely the reason for the improved corrosion and HPU
properties, since larger SPP size in Zircaloy-2 has been observed to lead to lower HPU
and corrosion in reactor [204]. This observation is, however, not well understood at a
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mechanistic level. One possible explanation for the lower HPU and corrosion due to
larger SPP size might be that larger and fewer SPPs lead to a more favourable
distribution of lateral cracks in the oxide, according to the mechanism proposed for
corrosion in autoclave [99]. An additional explanation for the lower HPU and corrosion
of Alloy 2 could be that it is due to the distribution of alloying elements in the oxide.
The Fe/Ni ratio at oxide grain boundaries has been proposed to be of importance for
HPU [112,225], and it is likely that the higher Fe content in Alloy 2 leads to more Fe at
oxide grain boundaries, potentially leading to lower HPU.

The possibility that any real differences between Zircaloy-2 and Alloy 2 were not
captured cannot be excluded. Similarly to in the KKL materials, there were large
variations between and within specimens, meaning that statistical effects can have a
large impact on the results. The lift-outs were approximately 20-30 pm in length,
meaning that they sometimes spanned over just a few grains. As the grain-to-grain
variations can be large, the lift-outs might not be representative of the material on a
larger scale. However, there was no observed variability between the two alloys at either
of the two fluence levels, meaning that any differences, if existing in both the low-
fluence and the high-fluence samples, were missed twice.

9.4 In-reactor degradation

This section summarises the main observations made in the review paper (Paper III),
which is focused on LK3/L Zircaloy-2 from KKL, and relates the observations made in
the APT work performed in the project of this thesis to observations made in other
studies. The idea is to connect observations made using various techniques to better
understand in-reactor degradation of Zircaloy-2-type alloys.

9.4.1 Corrosion and H pickup

Regarding HPU and corrosion, the most relevant observations reviewed in Paper III
seem to be the ones concerning the cracking of the oxide. In 3D-FIB examinations after
9C, hydrides extending from the metal to the metal/oxide interface were associated with
cracks in the oxide [24,217]. The crack number density appears to increase with
increasing exposure time, thus likely leading to an oxide that is more pervious and
provides more paths for oxidising and hydriding species toward the metal/oxide
interface. As there is a volume expansion in the transformation from o-Zr to hydride
phases, it is likely that these cracks were formed during formation of the hydrides.
Additionally, it is also possible that the better transport paths for hydrogen through the
oxide to the metal leads to more hydrogen uptake and hydride precipitation when there
are more cracks in the oxide.
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Relating the APT observations to the increased corrosion and HPU at high burnup is
not straightforward. As no large differences in alloying element content outside SPPs
between 3C and 9C was observed, whereas there is a marked difference in oxide
microstructure and SPP number density, it appears, like in the investigation of the O3
materials, that the SPPs themselves are more important for corrosion than the alloying
element content in matrix and clusters. This gives support to the hypothesis of lateral
crack formation at SPPs being important for corrosion resistance [99], although the
relation between SPPs and cracks in the oxide was not thoroughly investigated in the
reviewed papers. Apart from the potential effects of SPPs, it is possible that alloying
elements have an important role in the transport of O and H through the oxide. One of
the reviewed TEM studies revealed the segregation of Fe and Ni at what might be oxide
grain boundaries close to dissolving SPPs in the oxide close to the metal/oxide interface
[85], reminiscent of the APT observations after autoclave testing [107]. This type of
segregation might be of importance, as it has been proposed that the Fe/Ni ratio at oxide
grain boundaries affects HPU [112,225]. However, the APT observations from the KKL
and the O3 materials do not provide much information on how the chemistry outside
SPPs leads to differences between various exposure times regarding grain boundary
segregation in the oxide.

9.4.2 Growth

As discussed in Paper I11, it can be observed from values of rod growth [80], H content
[80], and sizes and number densities of (a)- and (c)-component loops [21] that the
number density of (c)-component loops seems to be an important contributor to growth.
The number density of (a)-loops might also affect growth, but seemingly not as much.
Additionally, the H content can according to the data be a contributor to growth,
possibly to a lesser extent than (c)-component loops. Similar observations of the H
content (via precipitation of hydrides) inducing less growth than (c)-component loops
have been made elsewhere [4]. It should be noted that the rod growth measured is the
elongation of the cladding tubes, which is a result of a combination of growth, creep,
and volume expansion due to hydride precipitation.

The APT observations of the number density of Fe—Cr clusters not being very different
after 9C compared with 3C is in line with the relatively low impact of (a)-loops on
growth. Also the observations of (c)-component loops after 9C but not after 3C are in
line with (c)-component loops being important for growth. As Sn, Fe, and Ni were
observed at (c)-component loops, these elements can be suspected to impact one or
more of formation, stability, and growth of (c)-component loops, which in turn should
affect growth.
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9.5 Introduction of H during APT specimen preparation

During the course of this project it was discovered that preparation of APT specimens
using standard room-temperature FIB introduced large amounts of hydrogen in the
specimens. For specimens prepared using this method, voltage-pulsed APT analyses
contained around 50 at.% H and laser-pulsed APT analyses 2045 at.%. These
observations were made for both irradiated and non-irradiated materials. From the 50
at.% H observed for voltage-pulsed runs, it was expected that the specimens during
analysis were y-hydrides rather than a-Zr. However, there is a potential of H ions
escaping detection (e.g. due to dissociation of molecular ions after field evaporation and
pile-up of H ions at the detector). lon-correlation histograms [226] were used to estimate
the potential loss of H ions. These histograms indicated that there was no significant H
ion loss, thus indicating that the analysed phase actually was y-hydride. This was
confirmed by the crystallographic information obtained in the APT analyses. Although
the y-hydride phase matched well with the crystallographic information (poles and zone
lines) visible on the individual hitmaps, it was in some cases not possible from this
information only to clearly distinguish y- from 6- and e-hydrides. Adding analyses of
interplanar spacings at pole positions and evaluating around 20 specimens, however,
showed that y-hydride best fitted the crystallographic information obtained in the data.
It was thus concluded that the voltage-pulsed specimens during analysis were y-
hydrides. For the laser-pulsed specimens, in which the H content was lower, the
crystallographic information obtained was less clear and did not allow for determination
of the crystal structure. As the temperature during laser pulsing generally is higher than
during voltage pulsing, the mobility of H, and accordingly also its migration away from
the specimen apex, should be higher when laser pulse mode is used. It is thus reasonable
to assume that also the laser-pulsed specimens were y-hydrides during analysis. As the
specimen preparation procedure was the same for both voltage-pulsed and laser-pulsed
specimens, the phase transformation should have occurred for all specimens.

Other work has shown that the formation of hydride phases during FIB preparation of
APT specimens of Zr alloys [178] and Ti alloys [227] can be avoided if the final milling
steps in the FIB are performed at cryogenic temperature. To verify that the samples
studied in the work of this thesis were not y-hydrides before FIB preparation and to
study the effect of the phase transformation from a-Zr to y-hydride on the redistribution
and clustering of alloying elements, a number of specimens of the LK3/L Zircaloy-2
and Alloy 2 described in Section 8.2, in both as-produced state and after reactor
exposure, were prepared at cryogenic temperature at the final milling steps. As
expected, these specimens were a-Zr during APT analysis, as confirmed by the
crystallographic information obtained and the measured H content of below 2 at.%.
Figure 9.7 shows an example of a hitmap from a y-hydride specimen and an example of
a hitmap from an a-Zr specimen along with stereographic projections used for phase
identification.
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Figure 9.7: Hitmaps obtained from analysis of a j~hydride specimen and of an o-Zr specimen.
Stereographic projections for pole identification are shown below the hitmaps. The y-hydride hitmap
has been filtered to display only Zr** ions and the a-Zr hitmap to display only single detector events.

The cryo-FIB-prepared specimens had a much lower yield than specimens prepared
using room-temperature FIB. This is likely due to the higher field strength that was
observed to be necessary to trigger field evaporation in a-Zr compared with y-hydride
specimens, which in turn leads to higher stresses exerted on the tips that then cause
specimen fracture much earlier. In the relatively few runs of the cryo-FIB-prepared
specimens that yielded enough data to show several layers of clusters of Fe, Cr, and Ni
in the in-reactor-exposed materials, no evident differences in cluster appearance
compared with y-hydride specimens were observed. The variations between the
specimens of the two preparation methods were lower than the typically observed
variations between in-reactor-exposed specimens of room-temperature-FIB
preparation. It thus seems that specimen preparation at cryogenic temperature is not
needed when studying redistribution of these elements. However, it is still possible that
better statistics could indicate differences between a-Zr and y-hydride specimens. There
is a volume expansion of 10-14 % associated with the transformation from o-Zr to y-
hydride [114], so slight differences regarding cluster sizes and distances between
clusters can be expected. However, if the differences are very small, uncertainties in the
APT reconstructions, even if calibrated using crystallographic information, can be so
large that the differences might not be discernible.

Additionally, some APT specimens that had been prepared from the a-annealed
Zircaloy-2 by electropolishing and studied in previous work [19,50] were included in
the analysis of H content. These specimens were a-Zr during analysis, meaning that the
electropolishing did not cause any phase transformation.
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The observations of this study on introduction of H during specimen preparation might
be of importance, as it strongly indicates that the use of the more time-consuming cryo-
FIB preparation method resulting in lower APT specimen yield compared with room-
temperature-FIB preparation is not needed when studying redistribution of alloying
elements in Zircaloy-2-type (and likely other Zr) alloys. It also shows that cryo-FIB
preparation or electropolishing (in addition to further measures) is necessary when
attempting to study the H distribution in these alloys. It is, however, not impossible that
the amount of hydrogen introduced during specimen preparation can be somewhat
different if other types of Zr alloys are studied, if other types of FIB instruments are
used, or if other types of electropolishing methods are employed. Zircaloy-4 has been
reported not always to transform into hydride during room-temperature-FIB preparation
[178].
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10. Conclusions and outlook

The main conclusions that can be drawn from the research performed within this thesis
are presented in the first section of this chapter. An outlook with suggestions for future
work is given in the second section.

10.1 Conclusions

The research performed within the project of this thesis has contributed with new
information regarding in-reactor degradation of Zircaloy-2-type alloys. Additionally,
new insights regarding APT analysis of Zr alloys have been gained. There is a need for
more studies to get a detailed mechanistic understanding of the processes leading to
degradation of the alloys. The information obtained in this work can be used as pieces
of the large puzzle of Zr alloy degradation and as input for future research. The key
findings are summarised in the following list:

e The matrix concentrations of Fe, Cr, and Ni in as-produced commercial Zircaloy-
2-type alloys are very low, below 10 wt ppm.

e The initial matrix content of Fe, Cr, and Ni in Zircaloy-2-type alloys seems less
important than the SPP size distribution for autoclave corrosion properties.

e The initial matrix content of Fe, Cr, and Ni in Zircaloy-2-type alloys seems
unimportant for in-reactor degradation.

e The content of Fe, Cr, and Ni outside SPPs increased with increasing fluence in
Zircaloy-2-type alloys after use as cladding tubes in commercial BWRs, but
there were large variations between specimens.

e Fe—Cr clusters and Fe—Ni clusters were observed at expected positions of (a)-
loops.

e Fe—Cr clusters appeared spheroidal, whereas Fe—Ni clusters appeared disc-
shaped.

e Fe—Cr clusters, predominantly large and Cr rich, were preferentially located
close to grain boundaries or partly dissolved SPPs, whereas Fe—Ni clusters were
more widespread in the matrix.

e There was no large difference between Fe—Cr clusters before and after
acceleration in corrosion, HPU, and growth; only small average increases in
cluster number density, cluster size, and cluster Cr content were observed.
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e After reactor exposure, no apparent differences regarding matrix content
(including clusters), cluster number density, or cluster content were observed
between Zircaloy-2 and the similar model alloy called Alloy 2, which has higher
Fe and Cr content and better HPU and corrosion properties. It thus appears that
the positive effects of higher alloy content of Fe and Cr are due to the presence
of these elements in SPPs.

e (c)-component loops decorated with Sn, Fe, and Ni were observed after but not
before acceleration in corrosion, HPU, and growth.

e Sn formed a network-like structure, both within and between layers of Fe—Cr and
Fe—Ni clusters.

e Room-temperature-FIB preparation of APT specimens transforms o-Zr to vy-
hydride, whereas cryo-FIB or electropolishing preparation does not.

e The phase transformation from a-Zr to y-hydride during FIB preparation seems
not to affect the appearance of clusters of Fe, Cr, and Ni after reactor exposure.

e [tis possible to analyse Zr alloys, both irradiated and unirradiated, using voltage-
pulsed APT.

e The yield of y-hydride APT specimens was higher than that of a-Zr specimens.

e Fe—Ni clusters in reactor-exposed samples were detected using voltage-pulsed
APT, but not using laser-pulsed APT.

10.2 Outlook

To add information to the interpretation of the results obtained in the work of this thesis
and to further enhance the understanding of degradation of Zircaloy-2-type alloys, more
experimental as well as modelling studies are needed. Some suggestions, with focus on
experimental studies, are discussed in this section.

To understand the effect of matrix content of alloying elements during autoclave
corrosion, it could be of interest to perform APT of material that has been rapidly cooled
after autoclave exposure so that the alloying elements are retained in the matrix.
Performing this type of experiment on materials of different initial matrix content of
alloying elements (as the oa-annealed Zircaloy-2 materials in Paper IV) would,
additionally, allow for an investigation of the influence of initial matrix content on
matrix content during autoclave exposure.
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After reactor exposure, it is not clear if the Fe—Cr and Fe—Ni clusters are located at both
of interstitial and vacancy (a)-loops or at only one of these types. TEM work has
confirmed the colocalisation of Fe—Cr and Fe—Ni clusters with (a)-loops of unknown
characters [21]. Although TEM in principle is capable of determining the loop character
of small (a)-loops [228], it has proved difficult to do so on samples from in-reactor-
exposed Zircaloy-2 [21]. Employing very careful specimen preparation might enable
TEM determination of the distribution of alloying elements at the two types of (a)-
loops. In addition to experimental techniques, modelling might be useful to investigate
if there is a preferred segregation of specific elements to interstitial or vacancy (a)-
loops. Modelling for Cr, similar to the MD and MC simulations that have predicted the
segregation of Fe and Ni at (a)-loops to be ring- or disc-shaped [223,224], could be used
in predicting the energetically most favourable shape of Cr segregation at (a)-loops.

To better understand the crystallography observed in the APT reconstructions, it might
be beneficial to perform correlative studies, combining APT with e.g. FIM, TEM, TKD,
or EBSD. Such studies might elucidate the crystal structure of grains in which it cannot
be inferred from the information on the detector hitmap and might give better
understanding of features such as grain boundaries and {(c)-component loops. Also the
question of which character the loops associated with Fe—Cr and Fe—Ni clusters have
might be resolved using correlative APT and TEM.

The Sn distribution in irradiated materials observed in this work and in the work by
others [21,84,188] is not very well understood. By in greater detail studying the
distribution of Sn, using APT and other experimental techniques, a more holistic view
of how Sn is distributed after irradiation can be obtained. Modelling might be a good
tool to get a better understanding of the observations of Sn.

It is still not clear what happens with the alloying elements, especially at small length
scales, when they are incorporated into the oxide during reactor exposure. Therefore,
more analyses of alloying elements in the oxide could be of importance. New APT
instruments with new types of lasers, e.g. deep-UV laser, might improve the analysis of
oxides compared with previous instruments. Also techniques complementary to APT
might be useful in studying the distribution of alloying elements in the oxide. Although
some electron probe microanalysis (EPMA) and TEM investigations have been
performed to study alloying elements in the oxide [85,217], more information on e.g.
grain boundary segregation and SPP distribution could be obtained if more studies using
these techniques were performed. Also the microstructural evolution (apart from
chemistry) of the oxide of in-reactor-exposed Zircaloy-2-type alloys could be better
understood by more TEM investigations of the oxide. Comparing the in-reactor-formed
oxides of Zircaloy-2 and Alloy 2 might give an increased understanding of how the
increased Fe and Cr content leads to the lower corrosion and HPU of Alloy 2.

Furthermore, the positive effects of higher Fe and Cr content on hydrogen pickup and
corrosion might be better understood by in detail studying the SPP size distribution in
the metal of Alloy 2 and Zircaloy-2 before and after reactor operation (ideally by the
same person on the same lots of materials and using the same instrument and specimen
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preparation protocol). The region close to the metal/oxide interface should be of most
interest in post-reactor material. Additionally, chemical analysis of the SPPs is needed
to understand the chemical evolution of the materials.

It could be of interest to compare the post-reactor alloying element distribution in
Zircaloy-2-type alloys with that in Zircaloy-4-type alloys. As the main difference
between Zircaloy-2 and Zircaloy-4 is the absence of Ni in Zircaloy-4, such a
comparison might give information on the role of Ni in the processes leading to
degradation of Zircaloy-2-type alloys. APT, as well as other techniques, could be used
for this comparison.

More understanding of the observations made and important information for future APT
studies of Zr alloys might be obtained by in detail investigating the effect of conditions
and parameters during APT analysis. For example, it is of interest to compare laser-
pulsed APT utilising various laser types. Comparing results obtained using various laser
types with each other and with results obtained using voltage pulsing might give
information on potential artefacts introduced by the various lasers, e.g. the likely
erroneous composition and distorted shape of Fe—Ni clusters using green laser. Also the
effects on the results of applying simultaneous voltage and laser pulsing are of interest
to investigate. Additionally, varying other analysis parameters, notably temperature,
might have a slight influence on the results. Thus, an extensive study investigating the
effect of analysis parameters might give some new insights.
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