
Thesis for the degree of Doctor of Philosophy

Effects of Irradiation and Thermal Ageing on
the Nanoscale Chemistry of Steel Welds

Kristina Lindgren

Department of Physics

Chalmers University of Technology
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Sweden

Telephone + 46 (0)31-772 1000

Cover illustration
Left: an atom probe tomography reconstruction of the irradiated Ringhals R4 reactor
pressure vessel surveillance material. The enlarged volume is 10 × 10 × 10 nm3.
Middle: thermally aged Ringhals R4 pressurizer weld metal. Right: irradiated Zorita
core barrel weld, a loop is shown in the box. All isoconcentration surface thresholds
and identities are given in the figure.

Printed by Chalmers Reproservice
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Abstract

Structural materials of nuclear power plants degrade during operation due to
thermal ageing and irradiation from the reactor core. Effects on the materials
are an increase in hardness and tensile strength, and a decrease in ductility
and fracture toughness, i. e. embrittlement. The degradation of the mechan-
ical properties stems from changes in the microstructure. In this thesis, the
effects of thermal ageing and irradiation on the nanoscale chemistry has been
studied using atom probe tomography (APT).

During irradiation, nanometre sized clusters are formed in the reactor pres-
sure vessel (RPV) welds. As the RPV is a life-limiting part of a nuclear power
plant, neutron irradiation with high flux is attractive for accelerated studies.
Here, the effect of high flux is found to result in a higher number density of
smaller NiMnSi-rich clusters for the high Ni and Mn - low Cu welds from Ring-
hals R4, resulting in similar hardening compared to surveillance material. It
is also found that there are some stable matrix defects formed in the high flux
material, contributing to the embrittlement. The cluster evolution showed no
signs of late blooming phases (an accelerated degradation at high fluences).
Furthermore, thermal ageing during operation for 28 years of a weld from the
former Ringhals R4 pressurizer with similar composition is found to result in
clusters forming mainly on dislocations, hardening the weld metal.

In ferrite with higher Cr-content, such as the ferritic parts of the mainly
austenitic welds from the core barrel of the decommissioned Spanish reactor
José Cabrera, spinodal decomposition occurs as well as G-phase (Ni16Si7Mn6)
precipitation. Weld metals irradiated up to 2 dpa are compared with thermally
aged welds, confirming that the irradiation is considerably contributing to the
changes in the microstructure. After 0.15 dpa, the spinodal decomposition was
well developed, and the Cr concentration in the ferrite was found to influence
the wavelength more than the difference in irradiation (0.15 to 2 dpa). The
G-phase precipitates were more well-developed after 1 dpa neutron irradiation,
but no difference could be distinguished between the material irradiated to 1
and 2 dpa.

Keywords: reactor pressure vessel, irradiation damage, thermal ageing, clustering,

atom probe tomography, low alloy steel, core barrel, spinodal decomposition
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CHAPTER 1

Introduction

There is a worldwide increasing demand of energy as the population increases.
Access to electric energy is of great importance, it can be considered as one of
the backbones of modern society, for the industry as well as for the individual.
At the same time, the world is facing the challenge of climate change due to
the emission of CO2. In this perspective, the nuclear power plays a role in a
mix of many different sources of electricity with low or no CO2 emission such
as hydro, solar, wind as a stable and reliable source of electricity. In the 2018
report from the Intergovernmental Panel on Climate Change (IPCC) on the
global warming, electricity from nuclear power is part of their four possible
future scenarios on how the global warming could be limited to 1.5 ◦C [1].
Today, around 11% of the global electricity is produced by nuclear power [2].
In Sweden, the corresponding number is 40% [2, 3].

Needless to say, the energy has to be produced in a safe way. Today, many
nuclear power plants in operation are approaching their estimated end of life.
In some cases, the lifetime of the reactors is extended (with constant checks of
the performance of the reactor). Thus, it is important to understand how long-
time operation is affecting the power plant in order to make accurate estimates
of the degradation. In Sweden, the nuclear reactors in use were commissioned
between 1972 and 1985, with an original designed life-time of 40 years, and
thus understanding the effects of ageing is of importance [4]. Extension of
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operation of Swedish power plants is based on regular assessments of safety
[5].

The environment in the nuclear reactor poses requirements on the structural
materials used. The neutron irradiation will affect the materials, leading to a
degradation of the mechanical properties. Internal structures will thus degrade
with time as a result of the conditions during the operation of the power plant.

The neutron fluence affecting the reactor pressure vessel (RPV) is much lower
than for the internal parts. However, the RPV is very complex to replace,
so complex that it is not done in practice. During the operational times of
years the neutrons interact with the low alloy steel and degrade the mechani-
cal properties. The reactor pressure vessel metal is embrittled due to cluster1

formation in the material, at the nanometre scale. The nanometre sized clus-
ters hinder dislocation glide and thus contribute to the embrittlement of the
material. Therefore, it is important to understand the cluster formation and
evolution, and the connection to the mechanical properties.

1.1 Aim of this study

This research was undertaken in order to characterise the development of the
microstructure in the low alloy RPV steel weld identical to welds in Ringhals
R4, and the thermally aged pressurizer from the same reactor. The Ringhals
RPV welds are known for having a high Ni and Mn content, and low Cu
content, giving an unexpectedly large change in mechanical properties after
irradiation [6]. Atom probe tomography (APT) has been used in order to study
the nanometre size clusters formed during irradiation and thermal ageing.
There are not many techniques available to characterise nanometre clusters;
APT offers high resolution information (position and identification of atoms)
in both depth and lateral directions. Thus, it is well suited for characterising
the clusters of interest. This project is part of the Måbil (Material, Åldring,
Bränsle inom Lärosätesverksamheten) project that is funded by the Swedish
Centre of Nuclear Technology (SKC). Funding was also provided by the Nordic
Nuclear Safety Research (NKS) collaboration.

In addition to the RPV weld metal, welds from the core barrel, from the
decommissioned reactor José Cabrera (Zorita), Spain, is studied using the
same technique. In the ferrite part of these materials, spinodal decomposition
and formation of nanometre sized G-phase precipitates are the effects of the
neutron irradiation, leading to embrittlement of the material. This part of the

1The terms precipitates and agglomerates are also commonly used. In this thesis the
word cluster is used most of the time, although they in some cases might be precipitates
with separate crystallographic structure from the matrix. In Paper II the term precipitates
is used. Using only APT, the distinction cannot be made.
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project is funded by the Electric Power Research Institute (EPRI) and the
Swedish Radiation Safety Authority (SSM).

The objectives of this study are:

• To study the evolution of nanometre sized clusters containing Ni, Mn,
Si and Cu that are formed during irradiation of the low Cu, high Ni and
Mn welds of Ringhals R4 RPV, and to understand their connection to
the mechanical properties. There is a theory on so called late blooming
phases appearing in high Ni, low Cu materials, that would lead to a
fast degradation of the mechanical properties after considerable time of
operation [7]. These are also looked for in the materials as this would
affect the possibilities of extended lifetime of the entire reactor. Fur-
thermore, the influence of flux on the clustering is studied, in order to
explain the apparent non-existing difference in mechanical properties of
the R4 welds after irradiation inside the reactor (surveillance material)
and weld metal irradiated in a higher flux in a materials test reactor
(MTR) [8]. This is an important step if the higher flux material is to be
used for mechanical testing to describe and predict the degradation of
the reactor in operation.

• To study the effects of thermal ageing in the R4 pressurizer welds, that
have been in operation for around 28 years at 345 ◦C. The welding spec-
ifications of the R4 pressurizer are the same as these of the Ringhals
R4 RPV. The long ageing time is unusual, as many studies are made
on materials thermally aged at higher temperatures for shorter times in
order to accelerate the ageing, for practical reasons. It is thus a unique
opportunity to study long-term thermal ageing at the actual operating
temperature. The mechanical properties of the pressurizer are less af-
fected by the ageing than the RPV, but still the change was larger than
anticipated from the construction of the power plant. It turned out
that the pressurizer contained nanometre sized clusters after ageing, and
since they are formed purely by thermal effects they are well suited for
comparison with the clusters in the irradiated material.

• To characterise the effects of neutron irradiation and thermal ageing
of the remaining ferrite in austenitic welds from internal parts of the
José Cabrera reactor and Ringhals R2. This is an opportunity to study
spinodal decomposition and G-phase formation in material subjected to
realistic operating conditions.
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CHAPTER 2

Background

In this chapter, some of the background to the thesis is given. First, the com-
ponents of a nuclear reactor and their functions are described, then the effects
of neutron irradiation and thermal ageing on low alloy steels are discussed.
The chapter is concluded with a description of spinodal decomposition and
G-phase formation in the ferrite phase of internal, stainless steel, components.

2.1 The Nuclear Reactor

The RPV is an important structural part of the nuclear power plant. It acts
as a container of the central parts of the reactor. The core with the UO2 fuel
is placed inside the RPV; the fission process takes place here. 235U is fissile
and is used as fuel in most nuclear power plants in operation. The fission takes
place through a series of chain reactions. As the natural abundance of 235U is
low (0.7%, the most abundant isotope being 238U) the fuel is enriched to 3 to
5% before the manufacturing of the fuel. In the nuclear power plant, the heat
from the fission process is converted into electricity. In light water reactors
(LWRs) water is used as both coolant and moderator of the neutrons created
in the fission process. The neutrons are attenuated by the water (mainly by the
hydrogen atoms) in the reactor, since the cross section of the fission reactions
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Figure 2.1: Schematic of a pressurised water reactor.

is higher for neutrons with low energy (thermal neutrons).

There are two main types of LWRs, boiling water reactors (BWRs) and pres-
surised water reactors (PWRs). A BWR consists of one circuit where water
is heated and steam is driving the generator. A PWR has two systems; one
primary circuit, where the pressure is kept by the use of a pressurizer in or-
der to prevent the water from boiling [9], see Figure 2.1. The pressure of the
system is increased by turning on heaters in the pressurizer, and decreased
by spraying cool water in the pressurizer. In the secondary circuit, steam is
generated and used in the turbine to produce electricity. Due to the differ-
ences in design, BWRs and PWRs have different operational temperatures
and pressures; a PWR 280-325 ◦C and about 15 MPa, and a BWR 280-288 ◦C
and about 7 MPa [10]. The RPVs are exposed to different neutron fluences
during the life time of the reactor; a PWR has a higher exposure due to a
smaller RPV diameter and hence less water between the RPV and the fuel.
The materials analysed in this thesis all originate from PWRs.

2.1.1 Reactor Pressure Vessel Construction

The RPV is a life-limiting part of a reactor; it is very complex to replace, and
replacement is thus not done in practice. The RPV is constructed from a low
alloy steel, and clad with stainless steel on the inside for corrosion resistance.
The demands on the RPV are high; high strength and fracture toughness, low
ductile-to-brittle transition temperature (DBTT), homogeneous mechanical
properties, and good weldability are of importance [9]. The low alloy steel is
chosen due to its resistance to thermal stresses [11]. Some alloying elements
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are added, for instance Ni for increased fracture toughness and forgeability,
Mn for binding sulfur (that otherwise acts embrittling), and Si as a deoxidiser
[12]. P and Cu are impurity elements that are known to affect the irradiation
susceptibility [13, 14].

The RPVs of the PWRs R3 and R4 in Ringhals are 13 m high, have an
inner diameter of 4 m, consist of 20 cm thick steel and weigh 330 tonnes [15].
There are different ways of producing RPVs. One way is to weld forged rings
together, using only circumferential welds. Another way to produce the RPV
is to start with plates that are bent, and join them with both longitudinal and
circumferential welds. It is beneficial to avoid longitudinal welds, in particular
in the core (belt-line) region, due to the stress distribution in the vessel.

In order to follow the degradation of the RPV, surveillance specimens are put
inside the reactor. In this way, the specimens are irradiated faster (and with
a higher flux) than the RPV steel itself, making it possible to remove the
surveillance specimens and perform mechanical testing and characterisation of
the material.

The construction of the pressurizer is in many ways similar to the RPV. The
material is the same, and hence the welds are similar to the RPV welds. The
pressurizer is in general smaller than the RPV. Ringhals R4 pressurizer, is
for instance 12.8 m high, has an inner diameter of 2.4 m and a weight of 82
tonnes [16]. The pressurizer is not exposed to neutron irradiation, and the
temperature inside is slightly higher than in the RPV. It is possible to replace
the pressurizer, as was done for Ringhals R4 during the revision in 2011 [16].

2.1.2 The Welds of the Reactor Pressure Vessel

Welding is used to join pieces together, in order to create a joint with no
leakage; molten metal is used to fill the gap of the pieces to be joined. The
welding affects the microstructure of the RPV material; some different zones
can be considered. The base material some distance from the weld is not
affected by the welding. The volume close to the weld is known as the heat
affected zone. The structure of the weld itself is different from the base metal
and might have a different chemical composition dependent on the selection
of filler metal. The welding parameters such as voltage, current, and speed,
as well as the cooling rate have an impact on the microstructure. Fast cooling
results in martensite (having unwanted mechanical properties - it is too hard
and brittle). The cooling rate depends on the heat input, and thickness and
temperature of the plates. Solidification occurs in a dendritic fashion, giving
segregation and compositional variations within the weld [12].
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4 cm

Figure 2.2: Cross-section of a pressurizer weld from Ringhals. The inside (top part
in photo) is clad with stainless steel to enhance corrosion resistance.

Welds usually have a higher alloying element content than the base material.
This could make the welds more sensitive to radiation and heat and thus,
in many reactors, they can be said to be the part of the RPV that is most
susceptible to irradiation induced embrittlement.

There are different welding methods, used for different situations. The type
of welding used in the RPV is called submerged arc welding (SAW). SAW has
high productivity and is always automated, and it is used to join thick plates.
For SAW an electrode (filler metal) is used. The filler metal might have a dif-
ferent chemical composition than the base material in order to achieve specific
properties. In RPV steel welds the Cu content origins from the filler metal and
the coating on the filler metal [14] that increases the electrical conductivity
and decreases the wear on the equipment. Both the filler and plates are melted
under a layer of flux powder, thus the term submerged. In this way, sparks are
avoided. In Figure 2.2 an SAW weld can be seen. The plates have noses into
the weld that are needed as a result of the geometrical limitations due to the
thickness of the material. After welding, the weld is subjected to a post weld
heat treatment (PWHT) in order to achieve the desired mechanical properties
and to release stresses. A typical PWHT temperature is around 600 ◦C.
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2.1.3 Internal Components

Inside the RPV, there are many internal structures, such as tubes, structures
holding the fuel and control rods in place, and shielding the vessel from the
neutrons. One of these internal structures is the core barrel. The water of the
primary circuit enters the RPV from the side, then it flows down between the
RPV wall and the core barrel. It then flows through the core barrel where
the fuel rod assemblies are located, and gets heated. Many of the internal
components are made out of austenitic stainless steel (with some remaining
ferrite in the welds).

2.2 Irradiation Damage of the Reactor Pressure Vessel

The RPV is affected by the neutrons emitted from the fission process. The
irradiation damage time scale spans over many orders of magnitude; neutrons
interact with atoms in the bulk material and cascades are created on the
picosecond scale (10−12 s), whereas the lifetime of a reactor is in the order of
40-60 years (109 s). Due to the short time scale and the small length scale of
the initial damage, experimental data on the damage process cannot achieved
in-situ. The damage can be studied by modelling on different scales, and
the effect on mechanical properties and microstructure can be characterised
experimentally using various techniques.

The neutron flux is low, in fact the RPV is subjected to low fluences in a
life-time; in around 40 years it is subjected to 0.0075 - 0.24 displacements
per atom (dpa) corresponding to 5 · 1022 n/m2 to 1.6 · 1024 n/m2, compared
to internal elements such as fuel cladding tubes and internal spacer grids that
get doses up to 80 dpa or 5 · 1026 n/m2 [10]. However, the interaction with the
neutrons is enough to affect the mechanical properties of the RPV weld metal.
It is mainly the belt-line region that is subjected to neutron damage due to
the geometry of the reactor i. e. due to the vicinity to the fuel. Other parts,
such as the RPV head, are not affected by the neutron radiation.

In order to understand the evolution of the mechanical properties, the struc-
tural changes of the irradiated material can be studied. The connection be-
tween the mechanical properties and the microstructure is a link to further be
able to understand the mechanisms and predict the ageing process.

A standard method to characterise the embrittlement of irradiated RPV welds
is impact testing, or Charpy V-notch testing [7]. In short, the energy absorbed
during fracture is measured. The specimen is in the shape of a bar with a pre-
prepared notch. The measurement is repeated several times at different tem-
peratures to obtain a curve of absorbed energy as a function of temperature.
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Figure 2.3: Schematic ductile-to-brittle transformation temperature shift for RPV
steels measured by Charpy impact testing. The DBTT is often given at 41 J.

At some temperature the behaviour of a bcc material will change from brittle
(low temperatures, low energies absorbed) to ductile (high temperatures, more
energy absorbed). This can be illustrated by the ductile-to-brittle-transition
temperature (DBTT), commonly given at 41 J, see Figure 2.3. The irradiation
leads to an increase in the DBTT and in a reduction of the upper shelf energy,
reducing the energy absorbed at fracture by the Charpy specimen for high
temperatures.

Both tensile testing and hardness measurements can also be performed in order
to characterise the ageing of the steel. For Vickers hardness test a pyramid-
shaped indent is pushed with a known force into the material, and the resulting
area of the indentation is measured. Thus, the amount of material needed is
smaller than for Charpy V testing. However, not all the embrittling processes
are hardening - for instance the segregation of P to grain boundaries is not, but
it affects the possibility of intergranular cracking and can lead to embrittlement
without affecting the hardness [17–19].

2.2.1 Direct Matrix Damage

Neutrons with an energy spectrum from 0.025 eV (thermal neutrons) up to
17 MeV are produced in the reactor [20]. The lowest neutron energy needed
to damage the RPV material is considered to be between 0.5 and 1 MeV (fast
neutrons), dependent on reactor design. For western reactors, 1 MeV is used
as the threshold energy for the neutrons to be included in the given fluence.
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Interstitial

Vacancy

Figure 2.4: Schematic of a Frenkel pair. After a few picoseconds many of the Frenkel
pairs have been annihilated by recombination.

The neutron interacts with an Fe lattice atom with a relatively low probability
and might therefore travel some distance (in the order of centimeters) in the
bulk of the material. The first atom the neutron collides with is known as
the primary knock-on atom (PKA). The PKA will receive energy from the
neutron and leaves it position, creating a cascade, knocking out other atoms
in its path in volumes with sizes of a few nanometers. The neutron of the
collision will continue to hit matrix atoms that create new cascades until the
neutron energy is too low. For bcc Fe, the displacement threshold energy is
around 40 eV [10].

A Frenkel pair, consisting of one vacancy and one interstitial is illustrated in
Figure 2.4. Most of the Frenkel pairs created during neutron irradiation are
recombined within a few picoseconds. The vacancies and interstitials that do
not recombine might interact with other features in the vicinity and affect the
microstructure by increasing the diffusion, which without irradiation is so low
that almost no significant diffusion takes place at reactor temperatures during
the lifetime of the RPV.

Matrix defects, such as interstitial loops and small clusters of vacancies, too
small to study using transmission electron microscopy (TEM), are affecting
the RPV yield strength [21–25]. The contribution of matrix defects, which are
stable at reactor temperatures, to the yield strength is commonly considered to
be proportional to the square root of neutron fluence (∆σy,matrixdefects ∝

√
φt)

[26, 27], where φ is the flux, t is the time, and thus φt the fluence). In general,
the contribution from matrix defects to the embrittlement is considered to be
small in comparison to the effect of alloy element clusters [28].

There are also matrix defects that are unstable at operational temperatures, i.
e. they might reach a steady state number density, where they are created and
annihilated at the same rate. The presence of matrix defects is affected by the
material composition and the irradiation, for instance the neutron flux [29].
For low fluxes (such as normal operation in a reactor or in surveillance mate-
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rial) no unstable matrix damage remains in some materials [30, 31] whereas
increased flux (above around 1016 n/(m2s), such as in MTRs) gives an unstable
matrix damage contribution under some conditions [32].

2.2.2 Solute Clustering

In general, two different families of nanometre sized clusters1 are considered
to form during irradiation in RPV welds; Cu-rich clusters and NiMnSi-rich
clusters, dependent on the composition of the weld [33–38]. There is no strict
boundary between them composition-wise; Cu-rich clusters contain some Ni,
Mn and Si, but smaller amounts than the NiMnSi-rich clusters, that in turn
most often also contain some Cu. Their difference in composition suggests
differences in formation mechanisms. The composition of the clusters is de-
pendent on the composition of the weld, low-Cu welds (< 0.1%) give NiMnSi-
rich clusters, such as in the irradiated Ringhals RPV material analysed in this
project. The clusters can be found on dislocation lines as well as in the matrix
[39–41].

A relatively high Cu content (up to 0.4%) was found to be detrimental for
mechanical properties after neutron irradiation in the late 1960s. The high
Cu was found to correlate with more embrittlement, that in turn was found to
be due to the formation of Cu-rich clusters forming during irradiation [42–45].
After this insight, many RPV steel welds were fabricated containing less Cu.
The small, Cu-rich clusters formed during irradiation are believed to be too
small for being separate phases (thermally aged RPV steels might however
contain larger precipitates with other crystal structures such as 9R [46]). The
Cu-rich clusters are believed to form due to supersaturation of Cu in bcc Fe;
the solubility of Cu is very low, around 30-42 atomic parts per million (appm)
at RPV relevant temperatures [7, 47]. Strong Ni-Mn bonds and the interfacial
energy towards the Fe in the matrix often result in a Cu-rich core with a shell of
Ni and Mn atoms [32, 48, 49]. The cluster formation results in hardening. The
effect of Cu precipitation on DBTT is generally considered to be saturating,
due to the depletion of Cu from the matrix.

Odette et al. stated that the effect on mechanical properties of NiMnSi-rich
clusters can be accelerated at high fluence and gave them the name late bloom-
ing phases [7, 32, 34]. The phenomenon and its naming is a matter of discus-
sion, with some results pointing towards them not being late blooming, or
precipitates [50]. In this thesis, the term NiMnSi-rich clusters is used, with no
assumptions made on their crystal structure and whether they bloom late or
not.

1See earlier footnote on cluster/precipitate/agglomeration choice of vocabulary.
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The formation of NiMnSi-rich clusters is a matter of more discussion than the
formation of the Cu-rich clusters. The Ni, Mn and Si contents are all below
the solubility limit in Fe-Ni, Fe-Mn and Fe-Si binary alloys [23], and thus
supersaturation should not be the driving force, unless the synergy between
the alloying elements drastically changes the solubility limits. The NiMnSi-rich
clusters generally form in RPV weld metals with low Cu and high Ni content.
The formation is believed to be accelerated by Cu, in terms of clustering on
Cu embryos [51, 52]. However, examples are found where NiMnSi-rich clusters
form in Cu-free steels [47], and in low-Cu steels, but without any Cu atoms in
the clusters [53].

The thermodynamic stability of the clusters is a matter of debate, with some
claiming that they are not stable [50, 54, 55], i. e. they would not grow in the
absence of the point defects created by neutron irradiation. Monte Carlo sim-
ulations show that the role of self-interstitials and vacancies in the formation
is vital and that the growth of clusters without Cu is slower than the growth
of Cu-rich clusters [50, 56]. The NiMnSi-rich clusters are believed to form on
small interstitial loops, which are immobilised by solute atoms, primarily Mn
and Ni [57]. In Fe-Mn model alloys, Mn has been observed to significantly
increase the number of loops during neutron irradiation [58]. The loops are
generally not observable by TEM, in a RPV steel they would be below the
size when they can be detected [10]. Other solute atoms (Ni, Mn, Si, Cu, and
P) are dragged there by vacancies and by a dumbbell mechanism occurring
in irradiated materials (only Mn and P) [56, 59]. Kinetic object Monte Carlo
simulations using this model give an estimated number of interstitial loops
that corresponds well to the number density of NiMnSi-rich clusters in the ir-
radiated Ringhals surveillance material as detected by APT [59]. Other results
are pointing towards thermodynamically stable precipitates due to synergetic
effects between Ni, Mn and Si, describing the NiMnSi-rich clusters as inter-
metallic phases, such as Γ2 or G-phase, based on thermodynamic models [60],
X-ray diffraction [61], and comparing compositions to APT results [51, 62].
The transition from a relatively matrix coherent cluster to for instance G-
phase is then vital, with results pointing towards a lower energy after such
transition, but density functional theory simulations show that it is uncertain
whether all requirements for such a transition are met [63].

The beginning-of-life mechanical properties of the high-Ni RPV steel welds
are good, but the impact of irradiation during operation needs to be further
understood [64, 65]. This is one of the motivations of this thesis.

The neutron flux, i. e. the number of neutrons per time and unit area, is
known to affect the cluster characteristics [66, 67]. As the entire reactor would
have to permanently be closed down in order to obtain material from the RPV,
surveillance material irradiated inside the reactor at higher flux is commonly
analysed. A typical flux in such materials is usually around four times higher
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than in the RPV (a lead factor equal to four) [5, 68]. Furthermore, materials
irradiated in MTRs for a few weeks or months instead of years are also of
interest, having an even higher neutron flux. The clustering of solute elements
is affected by the higher flux due to an increase in diffusion as the number
of Frenkel pairs at any given time is higher. The result of a higher flux is
commonly smaller clusters with higher number density [66, 69–72]. In this
thesis, the effects of flux on high Ni and Mn content Ringhals R4 welds are
investigated.

2.2.3 Segregation to Grain Boundaries

The matrix defects created by the fast neutrons lead to increased diffusion
in the material. Point defects (vacancies and interstitials) will move towards
grain boundaries that act as sinks, resulting in radiation induced segregation
(RIS). The effect can be explained as the inverse Kirkendall effect [9, 26].
When considering the flow of vacancies towards the grain boundary, this must
be followed by an equal flow of atoms in the opposite direction. If the net flow
of one type of atoms is smaller than for an other type of atoms, this results in
the first type of atoms having higher concentrations at the grain boundary. In
the same way, the net flow of interstitials may also vary for different atomic
spieces. In RPV weld metals, P tends to segregate to grain boundaries when
the material is irradiated [73, 74], increasing the risk of intergranular failure
and thus having an embrittling effect. A higher P content, but also higher
temperature, fluence, and Ni content in the material result in more segregation
to grain boundaries [13, 73]. C segregated to grain boundaries will, on the other
hand, have a positive effect by strengthening the boundary [75, 76]. In this
thesis, the effects of segregation to grain boundaries are not further looked
into.

2.2.4 Impact of Features on Mechanical Properties

The ductility of the RPV is connected to the ability of line dislocations to move
within the material. As long as the dislocations can move freely, the material
can be deformed without fracture and is thus ductile. However, during irradi-
ation, the clusters and the matrix damage form obstacles for the dislocations
in the RPV, and the material becomes less ductile. One way of describing the
bowing of dislocations around obstacles, hindering the dislocation glide, is the
dispersed barrier hardening (DBH) model, contributing to the yield strength
as

∆σy = αMGb
√
Nd (2.1)
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where M is the Taylor factor (close to 3), G is the shear modulus, b is the
Burgers vector, N is the number density and d is the mean diameter of the
feature. α is the strength of the barrier; α = 1 is the case of Orowan hardening,
meaning that line dislocations bow around the barrier [26, 69, 77].

The clusters contribute to the yield strength in terms of dispersed barrier
hardening (equation 2.1). The values of α are reported to be 0.10 − 0.15
[36, 69, 78]. The clusters have high number density, and thus they contribute
to a large part of the increased strength i. e. the embrittlement of the material.

Another model that is commonly used for the cluster contribution to the yield
strength is the Russell-Brown (RB) model [79]. This model describes the
cluster contribution as

∆σy =
MGb

L

(
1− E2

1

E2
2

)3/4
(2.2)

with

L =

√
πd

2
√
fv

(2.3)

and
E2

1

E2
2

=
E∞1 log d

2r0

E∞2 log R
r0

+
log 2R

d

log R
r0

(2.4)

where L is the spacing between clusters in the slip plane, fv is the cluster

volume fraction,
E∞

1

E∞
2

is the ratio of the energies per unit length of dislocation in

infinite media, and R and r0 are the outer and inner cut off of the dislocations,
respectively.

In addition to the models above, it is common to show a correlation between
the square root of the volume fraction of the precipitates and the hardness (see
for instance [80–82]). Assuming small variations in cluster size, both models
above have a square root dependence of the volume fraction on strength.

2.3 Thermal Ageing of Reactor Pressure Vessel Steels

Thermal ageing can also contribute to embrittlement of RPV steels. In an
LWR, the temperature in the RPV (around 290 ◦C) is generally considered
to be too low for thermal ageing to occur due to the slow diffusion of solute
elements [83]. However, there are other parts in the primary loop that have
higher temperatures such as the pressurizer of a PWR. Furthermore, thermally
aged materials are studied to compare with, and as a complement to, irradiated
materials. The composition of the welds affects the temperature needed for
thermal ageing to happen, for instance a combination of high Ni (1.66 at.%)
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and high Cu (0.44 at.%) gives a significant hardness increase (80 HV) after
100,000 h at a temperature as low as 330 ◦C [84], whereas 140,000 h at 310−
320 ◦C had no impact on hardness in VVER-1000 weld metals with similar Ni
content but considerably lower Cu contents (0.03-0.09 wt.%) [18].

The effect of thermal ageing is similar to that of radiation damage, solute clus-
tering2 of Cu, Ni, Mn and Si, and possibly segregation of P to grain boundaries
due to increased diffusion, take place [17, 18, 84, 85]. However, there is no ma-
trix damage, as there are no neutrons interacting with the atoms, creating
cascades. The increase in diffusion with temperature is thus due to only va-
cancies dragging the solutes, as there are no self-interstitials in the absence
of irradiation. The cluster formation is driven by the low Cu solubility in Fe.
Just as in the irradiated material, Ni, Mn, and Si are known to reduce the
interfacial energy between the Cu and the Fe, and thus form a shell around
the Cu-rich core, as seen in simulations [86, 87], and as observed using APT
[84, 88–90] in model alloys and RPV materials. In high Cu RPV materials
(0.32-0.55 at.%), Hyde et al. found that thermal ageing results in clusters with
a higher Cu content than the clusters in the same material when irradiated
[88]. In this thesis, the pressurizer welds of Ringhals R4 (with high Ni and
Mn, and low Cu content) that have been in operation, i. e. thermally aged,
for 28 years (190,000 h) at 345 ◦C are analysed.

2.4 Irradiation Damage of the Ferrite of Stainless Steels

Many of the internal components in a nuclear power plant are made from
stainless steel, like 304, 304L, 316, 316L, 321 and 347, welded or clad by
alloys 308 and 309, due to the good corrosion resistance at reactor relevant
temperatures [65]. These alloys are austenitic, but the welds contain small
amounts of ferrite. Just like the low alloy steel in the RPV, these materials
are affected by the neutron irradiation during operation. Due to their position
closer to the core, the doses can be much higher than for the RPV, up to 100
dpa or more during the operational time of the reactor, dependent on position.
Just as in the RPV, the neutrons will interact with the material, creating
increased possibilities for diffusion. In austenite, Ni-Si particles (possibly γ′,
i. e. Ni3Si and its precursors) are known to form as a result [91–94]. In
ferrite, phase decomposition into Cr-rich and Cr-poor volumes occurs (spinodal
decomposition), and precipitation of nanometre sized Mn6Ni16Si7 precipitates
known as G-phase. The change of microstructure changes the mechanical
properties, giving a decreased fracture toughness. In this section, the focus
will be on the degradation of the ferrite.

2In thermally aged materials, some of the larger ”clusters” might be precipitates.
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Figure 2.5: Between the spinodals, an alloy will decompose spontaneously. Between
the spinodal and the miscibility gap, phase decomposition might happen through
classical nucleation and growth.

2.4.1 Theory of Spinodal Decomposition

Spinodal decomposition is a spontaneous phase transformation as there is no
barrier to transformation [95]. In a phase diagram such as the one in the
upper part of Figure 2.5 there is a miscibility gap where the α and α′ phases
are stable. Materials go from the single phase above to the miscibility gap
during quenching. Inside the spinodal, uphill diffusion will take place as this
will decrease Gibb’s free energy. The uphill diffusion will continue until the
equilibrium compositions X1 and X2 are reached (Figure 2.5).

The chemical spinodal is defined as

d2G

dX2
< 0 (2.5)

where G is Gibb’s free energy and X is the mole fraction of one of the elements.
However, it is of little practical use as there are also other factors affecting the
spinodal decomposition in a material. Both the chemical difference (different
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Figure 2.6: A schematic comparison of spinodal decomposition (a) and nucleation
and growth outside the spinodal region (b). Time increases from i) to iii).

energies of bonding dependent on which atoms are binding to each other) and
the coherency stresses of the phases also affect the decomposition. Thus, those
factors are included in the coherent spinodal, saying that decomposition takes
place when

d2G

dX2
+

2K

λ2
+ 2η2E′Vm < 0 (2.6)

where the second term describes the bonding difference and the third term
the coherency stresses. K is a constant that is dependent on the different
bond energies of like and unlike atoms, λ is the wavelength of the spinodal
decomposition, η = 1

a
da
dX where a is the lattice parameter, E′ = E/(1 − ν)

where E is Young’s modulus and ν is Poission’s ratio. Vm is the molar volume.

The coherent spinodal decomposition has a lower upper temperature limit than
the chemical spinodal. The wavelength of the spinodal decomposition has a
lower limit given by equation 2.6.

Between the spinodal and the miscibility gap, the phase transformation will
take place through nucleation and growth as the alloy is metastable. A com-
parison of the two possibilities and their effect on compositions can be seen in
Figure 2.6.

Spinodal decomposition at early stages can be seen as sinusoidal differences in
composition [96],

f(x,y,z) = C0 +A sin
2π(x+ y + z)

λ
(2.7)
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where C0 is the average composition, A is the amplitude of the decomposition,
λ is the wavelength, and x, y and z are the coordinates in the three dimensions.
However, at later stages the decomposition will not be symmetrical around the
average composition as one phase might reach a minimum content of the other
element [97]. The microstructure resulting from spinodal decomposition is in
general a complex network of high- and low- concentration volumes.

2.4.2 Spinodal Decomposition in Fe-Cr Alloys

Thermally induced spinodal decomposition in Fe-Cr is known to occur at in-
termediate temperatures (300−500 ◦C). In ferrite, the Fe-rich phase is known
as α and the Cr-rich phase as α′ (both phases are bcc). In nuclear power
plants, austenitic stainless steels with remaining ferrite in the welds, and du-
plex stainless steels are used for the internal parts due to their good corrosion
resistance, weldability, and mechanical properties. Both the composition of
the ferrite of these steels, and the temperatures are in the range where spin-
odal decomposition occurs, whereas the austenite part is unaffected in absence
of irradiation [97, 98]. Both spinodal decomposition in model Fe-Cr alloys and
actual alloys have been studied. An increased amount of Cr accelerates the
decomposition [99]. In real alloys, the addition of alloying elements (Ni, Si,
Mo, Mn,...) is known to affect the decomposition. For instance, Hedström et
al. showed that both addition of Ni and Mn accelerate the decomposition of
ternary model alloys containing 20% Cr [100].

Adding irradiation gives further complexity to the degradation of the material.
The neutrons will interact with the material, creating vacancies and intersti-
tials and increased diffusion, hence making the spontaneous process of spin-
odal decomposition faster [101, 102]. In this thesis, spinodal decomposition in
a neutron irradiated weld from the Spanish reactor José Cabrera (Zorita) is
characterised and compared to thermally aged pipe welds from Ringhals R2.

2.4.3 Nucleation of G-phase

G-phase (Ti6Ni16Si7) is a cubic phase with a lattice parameter four times
that of bcc Fe. The Ti in the composition can be replaced by other elements,
commonly Mn. The nanometre sized G-phase precipitates were crystallograph-
ically identified in the ferrite of thermally aged cast alloy CF8 alloys using TEM
by Bentley et al. in 1985 [103]. The ferrite composition affects the formation of
the G-phase, for instance Ni, Si, Mo and C are believed to increase the G-phase
precipitation [97, 104]. In alloys containing no Mo, G-phase precipitation is
only observed at ferrite/austenite boundaries [97].
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Nucleation of G-phase exclusively happens at the α - α′ boundaries, where
the exchange of atoms during the phase separation leads to diffusion of others.
The Fe-rich α rejects Ni atoms, and the Cr-rich α′ rejects Si, resulting in
a total movement of both elements to the boundaries, where they meet and
form G-phase together with Mn [97, 105, 106]. Later in this thesis, results on
G-phase precipitation are shown in the irradiated core barrels welds from the
José Cabrera (Zorita) reactor.

2.4.4 Influence on Mechanical Properties

The spinodal decomposition is found to affect the mechanical properties of
ferrite containing steels with high Cr content, due to the strain between Fe-
rich and Cr-rich phases, and to lattice friction forces. The result of this is
hardness increase and embrittlement. The decomposition is responsible for
what is known as the ”475 ◦C embrittlement”. The total effect is dependent
on the amount, size and distribution of the ferrite in the duplex steel [98].

The influence of G-phase to the hardness of the steel is harder to distinguish,
due to the complexity of the system. There are studies that suggest that the G-
phase contributes to the hardness [107–109], and other studies that show no or
little contribution [110, 111]. There is also a possibility of indirect contribution
to the hardening, suggesting that the G-phase contributes to local change in
composition (Ni content) and thus the kinetics of the spinodal decomposition
is affected [97].
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CHAPTER 3

Experimental Techniques

The main experimental characterisation technique used in this thesis is APT.
Due to the small size of the clusters of interest, APT is one out of few methods
that can be used. Other techniques that are also used for cluster studies
in RPV welds are small angle neutron scattering (SANS) (see for instance
[112–115]) and transmission electron microscopy (TEM) ([116–118]). SANS
enables studies of larger volumes and gives cluster characteristic averages, but
needs to be combined with APT for assumptions of cluster compositions. The
small cluster size is challenging in TEM, as matrix above and underneath will
also contribute to the chemical composition and crystal structures recorded
when illuminating a thin lamella with electrons. In this chapter the APT
technique and its merits and limitations are described, as well as data analysis
for clustering and spinodal decomposition. The chapter is ended with a section
on specimen preparation for APT.
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Figure 3.1: Schematic of the experimental setup of APT. Ions are field evaporated
by means of a direct current field and laser or voltage pulses. For each ion the time
of flight and the position on the detector are recorded.

3.1 Atom Probe Tomography

3.1.1 Overview

Atom probe tomography (APT) is a destructive characterisation technique in
which atoms can be identified in terms of both type and position within the
specimen. APT is used for detailed material characterisation, with a near-
atomic resolution. Common phenomena studied are clustering, segregation to
grain boundaries and interfaces, and phase transformations. The technique is
well suited for metals that are conducting, but also semiconductors and oxides
and even biological materials can be studied. The typical analysed volume is
in the order of 50× 50× 200 nm3. Unless stated otherwise, the references for
this chapter are [119–121].

The basic principle of APT can be seen in Figure 3.1. A needle-shaped spec-
imen in ultra-high vacuum and at low temperatures (typically 30 − 70 K) is
subjected to a direct electric field. When the specimen is subjected to a pulse,
either voltage or laser, the field might be high enough to ionise and tear off
atoms from the apex of the needle in the field evaporation process. The posi-
tive ion leaves the specimen surface and hits a position sensitive detector. The
time of flight is measured for each ion in order to determine the chemical iden-
tity. The information on the position, time of flight and the sequence of ions
can be used in order to make a 3D reconstruction of the analysed material.
The electric field results in high stresses in the specimen; in fact many APT
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analyses are ended by specimen fracture.

3.1.2 Field Evaporation

Field evaporation is the most central process in atom probe analysis. A direct
current (DC) voltage is applied to the specimen; the field at the tip is strong,
tens of V/nm. If the apex is considered to be smooth and spherical, the
electrical field can be described as

F =
V

kfR
(3.1)

where F is the electrical field, V is the voltage, kf is the field factor and R is
the radius of the tip. The field factor is a constant that is dependent on the
shape of the tip and the electrostatic environment. A smaller radius of the tip
gives a higher field with the same voltage, giving a need of an increased voltage
for the same evaporation rate (i. e. number of ions evaporated per pulse) when
the radius of the needle is increased during analysis. The penetration depth of
the field is very small (for metals less than the size of an atom in the lattice),
and hence only atoms at the very surface of the tip are evaporated, atom by
atom.

The pulsing is used to overcome the evaporation barrier at a specific, known
time. The evaporation is dependent on both the temperature and the electric
field. Thus, both voltage pulsing and laser pulsing, effectively meaning heating
the specimen, can be used to evaporate the ion, see Figure 3.2. The pulse
fraction should be high enough for all elements in the specimen to evaporate,
since different elements have different evaporation fields. If the field is not
high enough there will be preferential evaporation of the atoms with lower
evaporation fields, biasing the composition of the measurement. However,
the stresses associated with high fields give a higher probability of specimen
fracture that would end the analysis.

3.1.3 Data Reconstruction

In order to make a three dimensional reconstruction of the analysis data, the
position of impact on the detector and the sequence of the ions are used for
spatial coordinates and the time of flight is used for chemical identification.

The time of flight, the time from the pulse until the ion hits the detector, is
recorded during the analysis. The ion leaves the tip surface with zero velocity
and is accelerated within a few atomic distances from the tip to the kinetic
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Figure 3.2: Schematic of pulsing and evaporation field. Field pulsing corresponds to
voltage pulsing and thermal pulsing to laser pulsing.

energy Ec = mv2

2 where m is the mass and v is the velocity of the ion. The
potential energy from the field is Ep = neV where ne is the charge of the ion
and V is the voltage. The distance from the tip to the detector, l, is known,
and thus the velocity v = l

tflight
. Combining the three relations gives

m

n
= 2eV

( tflight
l

)2
(3.2)

i.e. the mass-to-charge ratio. This ratio is then used for the identification of
ions in the mass spectrum, see Figure 3.3. The mass-to-charge ratio detected
has some variations, giving widths to the peaks. Therefore, a range is usually
given for each ion. For voltage pulsed runs, the width of the peak in the mass
spectrum is mainly the result of the extent of the voltage pulse in time. When
running analyses in laser pulsed mode, the peaks are often wider and so called
thermal tails contribute to the background, due to the transport of heat away
from the specimen apex.

The position of the ions in the specimen is reconstructed using the impact
position on the detector. The ion trajectories are dependent on the three
dimensional field between the tip and the detector, that is dependent on the
local environment close to the surface as well as further away. There are some
different protocols on how to perform the reconstruction, one commonly used
is based on the publication by Bas et al. [122].

The choice of reconstruction parameters is vital, if they are not properly chosen
distances and shapes in the reconstruction will be distorted. The analysed vol-
ume might get compressed or elongated. For the reconstruction both the field
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Figure 3.3: Example of a spectrum from a voltage pulsed analysis for ion identifica-
tion. This material is the Ringhals R4 weld. a) Full spectrum. b) Enlarged part of
the spectrum from 25 to 35 Da. The peak at 28 Da corresponds to 56Fe++ that is
the most abundant ion in the analysis. The binning of the histograms are different
in a) and b).

F and the shape of the apex dependent field factor kf are needed. Also, the
image compression factor is needed. The image compression factor describes
the ratio between the crystallographic angle and the observed angle,

ξ =
θcrys
θobs

(3.3)

and can be calibrated using the crystallographic information from the detector
hit map, namely the distances between poles with known plane distances and
the usage of θobs = arctanD

L where D is the distance to the detector and L is
the distance in the hit map (the simplification is possible since the specimen
tip has a negligible radius compared to D). There are some different ways of
estimating the shape of the specimen for determination of the field factor kf .
Equation (3.1) can be used with a knowledge of the evaporation field for the
material analysed, connecting to the voltage. The radius could be determined
by TEM, beneficial if there are different phases with different evaporation
fields in the analysis. One way of knowing if the parameters are correct is by
evaluation of the atomic planes at crystallographic poles. The analysis of the
poles gives high quality data in the direction of analysis in some materials, such
as low alloy steel. Known features could also be used for finding reconstruction
parameters; for instance precipitates growing with certain angles or in certain
shapes.
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3.1.4 Statistical Tools and Cluster Algorithms

Once the reconstruction is performed there are literally millions of data points.
In this section, some statistical methods and some cluster analysis methods
are briefly described. Note that the words cluster and precipitate are used
interchangeably.

The radial distribution function (RDF), is also known as the pair correlation
function and denoted g(r). It describes the normalised probability of finding
other atoms of the same species at a distance r from the reference atom. It
can be related to the number density ρ(r) and average number density ρav(r)
of atoms by

g(r) =
ρ(r)

ρav(r)
(3.4)

When g(r) is larger than unity for small distances, there is clustering of the
specific element(s) studied.

Isoconcentration surfaces can be used to illustrate clusters as well as other fea-
tures such as layers, grain boundaries and line dislocations [120]. The surface
is defined at a specific concentration of an element. These surfaces can also be
used to create proximity histograms, proxigrams, where the concentration of
different elements is shown as a function of the distance from the surface [123].
For small precipitates proxigrams might give poor statistics on the inside of
the surface due to the small number of atoms.

The maximum separation method (MSM) is a method that utilises the distance
between solute atoms to identify clusters [35, 124, 125]. Two solute atoms are
considered being within the same cluster if they are closer to each other than
a distance dmax, see Figure 3.4. A smallest number of atoms considered being
a cluster, Nmin can be chosen in order for random fluctuations in the matrix
not to be considered as clusters. A higher order, N , than one (the nearest
neighbour), can be set, meaning that the N:th nearest neighbour is considered.
In order to determine cluster composition, a parameter L (envelope distance)
can be chosen in order to include other atoms than the solute ones used for
cluster identification. L is the distance from the solute atoms that is considered
being part of the cluster. In order to get rid of the matrix atom halo, another
distance E, the erosion distance, can be used to remove atoms from the cluster
surface. There are other methods of detecting clusters, see reference [64] for a
review.
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Figure 3.4: Schematic of the MSM. a) Solute atoms (filled) in the matrix (white
atoms). b) Atoms within the distance dmax from a solute atom might be part of the
same cluster. c) The vicinity of all solute atoms are checked. d) Atoms identified as
being in the same cluster are marked with a line.
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3.1.5 Evaluation of Spinodal Decomposition

APT is a useful technique when interested in finding the wavelength and ampli-
tude of spinodal decomposition, as described in equation 2.7. One commonly
used method is the Langer-Bar-on-Miller (LBM) method [121, 126], where two
Gaussian distributions are fitted to the frequency distribution of Cr, and the
amplitude of the spinodal decomposition is taken as the difference in Cr av-
erage content between the distributions. The results obtained by this method
are dependent on block size (commonly 33, 50 or 100), that is determined by
the user.

In this thesis, another method developed by Zhou et al., based on the RDF
(equation 3.4) is used [127]. Assuming sinusoidal variation in Cr concentration
(equation 2.7), the amplitude A of the decomposition will be connected with
the normalised and extrapolated Cr RDF at zero distance as

A = C0

√
2(RDF (0)− 1) (3.5)

where C0 is the average Cr content. The wavelength of the spinodal decom-
position can be determined by the local maximum of the RDF of Cr (corre-
sponding to many Cr atoms having another Cr atom at that specific distance).
This method has the benefit of being user independent. The limitation in this
method lays in the assumption of a sinusoidal variation in composition; this
is probably true for early stages of decomposition. However, as the process
evolves, the lower limit of one of the phase contents might be reached. What
then happens is that the size of the volumes of the two phases will be differ-
ent, and the decomposition will no longer be sinusoidal. Furthermore, it is
also possible that the interface between the phases will get sharper when the
decomposition evolves, and thus it will evolve towards a compositional profile
more similar to a square wave.

3.1.6 Limitations

Even though APT is a powerful technique there are certain limitations. First
of all, it is not possible to analyse any material. The implementation of laser
pulsing in APT made it possible to expand from analyses of conductive materi-
als only to semiconductors, minerals, biological materials and more. However,
many materials prove hard to analyse due to uneven evaporation, and early
specimen fracture. This limitation does not concern the steels analysed in this
work, that runs well in the APT as they are conductive and have suitable
mechanical properties.

An issue for atom identification is peak overlap, two isotopes having the same
mass-to-charge ratio. The overall composition of the analysis could generally
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be obtained by deconvolution of the peaks since the other isotopes of the
same element can be used together with the known natural isotope abundance.
However, the identity of each individual atom is still unknown. In some cases,
the amount of overlap is very high, for instance in analyses of oxides with many
molecular ions, or polymers, containing hydrides that make ranging of the
spectrum a true challenge. In steels such as the RPV welds, the 28Si++/14N+

overlap makes quantification of nitrogen hard. There is also an overlap for
58Ni/58Fe, making the cluster interfaces of NiMnSi-rich clusters more diffuse.
Furthermore, aluminium only has one naturally occurring isotope, that comes
as 27Al+, overlapping with 54Fe++ when laser pulsed analyses of steel are
conducted.

The spatial resolution is almost atomic, but it is not perfect. Crystallographic
planes can only be detected in some fairly pure materials and even then only at
crystallographic poles. For some materials and atomic species there is surface
migration prior to field evaporation, giving the reconstruction a dependence
of the crystallography [128, 129]. The issue is more pronounced when using
laser pulsing. One example of this redistribution is Si in low alloy steels.

Different evaporation fields of different phases alter the evaporation sequence,
resulting in the so called local magnification effect [130, 131]. Hence, for in-
stance a cluster containing a high evaporation field element will evaporate later
than the surrounding matrix. The cluster will form a small protrusion on the
tip surface, with another radius than the full tip, and thus the trajectories
of the cluster ions are affected, making the cluster appear diluted by matrix
atoms. If the evaporation field of the cluster is lower, then an area with a larger
local radius will form in the needle surface, also affecting the ion trajectories.
In the case of the clusters in RPV steels, this has generated discussion on the
true Fe content of the clusters, since APT analysis generally gives a composi-
tion of around 50% Fe. Studies have shown that the Fe content of the clusters
probably is considerably lower [116, 132–134]. A sign of this phenomenon is
an unphysically high atomic density within the clusters in the reconstruction,
since the clusters have a low evaporation field, especially for Cu-rich clusters.
The exact Fe content is unknown, and when evaluating cluster composition
and size, the assumptions on the Fe content made need to be mentioned.

Another consequence of the different evaporation fields of different phases is
that the reconstruction of an analysis made over two or more phases might be
hard to perform as the reconstruction parameters thus might vary in the same
analysis. For instance, some carbides in metal matrixes will appear to have a
lower atomic density; something that they do not have in reality. Furthermore,
carbides are hard to analyse due to C atoms evaporating as cascades. Due to
the detector having a dead time, the carbon content is then underestimated
[135].
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3.2 Specimen Preparation Methods

There are some requirements on the APT specimen. The specimen needs to
be in the shape of a needle, and the tip radius of curvature should be around
50-150 nm in order to create fields high enough for evaporation at voltages of
operation in the atom probe (usually 2-10 kV). The cross-section of the needle
needs to be circular in order for the reconstruction to be accurate. The feature
of interest needs to be close enough to the specimen tip (around 100 nm) in
order to be captured in the analysis. The surface of the specimen should be
smooth and free from protrusions and cracks that might increase the risk of
fracture and make the reconstruction less like the specimen. The taper angle
of the needle should be small for obtaining long runs, but very long and thin
needles might have a higher risk of fracture. Typically, the angle is around
5◦. Also, there should be no secondary tips close to the tip of interest that
might field evaporate and contribute to the signal. These requirements can be
fulfilled using electropolishing or doing a focused ion beam/scanning electron
microscope (FIB/SEM) lift-out that is described below.

3.2.1 Electropolishing

Electropolishing is a convenient, fast and cheap method for specimen prepara-
tion of electrically conducting materials. In order for the cross section of the
resulting needle to be circular the cross section of the starting blank needs to be
either circular or square. Common measures are 0.3×0.3 mm2, with a length of
around 15 mm. Two needles can be produced from the same blank. The blanks
need to be cut without introducing any stress or heat that might change the
microstructure of the material, making a low speed saw with cooler/lubricant
one alternative.

The electropolishing can be done in different ways, but the principle is the
same. Here a two-step double layer technique is described, see Figure 3.5. The
idea is to create a necked specimen in the first step, in a high concentration
electrolyte. The very sharp tips are created in the second step in a dilute
electrolyte in a controlled way. In the first step, a thin layer (a couple of
mm) of a high concentration electrolyte is put on top of a dense, inert liquid
such as polyflourinated polyether or Galden®. The blank (anode) is hung
in this liquid so that the middle of the blank is in the electrolyte. There is
also a counter electrode (cathode), in the shape of a loop or a stick, in the
electrolyte. The counter electrode is made from a noble metal such as Au
or Pt. When a voltage is applied the specimen is polished in the electrolyte
region. The blank could be moved up and down in order to avoid reactions
at the electrolyte - air interface (crucial at high air humidity) and in order
to get a smaller taper angle. When there is a necked region with a small
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Figure 3.5: The two-step electropolishing procedure. A neck is etched in the first
step. In the second step the blank is further etched until two specimens are created.

radius the specimen can be moved to a low concentration electrolyte. The
electropolishing is continued until the neck no longer can support the weight
of the lower part of the blank and it drops to the bottom of the electrolyte. The
switching off can be automated by turning off the voltage when the current
drops due to the smaller anode after dropping half of the blank. The lower
part of the blank can also be used as a specimen. If needed, the specimens
can be subjected to some pulsed electropolishing to get rid of surface oxides
after this step. They can also be examined in the optical microscope or even
in the scanning electron microscope (SEM) or TEM, or FIB/SEM and further
oxides can be removed by Ga-ion milling if needed. The choice of electrolyte
and voltage for the different steps is dependent on the material, see Table 2.1
in [119] for a summary.

3.2.2 FIB/SEM Lift-out Technique

Focused ion beam/scanning electron microscopy (FIB/SEM) can also be used
for making APT specimen. The microscope is equipped with both an electron
column and an ion column, at an angle (52◦ in an FEI Versa for instance),
see Figure 3.6. Both the electron beam and the ion beam can be used for
imaging and depositing an other element, for instance Pt. The ion beam can
also be used for milling material in a highly controlled manner. Site specific
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Figure 3.6: Schematic of the FIB/SEM.

regions can be lifted out if there is a feature of interest, for instance a grain
boundary. The volume of the material needed is small, that could be beneficial
for instance if the material is slightly radioactive and small volumes of material
are preferred.

There are different ways of making a lift-out depending on the material, and
the position of the feature of interest. Here, a standard lift-out finalised with
annular milling [136, 137] is described, that can be used for site-specific speci-
men preparation from bulk material. First, a site of interest is chosen. A layer
of Pt is deposited in the shape of a square, see Figure 3.7. The area of the
square is typically in the order of 25× 2µm2. Then, a high ion beam current
is used to cut along the long edges of the deposited area, with an angle of
30◦ to the surface of the bulk specimen. The width of the cuts needs to be
enough to avoid redeposition of the milled material reconnecting the lift-out
with the bulk. One of the short edges is cut loose. Then, a micromanipulator
is attached to the end of the bar using Pt deposition. The other end of the
lift-out is cut with the ion beam. Then, the wedge can be lifted out from the
bulk. The specimen can be placed on some different types of holders, for in-
stance a prepared TEM-half-grid for correlative microscopy or a prefabricated
Si-post coupon (as in the figure). The specimen is attached on one side of
the wedge and then cut free using Ga ions. The process is continued for as
many specimens as are needed or until the bar is consumed. The Si posts
are rotated and Pt is deposited on the other side as well. The specimen can
then be sharpened using annular milling. The milling is commenced with large
inner and outer radii and a high ion beam current. Successively, the radii and
current are decreased until the needle is sharp and located in the position of
interest. The final step is a short milling session with low voltage and current
in order to get rid of ion beam damage, i. e. the amorphous surface layer, and
Ga implantation from the milling.
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Figure 3.7: Liftout procedure. a) Pt deposition on the site of interest. b) Trenches
are milled on both sides of the Pt strip. c) One side of the volume of interest is cut.
d) The volume of interest is attached to the micromanipulator, cut on the other side
and lifted out. e) A piece of the lift-out is attached to a Si post. f) The specimen is
sharpened using annular milling, ready for analysis in the atom probe.
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CHAPTER 4

Materials

Three main sets of weld metals were analysed; the irradiated Ringhals R4
reactor pressure vessel steel surveillance and Halden irradiated materials in
Papers I, II, IV, and V, the thermally aged Ringhals R4 pressurizer in Papers
III and IV, and the core barrel material from the Zorita nuclear power plant
in Paper VI.

4.1 Ringhals R4 Reactor Pressure Vessel

The materials studied are identical to the RPV welds in Ringhals R4. R4 is
a PWR commissioned in November 1983, designed by Westinghouse Electric
Company [6, 138]. The composition of the RPV welds can be seen in Table 4.1.
The welds are high in Ni and Mn, and low in Cu, compared to other reactors
worldwide. The RPV itself was fabricated by Uddcomb using SA 508 class 2
Klöckner Werke ring forgings. The welding was done by SAW with a PWHT
at 620 ◦C in order to relieve internal stresses. The surveillance blocks were
supplied by the same company, produced in accordance to the same welding
procedure specification (WPS).

The welds consist of mainly bainite. The general microstructure of the weld
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Table 4.1: Composition of Ringhals R4 RPV weld metal. Fe balance [6].

Cu Ni Mn Mo Si C P S Cr Al Co
at.% 0.04 1.58 1.37 0.29 0.28 0.31 0.027 0.007 0.04 0.05 0.01
wt.% 0.05 1.66 1.35 0.50 0.14 0.068 0.015 0.004 0.04 0.024 0.01

20 μm

Figure 4.1: Microstructure of the RPV weld metal imaged using a light optical
microscope.

is shown in Figure 4.1.

In Table 4.2, the fluence and flux for the four studied materials can be seen.
One unirradiated reference material has been studied, as well as two materi-
als irradiated in the OECD Halden Materials Test Reactor in high flux, and
one surveillance material irradiated inside the RPV of R4. The difference in
flux between the Halden irradiated materials and the surveillance material is
around 20 times. The lead factor of the surveillance material is around 3, i.
e. the surveillance material flux is around 3 times higher than the flux experi-
enced by the R4 RPV. The irradiation temperature of the Halden irradiated
materials was 290 − 295 ◦C. The surveillance material was irradiated inside
the reactor, the temperature was 284 ◦C. The main neutron irradiation spec-
trum differences between Halden and Ringhals is for the low energy neutrons
(0.1− 1 eV) that do not influence the material damage [8, 67].

Table 4.2: Irradiation fluence and flux. H refers to materials irradiated in Halden, S
refers to surveillance material.

Name Fluence (1023 n/m2) Flux 1016 n/m2s)
Reference 0 -

H2.0 2.0 2.3
H6.4 6.4 3.8
S4.6 4.6 0.15
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Figure 4.2: The transition temperature from Charpy V testing (CHV) for different
doses of the Ringhals R3 and R4 surveillance material and the material irradiated in
Halden. Reproduced, with permission from [8], copyright ASTM International, 100
Barr Harbor Drive, West Conshohocken, PA 19428.

The beginning of life DBTT for Ringhals R4 welds was quite low, −75 ◦C [6].
The influence of the dose on the DBTT for the surveillance material of R4 can
be seen in Figure 4.2. The shift is unexpectedly high, 162 ◦C for a fluence of
6 · 1023 n/m2 [6]. The large shift is generally attributed to the high Ni and
Mn content of the welds. The surveillance material of Ringhals R3 and R4
has been analysed using APT by Miller et al. [52] and Styman et al. [80].
They found a high number density (around 4 · 1023 /m3) of nanometre sized
clusters containing Ni, Mn, Si, and some Cu. Styman et al. also performed
post irradiation annealing on the R3 welds to study the cluster dissolution.
Cluster dissolution started after annealing 30 min at 450 ◦C, led by Mn atoms,
and continued during further annealing at 500 ◦C. The hardness was recovered
with the clusters dissolving. Furthermore, Hyde et al. studied the Ringhals
R3 surveillance materials using SANS [139]. The results were consistent with
the results from APT, and the combination with simulations also showed that
features that are unresolvable in the experiment should not significantly impact
the total volume fraction of features.

The mechanical properties of the Halden irradiated materials are described
in [8, 140]. What was found was that even though there is a significant dif-
ference in flux between the surveillance material and the material irradiated
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Figure 4.3: Relative hardness after annealing the RPV weld metals at 330 ◦C, 360 ◦C,
and 390 ◦C. Reprinted from Journal of Nuclear Materials, 484, Bo̊asen, M., Efsing,
P., Ehrnstén, U., On flux effects in a low alloy steel from a Swedish reactor pressure
vessel, 110-119, Copyright (2018), with permission from Elsevier.
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in Halden, the change in mechanical properties (DBTT, see Figure 4.2, and
hardness) shows the same dependence on fluence [8]. However, a difference
in hardness could be seen during the initial hours when annealing the materi-
als at a temperature of 390 ◦C, when the hardness of the high flux materials
decreased by a few percent (but not back to the hardness of the reference ma-
terial), whereas the surveillance material kept the same hardness, see Figure
4.3 [140]. The difference was tentatively attributed to small clusters in the
high flux material dissolving, but is further discussed in the results section in
this thesis and in Paper V.

4.2 Ringhals R4 Pressurizer

In 2011, the pressurizer of Ringhals R4 was removed and replaced during
outage. The base metal is of the type A533 Grade B Class 1, welded by
Uddcomb, and thus having the characteristic high Ni and high Mn, and low
Cu content in the welds, just as the Ringhals R4 RPV. A stress relief treatment
at 620 ◦C was done after welding. The analysed welds were in operation for 28
years at 345 ◦C. Two different welds were analysed, one circumferential (W1),
where the outer SAW welded part was analysed, and the inner part was welded
by manual metal arc welding due to space limitation during fabrication. The
second weld, W2, is vertical and SAW welded through the entire thickness.
Both welds can be seen in Figure 4.4. The check-in transition temperature for
the outer part of W1 was reported to be −51 ◦C, and the yield stress 579 MPa.
Bo̊asen et al. performed mechanical testing on W1 after 28 years of operation,
measuring a yield strength of 656 MPa, i. e. an increase of 77 MPa [141]. In
Paper III and IV, studies of the W2 weld are presented.

4.3 José Cabrera Core Barrel and Ringhals R2 Internals

The nuclear power station José Cabrera in Almonacid de Zorita, outside
Madrid in Spain, was decommissioned in 2006. The commissioning was in
1968. The core barrel of the Zorita power plant consists of stainless steel 304
plates. In this work, the welds (type 308) have been analysed. The welds
contain 5 − 7 % of ferrite (as measured by ferritescope) [142, 143]. The small
volume of ferrite can also be seen in the SEM image in Figure 4.5. The typi-
cal width of the ferrite is around 200 nm, making specimen preparation using
FIB/SEM necessary for APT specimen containing ferrite.

In Table 4.3 the ageing conditions are given. The samples CB-0.15, CB-1 and
CB-2 come from different positions of the core barrel, being exposed to differ-
ent flux during the life-time of the reactor. Initially, the CB-0.15 material was
chosen to be the reference of a low-dose material. However, it was found that
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Figure 4.4: The pressurizer welds W1 and W2.

10 μm

Figure 4.5: Scanning electron micrograph of core barrel weld.
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Table 4.3: Irradiation fluence and temperatures of the core barrel (CB) and reference
material welds.

Name Dose (dpa) Temperature (◦C) Time (h)
CB-0.15 0.15 280-285 231,000
CB-1 1 280-285 231,000
CB-2 2 280-285 231,000
CL 0 291 (274) 70,000 (22,000)
HL 0 325 (303) 70,000 (22,000)

the degradation of this material was well developed already after 0.15 dpa,
and thus a hot leg (HL) weld and a crossover leg (CL) weld that had not been
exposed to neutrons were introduced as references. These welds originate from
the PWR Ringhals R2 internals, a 308 type weld used for CF8M cast compo-
nents [143]. After initial ageing for 70,000 h, both CL and HL were further
aged at lower temperatures for 22,000 h (also in-reactor). The HL material is
less relevant than the CL material, as the temperature is significantly higher,
more than compensating for the shorter ageing time [144].

The overall nominal composition of the Zorita materials and the HL and CL
is expected to be similar [143, 145]. However, HL and CL have a significantly
higher ferrite Ni content than the irradiated materials. This could be due to
an overall difference in composition, or due to a slower cooling rate during
manufacturing of CL and HL, making the Ni partition from the austenite to
a higher extent. All the materials in Table 4.3 are further discussed in Paper
VI.
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CHAPTER 5

Summary of Results

In this chapter, the results of the appended papers are summarised and shortly
discussed in relation to each other. First, Paper I is described. It contains
details on the evaluation method of the clustering in the Ringhals RPV welds.
This is needed for the cluster analysis in the following papers. In Paper II,
the viability of using MTRs with higher neutron flux in order to predict the
clustering of NiMnSi-rich clusters is described. This is discussed in relation
to Paper V, where the presence of irradiation induced matrix defects, and the
effect of flux, in the Ringhals R4 RPV welds are discussed, as well as cluster
dissolution during post irradiation annealing (PIA). Paper III brings up the
topic of thermal ageing in the former pressurizer of Ringhals. In Paper IV, the
clusters formed from irradiation and thermal ageing are compared. Finally,
this chapter is concluded with results from Paper VI, where the spinodal de-
composition and G-phase formation in the José Cabrera (Zorita) core barrel
welds are characterised.

5.1 Analysis of Irradiated Materials using APT

The analysis of irradiation induced clusters in RPV steels is a challenge. There
are two steps from the actual material to the results; first of all, the resolution
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Figure 5.1: Normalised Mn-Mn radial distribution functions for a laser pulsed analy-
sis and a voltage pulsed analysis of material H6.4. Data from Paper I [146] replotted.

of the APT, which is affected by the field evaporation phenomena and local
magnification effects (matrix atoms end up inside the clusters due to the dif-
ference in field). This, together with the less than 100% detection efficiency
of the instrument, makes the clusters appear more diffuse in the APT data
than they were in the material. Some surface diffusion may occur prior to
evaporation, and furthermore there might be local magnification effects due
to the crystallography. Collapsing atomic planes, giving an increased number
of multiple events, result in evaporation between the pulses, and thus atoms
are not detected. All of these phenomena result in volumes with high or low
density, dependent on the crystallography of the evaporating surface. P and
Si are strongly affected by surface diffusion, but also other elements appear
heterogeneously distributed, such as the clustering elements Ni and Mn. This
effect is larger for laser pulsed analysis than for voltage pulsed analysis. The
RDF of Mn-Mn in the irradiated Ringhals R4 material is shown in Figure 5.1
to illustrate this. A high RDF value for small distances indicates a more well-
defined clustering. In addition to this, the definition of a cluster, or the cluster
algorithm and parameters, need to be defined in a way that differentiates the
clusters from random matrix fluctuations. In the case of the Ringhals R4 ma-
terials, the material is both high in Ni and Mn, and thus, the clusters consist
of mainly Ni and Mn, making them suitable elements for cluster identification.
However, there is still a considerable amount of Ni in the matrix, complicating
cluster identification as it decreases the relative contrast.

In Paper I, MSM (see Chapter 3.1.4) is used to identify clusters in the high
flux irradiated Ringhals R4 welds. Suitable solute atoms for cluster definitions
were found to be Ni (29 Da peak excluded due to the overlap with 58Fe++),
and Mn, and in the case of voltage pulsed analyses, Si. Using Cu only would
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give more well-defined clusters when analysing RDFs, but would on the other
hand give different cluster compositions as the Cu is not evenly distributed
within the clusters, and thus the results would be less representative. Using
Cu in addition to Ni and Mn gave a negligible improvement due to the low
Cu content. Suitable parameters were found through various methods, which
were giving similar results. For the irradiated Ringhals welds, a dmax = 0.5 nm
and Nmin = 18 are reasonable choices.

MSM could be used with first nearest neighbour (order=1) or considering
higher orders of neighbours. When comparing the first order and eight order
(with a different optimised dmax) in the H2.0 material containing small and
diffuse clusters, it was found that the eigth order require higher Nmin values,
and thus the smallest clusters could not be detected in this material. Therefore,
the first order was used (which is also the most common choice in literature).

A sensitivity analysis was made to show how much the parameter choice af-
fects the cluster analysis. The larger and more well-defined clusters in material
H6.4 (Table 4.2) were, as expected, less affected by small changes in clustering
parameters. Changing dmax ± 0.05 nm and Nmin ± 2, that are within a rea-
sonable parameter range, the number density decreased by 7% or increased by
5%, i. e. the changes are small. The same analysis for material H2.0, which
contains smaller clusters, the decrease was 35% and the increase 26%, showing
that the results are very sensitive to the exact choice of parameters, due to
the nature of the APT data.

5.2 Effects of Neutron Fluence and Flux on RPV Weld
Metal

In Paper II, the clusters formed in surveillance material (lead factor of around
3) were compared with high flux MTR irradiated materials (lead factor of 45-
75) with different fluence, see Table 4.2. In all materials, clusters containing
mostly Ni and Mn, but also Si and Cu were formed during neutron irradiation.
The clusters were found evenly distributed in the matrix, and also on disloca-
tions, see Figure 5.2. By comparing the high flux materials H2.0 and H6.4, the
effect of fluence can be studied. The cluster number density increases fast when
the irradiation is commenced and up to 2.0 · 1023 n/m2 (material H2.0, with
number density of around 4.3 · 1023 clusters/m3, see Table 5.1). In material
H6.4 (irradiated to 6.4 · 1023 n/m2), the number density of clusters is slightly
higher, in average around 6.6·1023 clusters/m3, but the rate of the increase has
decreased. In comparison, the surveillance material S4.6 has a lower number
density than material H2.0, so clearly the cluster number density depends on
flux.
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Figure 5.2: Reconstruction of APT analysis, material H6.4. Green surfaces corre-
spond to 5 at.% Ni+Mn+Si, and orange surfaces to 1.2 at.% Cu. The boxes show
all Ni, Mn, Si, and Cu atoms within two volumes of 10 × 10 × 10 nm3. Figure from
Paper II [147].
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Table 5.1: The number densities and average diameters after irradiation.

Name Average number density (1023 clusters/m3) Average diameter (nm)
Reference 0 -

H2.0 4.3 1.5
H6.4 6.6 1.8
S4.6 3.1 2.5

The size distributions of the clusters are also affected by the neutron fluence
and flux, see Table 5.1. The average size of clusters grows from 1.5 nm in H2.0
to 1.8 nm in H6.4. There is a clear flux effect as the cluster diameter of S4.6 is
considerably larger (2.5 nm in diameter) although the fluence is lower than for
H6.4. There are no signs of so called late blooming phases, a sudden increase
in clustering after longer times.

Earlier studies of mechanical properties [8] (Figure 4.2) have shown no in-
fluence of flux for the Ringhals welds. The welds irradiated in high flux in
Halden follow the same trend regarding hardness increase and DBTTs as the
surveillance material. However, the high flux materials contain a higher num-
ber density of smaller clusters than the surveillance material, compensating for
each other in terms of effect on embrittlement. It was found that the dispersed
barrier hardening model (see Chapter 2.2.4) with a fitted α = 0.15 described
the hardness increase based on the cluster characteristics obtained.

The composition of the clusters was similar in all irradiated materials, with
small effects of the fluence and flux. It was, however, interesting to find that
the size difference between the high flux materials and the surveillance material
was mostly explained by an increased number of Ni, Mn and Si atoms in the
clusters, whereas the number of Cu atoms was similar. The possibility of
formation of phases such as Γ2 (Ni3Mn2Si) and G-phase (Ni16Mn6Si7) was
discussed, but no conclusions on a possible phase transformation could be
made based on the current data. The compositions of the clusters did not
match any of these two phases.

Annealing studies of the H6.4 weld are presented in Paper V. The high flux
material was analysed using APT after annealing at 390 ◦C, 405 ◦C, 420 ◦C and
450 ◦C for 24-30 h. Earlier hardness measurements (Figure 4.3, [140]) show an
initial decrease in hardness after annealing at 390 ◦C for the high flux material
H6.4, but not for the surveillance material S4.6. An initial hypothesis of this
being due to faster cluster dissolution was turned down as there is no barrier
for cluster dissolution, and no difference in cluster characteristics were found
before and after annealing at 390 ◦C. A possible explanation is the presence of
matrix defects that are stable at reactor temperatures, but dissolved at 390 ◦C,
which are formed due to the effect of the higher flux. Assuming this, and thus
removing their contribution to the hardness, the dispersed barrier hardening
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model α parameter is fitted to 0.12, that is also within the interval found
in RPV welds in literature [78]. Thus, the hardness contribution of possible
matrix defects is small in comparison to the contribution from the clusters in
the high flux MTR irradiated material.

At 405 ◦C, the cluster dissolution starts, by a strongly decreased cluster num-
ber density, and a change in cluster composition. Ni, Mn and Si atoms leave
the clusters. The remaining clusters are slightly smaller than the original
clusters, but contain more Cu atoms, i. e. there is a coarsening process with
respect to Cu taking place at 405 ◦C. The remaining clusters are sitting on dis-
locations to a larger extent than the initial clusters. Annealing at even higher
temperatures further reduces the cluster number density. After annealing for
24 h at 450 ◦C only a small number of remaining clusters was found.

5.3 Thermal Ageing of Ringhals R4 Pressurizer Weld
Metal

The Ringhals R4 pressurizer was studied after operation at 345 ◦C for 28 years
in Paper III, and in Paper IV, where it is compared to the irradiated surveil-
lance material. It was found that thermal ageing at this temperature resulted
in clusters with an average diameter of 1.9 ± 0.3 nm forming, containing Ni,
Mn, Si and Cu. Cluster formation at these temperatures in low Cu materials
was not expected. The clusters are located mainly at dislocations, that were
present from fabrication, see Figure 5.3. The number density is smaller than
for the irradiated materials, 0.16 ± 0.05 · 1023 clusters/m3. Furthermore, the
cluster distribution is heterogeneous, as the dislocations are not evenly dis-
tributed within the weld metal. The first 300 nm in Figure 5.3 contain no
Mo-enriched dislocations, and the number of clusters in this volume is much
lower than in the volume with dislocations. The hardness of the material in-
creased with ∆HV = 32 ± 7 kg/mm2, an increase that is attributed to the
clusters, as P segregation to grain boundaries also occuring during thermal
ageing should give a non-hardening contribution to the embrittlement [17, 18].
When the pressurizer weld was annealed at 620 ◦C for one hour (simulating
PWHT), the initial hardness was regained, presumably mainly due to cluster
dissolution.

In addition to clusters on dislocations, there were also clusters containing
Ni, Mn, Si and Cu nucleated on other clusters, presumably carbonitrides,
containing V, and sometimes Cr. These carbonitrides were found in irradiated
and thermally aged material, both before and after ageing, see Figure 5.4. The
number of V, Cr, N, and C atoms in these clusters varies, as seen in the figure.
The number density of these features is low; in many analyses no carbonitrides
at all were found. They are not believed to be affected by the ageing in any
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Figure 5.3: Reconstruction of APT analysis of the pressurizer. Orange surfaces
correspond to 1.1 at.% Cu, and red surfaces to 2.0 at.% Mo. The arrow indicates a
plane of dislocations decorated with clusters. Figure from Paper III [148].

Reference Pressurizer Surveillance 

V - VN - Cr - C
V - VN - Cr - C

Ni - Mn - Si - Cu

10x10x10 nm3

Figure 5.4: Examples of the V-containing clusters, in reference material, thermally
aged pressurizer, and the surveillance material. In the reference material, only V,
VN, Cr and C are shown in a cube with 10 nm sides. In the aged materials, Ni, Mn,
Si and Cu are also included.

other way than acting as points of nucleation for the NiMnSi-rich clusters.

The cluster composition profile of the pressurizer is shown in Figure 5.5. The
composition is compared with the surveillance material cluster profile. There
is a very clear Cu-rich core of the pressurizer clusters, surrounded by Ni and
Mn. The Si content in the thermally aged clusters is low in comparison to
the irradiated material. There is also a difference in the Ni/Mn ratio, which
is around one for the clusters in the pressurizer, but 2.4 for the surveillance
material (corresponding ratios for material H6.4 is 1.7 and for H2.0 1.4). One
possible explanation might be the differences in thermal diffusion and irradi-
ation enhanced diffusion for the different atoms. Thermal diffusion is driven
by vacancies only, but during irradiation, there are also interstitials that are
affecting the diffusion, in case of P and Mn transport by the dumbbell mech-
anism [56]. PIA for 24 h at 405 ◦C and higher temperatures also change the
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Figure 5.5: Normalised cluster composition profiles for the pressurizer and the
surveillance material welds. The x-axis represents the relative radius, i. e. 1 cor-
responds to the cluster edge, and 0 to the cluster centre. Figure from Paper IV
[149].

cluster Ni/Mn ratio to around one. The total amount of Ni, Mn and Si in
the materials are similar, making this an effect of the ageing conditions rather
than initial chemistry.

The results of the pressurizer show that there will be effects of annealing of
the irradiated materials also at lower temperatures than 405 ◦C, given long
enough times. At 345 ◦C, clusters nucleate on dislocations and grow slowly
(after 28 years there are clusters, for other times the evolution is currently
unknown), at 405 ◦C, most of the Ni, Mn and Si leaves the clusters within
24 h, and Cu-rich clusters coarsen. At 420 ◦C the clusters dissolve. In other
words, the impact of thermal ageing and annealing over time is complex.

A central question is the difference between the thermally aged and the irra-
diated RPV welds regarding the nucleation of the clusters. In the thermally
aged materials, it appears that the clusters nucleate on a range of different fea-
tures; boundaries, dislocations and small vanadium carbonitrides, and a few
clusters directly in the matrix. In the irradiated materials, defects are pro-
vided to nucleate on in the matrix, as the neutron irradiation result in matrix
defects, such as small clusters of vacancies and interstitial loops. Vacancies
has previously been observed by positron annihilation spectroscopy (PAS) to
be associated with Cu in Fe-Cu model alloys, acting as points of nucleation
[150]. Interstitial loops have been found to be the nucleation points of clusters
and results match cluster number densities in Ringhals surveillance materials
in the object kinetic Monte Carlo model by Messina et al. and Chiapetto et
al. [59, 151]. In thermally aged RPV welds with higher Cu content, clusters
have been found to be homogeneously distributed within the matrix [84, 88],
thus indicating the Cu content as important for nucleation. In the low Cu
Ringhals R4 pressurizer welds, any dislocation or other feature is attractive
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for nucleation of clusters.

5.4 Degradation Phenomena in Austenitic Welds

The degradation in the ferrite of the austenitic welds in the HL material from
Ringhals R2 and the irradiated Zorita core barrel (Paper VI ) is of a differ-
ent nature than in the RPV, due to the much higher Cr content. The ferrite
spinodally decomposes into Fe-rich and Cr-rich volumes. Already after irra-
diation to 0.15 dpa (material CB-0.15) the effect is almost saturated, and no
difference can be seen between irradiation to 1 (CB-1) and 2 dpa (CB-2) in
the ferrite. The G-phase formation differs from material CB-0.15 to CB-1 and
CB-2, where the clusters are more well-defined.

In the austenite of the irradiated materials, small P clusters are found after
irradiation to 0.15 dpa. In the CB-1 and CB-2 materials, Ni-Si precipitates
were found, as well as loops enriched in Ni and Si. The Ni/Si ratios of the
precipitates and loop segregations were found to be between 1.6 and 2.7. In the
thermally aged materials, the austenite was found to be unaffected by ageing.

The ferrite/austenite boundaries were affected by ageing. The amount of Ni
and Si segregating to the interface increased with dose. In CB-1 and CB-2, the
Ni and Si form elongated precipitates on the boundary, similar to those found
at a low angle grain boundary. The distribution of other solute elements such
as P is also found to vary dependent on dose. The P content on the interface
is higher in CB-0.15 than in CL. However, CB-1 and CB-2 show a decreasing
trend in boundary P content.

In the CL material, thermally aged at a temperature similar to the temperature
of the irradiated materials, no spinodal decomposition or G-phase precipitation
is detected. The distribution of elements in the austenite is found to be random
after thermal ageing. It is thus concluded that the irradiation plays a crucial
role in the degradation of the welds. The work on the austenitic welds is
ongoing, and the results will be further complemented by more characterisation
techniques in order to be able to discuss the degradation and the impact on
properties in detail.

5.5 Conclusions

This thesis contributes to understanding the behaviour of high Ni and Mn, low
Cu, RPV weld metals under neutron irradiation, and the difference in cluster
characteristics when irradiated at high fluxes. The increase in cluster number
density and size is gradual in the Ringhals R4 welds, and does not appear to
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accelerate at high fluences. Thus, the results do not implicate the presence of
so called late blooming phases in the material, but rather a continuous (but
retarding) precipitation and growth for the fluences analysed. The use of a
higher flux (lead factors up to 75) to simulate the neutron irradiation in a PWR
in operation results in similar hardening as in the surveillance material, due
to slightly smaller clusters with a slightly higher number density forming. A
small part of the contribution to hardness probably comes from matrix defects
that are behaving differently dependent on flux.

Furthermore, long term thermal ageing of the Ringhals R4 pressurizer welds,
which have similar composition as the RPV welds, results in clusters located
mainly on dislocations. The number density of these is one order of magni-
tude lower than in the irradiated welds, but the clusters’ size is similar, and
the compositions of the clusters are similar but irradiated clusters contain less
Cu, as expected from other studies. All these results are relevant in the con-
text of comparing microstructural observations with both atomistic studies
and the large scale mechanical properties of the materials, in order to further
understand the mechanisms of degradation and the effects on properties.

The austenitic welds with remaining ferrite show the multiple types of degra-
dation occurring in components exposed to both irradiation and heat in a
reactor in operation. After irradiation to 0.15 dpa, the microstructure of the
ferrite of the weld was strongly affected by irradiation. Due to the complexity
when many phenomena are occurring, this part of the project needs further
work to be concluded.
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CHAPTER 6

Outlook

Based on the conclusions in the previous chapter and the knowledge within
the field, the following complementary investigations are suggested.

• In order to further study the effect of flux, an actual RPV that has been
in operation could be studied. No reactor with the high Ni and Mn, and
low Cu content has been analysed after decommissioning using APT so
far.

• A further investigation of the matrix damage, and its contribution to me-
chanical properties in the high Ni and Mn RPV materials. In the Halden
irradiated RPV welds, part of the hardness increase during irradiation is
probably from matrix damage. However, the methodology of using hard-
ness measurements and APT is indirect, and direct measurements such
as PAS and possibly also simulations would be of value. Furthermore, in
this project nothing could be concluded using only APT and hardness
measurements on the matrix damage in the surveillance material, thus
further understanding would be useful.

• Understanding the differences in the compositions of the irradiated clus-
ters, and how these differences compare to the composition of the clusters
in the thermally aged pressurizer would be interesting. It would be in-
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teresting to compare the APT results with for instance modelling results
to understand more of the mechanisms behind the differences.

• The austenitic welds need to be further characterised using TEM in
order to obtain larger field of view to make more general conclusions of
the degradation.
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