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Abstract

Harsh fission and fusion reactor environments lead to radiation damage in nuclear materials in the form
of nanoscale precipitation events. Such microstructural changes can ultimately compromise macroscopic
material properties. Understanding the evolution of nuclear material properties over their operational

lifetime is crucial for the provision of safe, reliable nuclear power generation.

This thesis aims to demonstrate how advanced scattering techniques can contribute to the understanding
of nanoscale transitions in nuclear materials systems. It focuses on materials of interest in the current
nuclear landscape where knowledge gaps and contradictions exist on the structural and compositional
properties of both thermal ageing induced and irradiation induced precipitates. Specifically, it presents
novel applications of small angle scattering (SAS) techniques to the study of both thermal ageing induced
and irradiation induced precipitation damage to showcase the versatility of SAS for characterising
the differences between the two mechanisms of precipitation damage. The systems of interest are
life-limiting nuclear materials such as low alloy reactor pressure vessel (RPV) steels and tungsten as a
fusion plasma-facing material. These material systems were chosen as they are critical for the future of
nuclear power generation (advanced light water fission reactors and commercial fusion reactors) where
there is an industry requirement to increase the understanding of how thermal ageing induced and

irradiation induced precipitation damage can lead to adverse material property evolution.

A high Ni RPV weld thermally aged for 100 000 hours at 330 °C was studied using SAS to complement
previous findings from other investigative techniques. Magnetic precipitates with mean radius 2.01 +
0.06 nm were observed using small angle neutron scattering. The first use of anomalous small angle
x-ray scattering on this RPV material system allowed for the explicit consideration of the role of iron

and vacancies on thermal ageing induced precipitation which is often omitted in literature.

A series of model Fe-Cu-Mn-Ni RPV alloys were thermally aged to elucidate the role of alloying elements
on precipitate nucleation and growth. SAS was used to extract precipitate properties and also for a
novel in-situ ageing study on the kinetics of precipitation. The structure and likely composition of
thermal ageing induced precipitates was confirmed. It was found that Mn suppresses precipitate growth
in the presence of Cu and Ni during thermal ageing. A comparison between the mechanisms of thermal

ageing and irradiation induced precipitation was made.
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A novel proton irradiation configuration was used to investigate transmutation reactions and precipitation
damage in pure tungsten. Displacement damage up to 0.414 dpa was reached, with small fractions of
rhenium, osmium and tantalum transmuted during irradiation. Due to the limited transmutation, the
matrix damage was identified, using SANS, as a network of spherical nanoscale voids that increase in

size and volume fraction with increasing damage in irradiated tungsten.

Material hardening and embrittlement due to the presence of nanoscale precipitates has been quantified

for each material system using microindentation and nanoindentation hardness techniques.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

1.1.1 Background

Over the last 70 years, the energy demand has increased drastically due to an increasing population and
high levels of consumption attributed to the digital age, as shown in Figure 1.1. This global demand is

predicted to continually increase over the next 30 years [1].

250 history projection petroleum
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Figure 1.1: Graph showing global energy consumption as a function of time separated out per energy source

[2].

Now more than ever, as we observe both an increase in demand and a reduction in finite resources for

energy production, there is a requirement to provide a reliable, sustainable baseline method of producing
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energy. The net zero target on carbon emissions has been set to 2050 by the UK Government’s Climate
Change Act [3]. Whilst such a target can only be met with a collaborative effort from renewable energy
sources, such as wind, solar, and hydrogen technologies, the continued operation and development of

nuclear reactors will play a crucial role in contributing to carbon-free electricity generation.

For 50 years, nuclear reactors have contributed to a significant portion of the civil power generation
industries on an international scale. Historically in the UK, net nuclear power generation has come
from the operation of fission reactors. The current operational fleet of generation III reactors are all
owned and operated by EDF Energy, with 11 reactors (10 advanced gas-cooled reactors (AGRs) and 1

pressurised water reactor (PWR)) split over 6 sites [4].

In combination these reactors have produced a total of approximately 2000 TWh of electricity over their

lifetime, with a contribution to the UK energy generation of 17.3 % in 2019, as shown in Figure 1.2.

Other Qil &
renewables Coal 2.1%  other
11.5% fuels 2.8%

Hydro
1.8°
Muclear
17.3%

Figure 1.2: Pie chart showing energy production in the UK by source in 2019 [5].

The earliest stations in the fleet began operation in 1976, and most reactors had an initial operating
period outlined as 40 years. Through EDF’s lifetime management strategy, the operational life of the
UK reactor fleet has been significantly extended. The lifetime management strategy is reliant on the
formation of safety cases for all aspects of the plant that provide evidence of safe continued operation
in line with the nuclear safety principles outlined by the UK regulator (Office for Nuclear Regulation,

ONR). Such evidence includes detailed modelling and damage assessments, inspection, and monitoring

12
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of components.

These reactors are coming towards the end of their lives within the next 10 to 15 years, meaning there
needs to be planned construction and operation of new reactors to fill the power generation gap. It
is noted that EDF has proposed an additional 20 year life extension for the Sizewell B PWR [4]. In
addition, there are several proposed future sites of generation I+ reactors in the UK by a joint venture
between EDF and China Generation Nuclear (CGN) using the French European Pressurised Reactor
(EPR) design:

e Hinckley point C (under construction)
e Bradwell B (proposed)
e Sizewell C (proposed)

For the two operational PWRs at Sizewell B and the proposed future EPRs, the study of life-limiting
light water reactor (LWR) materials is crucial. Such life-limiting materials include structural ferritic low
alloy steels that must be qualified for continued safe operation. Low alloy steels must also be considered
in the design of generation IV advanced reactor systems, such as molten salt reactors and fast reactors.
The development of advanced nuclear steels that are resistant to radiation damage is critical for the

lifetime performance of future fission reactors, to which this work contributes.

In addition to fission reactor advances, endeavours to commercialise nuclear fusion for power generation
have been ongoing over the last 60 years to keep up with ageing fission reactors and increased demand
for safer nuclear energy. Plasma physics experiments from the 1970s, such as the Joint European Torus
(JET) project, have demonstrated successful power output from nuclear fusion. However, there is yet
to be a fusion device that can output more power than the heat required to generate the plasma [6].
With the EU Roadmap to fusion [7] outlined by the EUROfusion and Fusion for Energy programmes,
upcoming international projects such as ITER and DEMO showcase the continued growth of the fusion
research and development field. Nuclear fusion has a unique set of advantages over traditional fission,
including the use of abundant fuel (hydrogen and its isotopes), the absence of nuclear accident or
proliferation risks from the use of fissile uranium or plutonium fuel, and less long-lived waste products.
Despite this, the development of commercial fusion reactors is accompanied by a large set of known

challenges (e.g. transmutation effects and degradation of superconducting magnets) and unknown

13
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challenges associated with long term power generation that have not yet been realised due to the current
maturity of fusion devices. Whilst the regulatory process has not yet been outlined for commercial fusion
reactors in the UK, and whilst the operational safety considerations are different, it is likely it will follow
a similar evidence-based safety case approach as for fission reactors. As such, this work aims to test
the current understanding of irradiation-induced damage and fill knowledge gaps on the mechanisms of

nanoscale precipitation and the associated evolution of hardness in critical nuclear fusion materials.

1.1.2 Material challenges

1.1.2.1 Fission

A key challenge for the safe operation of LWRs is the integrity of the reactor pressure vessel (RPV).
The RPV itself is considered a life-limiting component due to its safety function and size, as it is
uneconomical to replace. It acts as the primary containment for the reactor core, as shown in Figure

1.3, and must be able to withstand high pressure at a range of temperatures.

RPVs are typically ferritic low alloy steel systems made up of plates and forgings that are welded
together. Austenitic stainless steel is used to line the inner RPV surface due to its superior corrosion
resistance. The austenitic stainless steel cladding is welded to the ferritic RPV whih can result in the
build up of residual stresses during operation due to the difference in the thermal expansion coefficients
[8]. These residual stresses can lead to crack initiation and propagation in combination with thermal
and mechanical stresses during operation of LWRs, and so the cladding interaction must be considered

during the qualification of RPV materials.

14
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Figure 1.3: Schematic diagram of the RPV of a pressurised light water reactor [9].

Under exposure to elevated temperatures (around 300 °C) and harsh radiation fields (primarily neutron
and gamma) over their lifetime in a reactor, RPV steel alloys undergo significant microstructural
changes, including matrix damage and solute precipitation on the nanoscale. These thermal ageing
and irradiation damage processes ultimately lead to macroscopic changes in properties such as strength
and hardness. Hence, an understanding of the evolution of mechanical properties of the RPV over
its lifetime (from construction through to decommissioning) must be demonstrated. In combination
with design codes, regulatory standards, and detailed material qualification, tolerances on the property
evolution through life, i.e. the amount of damage that an RPV can sustain whilst still performing its

primary containment safety function, must be outlined in the relevant safety cases. This is important

15
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for current and future life extension principles for LWRs, but also for the design of advanced reactor

systems that may also utilise low alloy steels as structural materials [10].

It has been shown through multiple irradiation and thermal ageing damage studies on RPV steels
that embrittlement can occur which leads to an increase in the ductile-to-brittle transition temperature
(DBTT) and a decrease in fracture toughness [11, 12, 13, 14]. During normal operation, the RPV
temperature is above the DBTT and so the low alloy steels remain ductile. However, an increase in
DBTT can mean that if the reactor core is cooled rapidly during shutdown or accident scenrarios,
the RPV temperature could decrease below the DBTT. Such an effect can compromise the structural
integrity of the RPV if the temperatures, and hence stresses, in the RPV change rapidly. Understanding
the evolution of mechanical properties is crucial in normal operation where resistance to pressurised
thermal shock is critical [15], but also under severe accident scenarios, such as loss of coolant accidents

and Fukushima-type core loadings.

This field of research has been ongoing for many decades, however there are still knowledge gaps on
microstructural evolution and solute precipitation in service that exist due to the complexity of the
loading conditions and damage mechanisms in low alloy steels. For example, the solubility of certain
alloying elements such as Cu, Mn and Ni in an Fe matrix have been disputed [16, 17, 18, 19], in addition
to the effect of certain alloying elements on both the irradiation and thermal ageing induced precipitation
process [20, 21]. Recently, the composition of induced precipitates in RPV steels have been studied with
a particular focus on the Fe and vacancy contents, with several studies reporting contrasting findings
[22, 23, 24]. As a result, a combination of investigative techniques is required during damage studies to
validate the observations of precipitate structure and composition. It is also apparent that during such
studies, the mechanisms of irradiation and thermal ageing induced precipitation should be considered

since both are pertinent to reactor materials. A detailed literature review is presented in later chapters.

1.1.2.2 Fusion

A key challenge in fusion research is the qualification of materials under extreme temperature and
irradiation flux loadings, which are typically more onerous than in current generation fission reactors.

This is particularly important for plasma facing components (PFCs) such as the first wall material and

16
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divertor that are subject to:
e High energy neutron interactions (> 14 MeV)
e High temperatures (> 500 °C [12])
e High heat fluxes (> 10 MW /cm? at the divertor [25])

The evolution of plasma facing material (PFM) properties during operation are at the forefront of
current fusion materials research. Such candidate materials include tungsten and beryllium due to their
excellent physical and thermal properties that are retained at high temperatures. The divertor function
is to act as an exhaust for the plasma by removing impurities. The divertor system is located at the
base of the tokamak where it must be able to withstand extreme heat fluxes and temperatures. For the
ITER design, the divertor is comprised of 54 cassettes, each with a plasma facing tungsten monoblock

with its own dedicated cooling system [26]. A CAD diagram of a single cassette is shown in Figure 1.4.

Divertor cassette assembly

Plasma-facing unit (PFU)

Monoblock

Cu interlayer

CuCrZr cooling tube

Figure 1.4: CAD diagram of a single divertor cassette for the ITER divertor [26].

The damage mechanisms at play in PFMs are similar to those observed in RPV steels due to the presence
of high neutron fluxes and temperatures, where induced nanoscale precipitation can increase hardness
and reduce fracture toughness. The divertor itself must be able to retain its structural integrity and

thermal properties over its lifetime in a fusion reactor.

A key phenomenon in PFMs that must be understood and quantified by research studies is the transmutation

of the original material due to high energy neutron interactions. This is more pertinent for fusion

17
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materials where the neutron energy spectrum is significantly shifted to higher energies dependent on

the fuel. For deuterium-tritium fuel, the fusion reaction emits neutrons with 14.1 MeV.

Transmutation, in addition to matrix damage caused by incident radiation, can lead to precipitation of
unfavourable alloying elements. In tungsten, the transmutation of rhenium and osmium can form brittle
precipitate phases during its lifetime as a divertor material that can lead to compromises in mechanical
and physical properties [27, 28]. The current scientific research focusses on transmission electron
microscopy (TEM) based studies of such precipitates. TEM only characterises small sample volumes, so
it can be complimented with alternative investigative techniques such as small-angle scattering (SAS)

to obtain statistically averaged bulk precipitate properties as a method of validation.

1.2 Aims and objectives

Harsh fission and fusion environments lead to irradiation induced and enhanced damage and thermal
ageing where knowledge gaps on nanoscale material transitions, such as solute precipitation, exist.
Induced solute precipitation events can compromise macroscopic material properties. The structural
integrity of such nuclear materials that exhibit precipitation damage is of increasing importance, especially
as many current nuclear installations are at a fundamental point where their suitability for continued

operations is being considered and where new reactor designs are under development.

The primary aim of this work is to demonstrate how advanced scattering techniques can provide vital
insight into the research and design of nuclear materials, and be used as a validation tool for other
damage characterisation techniques. SAS uses subatomic particles, such as neutrons and x-rays, to probe
materials at atomic scales to obtain information such as shape, size, size distribution, and composition
of scattering objects. This work will showcase how a variety of SAS techniques can be combined to
provide a comprehensive understanding of nanoscale solute precipitation. This will provide knowledge
on precipitation events in RPV steels and tungsten, as introduced in Section 1.1, that have a critical

impact on the evolution nuclear material properties.

The advanced scattering techniques, including variations of small-angle neutron scattering (SANS) and

small-angle x-ray scattering (SAXS), have been used to study thermally aged and irradiation induced

18



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

precipitation damage in three different systems that span across various nuclear material lifecycle stages,
ranging from in service and candidate RPV steels, to high purity candidate PFMs. The decision
to investigate a range of materials across the reactor lifecycle is especially important in the current
nuclear climate whereby the life extension of operational fission reactors, the design of advanced fission
reactors and large-scale fusion reactors are being considered. The SAS investigations chosen to quantify

precipitation events in each material system are as follows:

1. SANS and anomalous small-angle x-ray scattering (ASAXS) for the study the magnetism of
precipitation in an in-service type high Ni RPV weld steel to add value to data gained from

other investigative techniques;

2. Using novel SANS and ASAXS experimental setups as a demonstration of the study of nanoscale

precipitation kinetics in current model low alloy RPV steels; and

3. SANS as an investigative technique for studying precipitation damage in high purity tungsten as

a future PFM induced using novel irradiation methods.

The key scattering techniques employed include SANS, SAXS, ASAXS with novel experimental setups
to map precipitate and void shape, size distributions, and stoichiometry. The combinations of such
techniques for forming robust conclusions on precipitate damage in nuclear materials is explored in
this work. It will be shown how the unique set of advantages and disadvantages of other techniques
used to study precipitation damage, such as atom probe tomography (APT) or positron annihilation
spectroscopy (PAS), mean that one must ensure enough overlap in the assumptions and validity of

analysis methods to give confidence in obtained results.

1.3 Outline

The structure of the remainder of this thesis is as follows:

e Chapter 2: An introduction to advanced scattering theory is presented. It introduces concept
of thermal ageing and irradiation damage in nuclear materials, and how one can investigate
precipitation damage specifically using SAS. A general understanding of the neutron and x-ray

interactions with matter is presented, alongside derivations of key scattering equations and quantities
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needed for the study of nuclear material systems. It also provides discussions on experimental
parameters and how one can extract useful information from SAS data to form a quantitative

map of induced precipitate properties in the three material systems of choice.

e Chapter 3: An overview of the common methodologies employed for the study of all three materials
systems of interest is provided. This includes key details such as sample preparation, metallurgical

characterisation techniques, and the approach to detailed analysis of SAS data.

e Chapter 4: A presentation of how SAS can add value to data gained from other investigative
techniques in a material where precipitation has been observed. This aims to validate previous
investigations on a novel high Ni RPV weld, which has been thermally aged for 11 years. It
presents SANS and ASAXS data which can extract structural precipitate information, shed light
on the role of magnetism in precipitates, provide an assessment of the Fe and vacancy content of
the induced precipitates. The results are critically assessed against other RPV steel compositions

studied in literature and significantly shorter accelerated thermal ageing investigations.

e Chapter 5: A presentation of how SAS can be used to demonstrate material transitions in-situ
and test the understanding of current RPV materials. It utilises a series of model low alloy RPV
steels, where the key elements of interest (Cu, Mn and Ni) and their role on irradiation and
thermal ageing induced precipitation are investigated. A thermal ageing SAXS and SANS study
has been carried out to elucidate the role of these elements on precipitate structure, composition,
and magnetism. A novel in-situ ageing SANS experiment is also presented to investigate the
kinetics of precipitation and how this can translate to predicting long term properties of in-service

RPV alloys.

e Chapter 6: A presentation of a SANS study to investigate transmutation and solute and void
precipitation in high purity tungsten. Here, a novel method of proton irradiation is developed
to encourage the transmutation of tungsten and the formation of irradiation induced precipitates
and voids at varying damage levels. The effect of this proton irradiation on displacement damage,
transmutation reactions, induced activity, precipitate type (solute or voids) and properties, and
material property evolution is investigated in a SANS study on this high purity system. The

results are used to evaluate the expected damage induced over its lifetime as a PFM and to inform
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the tolerance on such property changes to ensure it continues to meet its operational requirements.

e Chapter 7: A summary of the conclusions on the use of SAS to study radiation and thermal ageing
induced precipitation damage in nuclear materials is provided. This presents the overall findings
for each material system in the context of how the information can be used in the field of research

and for SAS investigations in other nuclear systems.

e Chapter 8: A presentation of potential future work. This summarises the areas of interest identified
through this work that are outside of the scope of this thesis, but that would nonetheless be exciting

to provide answers for.

21



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

CHAPTER 2

ADVANCED SCATTERING FOR THE STUDY OF
RADIATION DAMAGE

2.1 Introduction

A primary aim of this work is to show how advanced scattering techniques can be an invaluable tool
for the study of nanoscale microstructural evolution in nuclear materials caused by thermal ageing and
irradiation. This chapter introduces on the mechanisms of radiation induced damage that can lead to
precipitation events. It will also introduce the choice of the material systems studied in this work with

regards to current knowledge gaps and points of interest.

This chapter focusses the advanced scattering techniques of interest and the motivation for using such
techniques to quantify radiation induced precipitation damage. It presents fundamental neutron and
x-ray scattering theory that will enable the reader to understand the experimental methodologies and

interpret the results presented in later chapters in this work.

2.2 Radiation-induced damage

As introduced in Chapter 1, understanding the mechanisms of radiation damage and induced nanoscale
microstructural changes can form a link between radiation exposure and material properties. The

key challenges facing fission and fusion reactors are linked to safe and reliable nuclear materials. The
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mechanisms of irradiation induced displacement damage and thermal ageing precipitation are discussed

in this section.

With the current civil nuclear reactor fleet in the UK approaching the end of power generation in
the next 15 years, there are several proposed generation III+ PWRs under consideration to fill the
gap. The RPV of a PWR acts as structural containment to the primary circuit and is a barrier to
radioactive material release. RPVs are typically made of low alloy ferritic steels and are not designed to
be replaceable components, and so their structural integrity over the reactor lifecycle must be maintained
with consideration of the high temperatures and neutron fluxes experienced. This is a key research area

where the current understanding must be challenged and developed.

The qualification of candidate fusion materials remains a particular challenge for the commercialisation
of fusion devices, as outlined by the EU roadmap [7]. This is strongly coupled to the future regulatory
requirements for such installations. Of particular interest is the radiation induced property changes
in PFMs such as tungsten. In a similar way to fission materials, there is a need to contribute to the
literature by understanding the nature of radiation induced damage mechanisms and their subsequent

effects on the microstructure and mechanical properties.

2.2.1 Microstructural effects of irradiation

There are there two main types of irradiation damage: displacement damage and transmutation. The
former is considered to be the driving force for precipitation events in response to bombardment with
high energy radiation. The latter is an important secondary phenomenon when considering the fraction
of solute atoms present in the material matrix that is available for the precipitation process. The

fundamental mechanisms of displacement damage are discussed to provide a basic understanding.

The primary knock-on atom (PKA) is the first atom that recoils when incident with a high-energy
radiation particle, for example a neutron. These PKAs can then collide and produce higher order
knock-on atoms, displacing the original atoms in the material and until they deposit their energy; the
result is a collision cascade whereby the damage is concentrated in a small volume [11]. This collision
cascade ultimately induces point defects in the lattice in the form of interstitial and vacancy pairs, often

referred to as Frenkel pair defects. In crystalline systems, such defects can migrate through the lattice
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and cluster into matrix damage. It should be noted that over 95% of interstitial and vacancy defects

caused by the PKA recombine.
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Figure 2.1: Schematic diagram of the damage spike [11].

The resultant damage can be quantified by the displacements per atom (dpa) — that is, the average
number of displacements an atom experiences due to the incident radiation. The damage rate, R, as a

function of energy of incident radiation (displacement rate per unit volume), can be described by
Emax
R = N/ op(E)op(E)dE (2.1)
Emin

where N is the atomic number density of the material, E,.i,/max are the minimum and maximum energy
or the incident particle respectively, ¢(E) is the incident particle flux as a function of energy, and op(E)

is the displacement damage cross section as a function of energy, described by

- / T (B TY(T)dT (2.2)

Tmin

where Thin /max are the minimum and maximum energy transferred to the incident primary recoil atom
in the collision respectively, o(E,T) is the cross section for the PKA-lattice atom interaction, and v(T)
is the number of atomic displacements caused by the collision with the PKA. In the Kinchin and Pease

displacement damage model [29], a hard-sphere interaction model is used for such collisions to obtain
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v(T).

It is assumed that below a threshold energy, Ep, an atomic displacement does not occur. This

displacement energy is used to define trends of v(T) in the Kinchin and Pease model as

o(T) = 2 UOED o(E)E + /QED o(B)IE + /T v(E)dE} (2.3)

Ep 2Ep

where the first integral is equal to zero, the second is equal to 1, and the third is a monotonically

T

35, up to T = Ec. Above E¢, the number of displaced atoms remains

increasing function with T as
constant at 2]}33—% This is shown schematically in Figure 2.2. The reader is referred to [11] for more detail

on displacement damage interactions in irradiated materials.

A

Number of displaced atoms (v)

1
Ey 2E, E
PKA energy (7)

Figure 2.2: Evolution of the Kinchin and Pease model for atomic displacements as a function of PKA
energy [11].

Additional lattice effects can contribute to the total number of recoil atoms produced by a PKA, which
challenge the set of assumptions on which the original Kinchin and Pease model was based. As such,
there have been several modifications to the Kinchin and Pease model, which account for energy loss by
electron excitations, realistic energy transfer cross sections, consideration of the displacement threshold
energy in the overall energy balance of the system, and the crystallinity of systems allowing for focussing
and channeling of point defects [11]. The Norgett Robinson Torrens (NRT) model [30] is the recognised

international standard model since it includes such modifications. It describes the total number of
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interstitial-vacancy pairs produced by a PKA as

0 when Tp < Ep
UNRT = 1 when Ep <Tph < % (2.4)
0.8TpEpra 0.8TpEpka
T when T <Tp < o0

where Tp is the fraction of the kinetic energy of the PKA, Epka, dissipated during elastic collisions, and
Ep is the threshold displacement energy. Tp explicitly accounts for energy losses during the cascade to

electron excitation.

The mobility of point defects in the lattice, such as vacancies and self/solute interstitials, left over
after the original damage cascade can lead to three main microstructural changes that can result in

embrittlement [11, 31, 32, 33]

e Matrix damage - clusters of vacancies and interstitials that can precipitate to form fine scale

secondary defects such as dislocation loops and voids.
e Segregation - segregation of small elements such as P, Cr and Si to grain boundaries.
e Precipitation - clustering of interstitial solute atoms that impede dislocation movement.

The defects induced in the microstructure, after accounting for recombination, often result in evolution
of material properties which may affect performance in reactor environments where safety and integrity
are critical. For example, the decrease in toughness via hardening mechanisms, such as matrix damage
and solute precipitation, is a direct consequence of an increased number density of obstacles that
can reduce dislocation mobility in the matrix. This can compromise the structural integrity of such
materials and thus presents itself as a costly and inherently unsafe problem in materials subject to high
levels of damage. Hence, quantifying the ability of nuclear materials to maintain their properties in
response to microstructural evolution during operation is a crucial area of research. This is of particular
importance for PFMs in fusion reactors where mechanical properties, such as toughness, are required

to be maintained at high temperatures to maximise performance.

Plasma facing components in fusion reactors typically have the most onerous neutron flux and temperature
exposures. The tungsten divertor at ITER is predicted to experience damage levels up to 0.6 dpa over

its operational lifetime [34], and so an understanding of precipitation events induced by this level of
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displacement damage is crucial. In addition, the effect of transmutation due to high energy neutron
exposure on the type and fraction of solute atoms present in the matrix is vital for understanding the
evolution of mechanical properties. The majority of research on radiation induced damage in candidate
PFMs, such as tungsten, has been confined to quantification using laboratory based microscopy techniques
[35, 36]. In tungsten, at high damage levels transmuted elements such as Re and Os have been found to
form brittle precipitate phases [28, 37, 38], and voids have been observed at low damage levels, however
there are limitations to the documented findings on the size distribution of such precipitates and voids,

leaving gaps that can be filled by advanced scattering studies of radiation damage.

The evolution of mechanical properties due to radiation damage is also key for RPV steels where a high
fracture toughness and low DBTT is required to provide resilience over long operating lifetime periods
and in accident scenarios. In RPV steels, radiation induced precipitation is dominated by the presence
of Cu, Mn, Ni and Si interstitials within the predominantly Fe matrix. Historically, high Cu RPV
steels have been found to favour the formation of copper rich precipitates due to neutron exposure [39].
At sufficiently high damage levels, Mn, Ni and Si have been observed in such copper rich precipitates
[40, 41]. Modern RPV alloys have favoured low bulk Cu contents to minimise such effects of Cu on
radiation induced precipitation, however the property evolution has been found to still depend on the
presence of Mn and Ni. The role of Mn and Ni on precipitation is particularly important for low Cu

in-service RPVs and remains under review in the literature [19, 42].

2.2.2 Microstructural effects of thermal ageing

Whilst the mechanisms of inducing microstructural damage are different to irradiation, thermal ageing
can lead to matrix precipitation events that affect properties in an analogous way to those induced by

interactions with a PKA.

In the absence of irradiation, the increased diffusivity of alloying elements at elevated reactor temperatures
coupled with the solid solution solubility in the matrix can lead to clustering and subsequent precipitation
of solute atoms [43, 44]. Solute precipitation is closely coupled with the presence of vacancies in
a material, where vacancies directly facilitate the random diffusion of solute atoms in the matrix.

When similar solute atoms come into contact, they form a cluster which acts as a nucleation point
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for precipitation, whereby further matrix solute atoms preferentially join cluster due to the reduction
in interfacial energy. This leads to precipitate growth on the nanoscale, which can directly impede
dislocation motion. The temperatures and timescales at which such thermal ageing induced precipitation
events occur are highly dependent on the solubility of alloying elements in the material matrix [43].
Hence, thermal ageing induced precipitation events in nuclear material systems are an important damage
mechanism that must be considered over a reactor lifetime, due to high temperature exposure and

onerous operation periods.

This is a particularly pertinent phenomenon in RPV steels, where the increased mobility of solute atoms
that have limited solubility in Fe, such as Cu, Mn, and Ni, play a key role in thermal ageing induced
precipitation [17, 18, 20, 45]. At elevated temperatures, these elements often redistribute themselves
and cluster together to form precipitates in the matrix, because it is favourable for them to minimise
their energy. This process is highly nuanced and depends on the relative quantities of each element,

ageing time, and temperature as to how much precipitation is thermodynamically stabilised.

The synergistic role of Cu, Mn and Ni on precipitate nucleation and growth is still under dispute
[46, 47, 48]. Thermal ageing studies in low alloy RPV steels have shown that vacancies in the matrix
play a key part in the precipitation process [23, 49]. Previous studies that have considered the coupled
vacancy and Fe content of thermal ageing precipitates report contrasting findings [13, 22, 50], and so the
interplay between Fe, vacancies, Cu, Mn and Ni during thermal ageing is still a key area of interest in
the literature. The study of thermal ageing can also provide insight into the role of temperature in the

irradiation induced precipitation process due to the enhanced diffusion of solute atoms [20, 21, 48, 51, 52].

The majority of thermal ageing induced precipitation studies in RPV steels are carried out at elevated
temperatures to reduce the ageing time required [19, 53]. In this work, a high Ni RPV weld alloy has
been selected as part of the advanced scattering investigation due to its novel thermal ageing history. It
has been thermally aged under represenatitive in-service LWR conditions: 100 000 hours (/11 years) at
330 °C. This long-thermally aged weld has been previously studied using APT [54] which provides an
exciting opportunity to validate and challenge the structural and compositional precipitate information

obtained.

The specific roles of alloying elements in the precipitation nucleation and growth process in RPV steels
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can be investigated using model compositions. This allows for isolation of elements of interest such as
Cu, Mn and Ni, and has been successfully completed in radiation induced damage studies previously
[50, 55, 56, 57]. The same approach can be applied to thermal ageing studies that aim to elucidate
the interaction between alloying elements and their combined effects on structural and compositional

precipitate properties.

2.2.3 Quantifying radiation-induced precipitation damage

There are several methods of quantifying radiation induced precipitation damage that have been used
in literature studies over the last 40 years to contribute to understanding and provide validation,
including small-angle scattering, atom probe tomography (APT), transmission electron microscopy

(TEM), positron annihilation spectroscopy (PAS), and hardness testing.

When reviewing the existing understanding of radiation induced precipitation from literature, it is
important to note that each investigative technique has its own unique set of advantages and disadvantages,
as discussed in later paragraphs. The maximum impact comes from utilising a range of techniques to
corroborate results. In this work, multiple advanced scattering techniques have been used in combination
to quantify both thermal ageing and irradiation induced precipitation damage. This has been coupled
with metallurgical and property characterisation techniques, such as microscopy and hardness testing,

to understand the macroscopic effect of nanoscale evolution on material properties.

This work aims to demonstrate the value of using advanced scattering techniques in the study of
such systems, to validate and add insight to questions raised by other radiation damage quantification
techniques. The key materials systems of interest have been identified as low alloy RPV steels and high
purity tungsten, where advanced scattering techniques can contribute to key knowledge gaps in the
understanding of nanoscale property evolution and validate results obtained from other investigative
techniques. For example, radiation induced precipitate studies in tungsten use TEM as a primary
investigative tool [35, 58, 59], presenting a unique opportunity for a novel study of precipitation damage
in tungsten using SANS. In addition, a large number of previous studies on the roles of Cu, Mn and Ni
on thermal ageing induced precipitation in RPV steels use APT [21, 47, 54, 60, 61]. The long mean free

neutron path presents a unique opportunity to perform in-situ ageing studies on model RPV alloys to
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elucidate the mechanisms of precipitate nucleation and growth and contributions from the key alloying
elements. The magnetic nature of neutrons can be used to provide additional compositional information,

in combination with anomalous x-ray dispersions.

Advanced scattering techniques such as SAS can provide the shape, size distribution, and volume
fraction of scattering objects. For simple nuclear material systems, such as high purity tungsten as a
candidate PFM, bulk precipitate structural and compositional information can be extracted using SAS.
In complex alloy systems where there are multiple elements that contribute to the scattering contrast,
SAS cannot determine precise precipitate compositions [62]. However, the magnetic nature of neutrons
means that experimental SANS setups can be tailored to allow the extraction of the magnetic to nuclear
scattering ratio (the so-called A ratio) which can provide insight to the key alloying element fractions
within precipitates [50] and the magnetic nature of precipitates [22, 63, 64]. This is key for contributing
to knowledge gaps on the role of alloying elements on precipitation in RPV low alloy steels. Anomalous
dispersions of scattering profiles near to elemental absorption edges can be utilised through ASAXS to
provide explicit compositional information in combination with SANS, however the resolution is highly
dependent on the fractions of atoms present in the initial samples. This phenomenon is discussed in

detail in Section 2.5.1.2.

It is noted that a considerable barrier to the study of irradiation damage using small-angle scattering
is faced when considering the feasibility of experiments. Since the majority of neutron or x-ray sources
are located abroad there is an instant limit on the amount of damage that can be induced in samples
where transport to international facilities is required. The damage induced must be large enough that
one can quantify radiation induced changes in the microstructure, but small enough that one does
not induce certain transmutation reactions with long-lived harmful daughter products that may exceed
transportation limits [65]. This work couples precipitate information obtained from advanced scattering

techniques with hardness testing to quantify precipitation induced hardening and embrittlement effects.

Meanwhile, APT can deliver precipitate composition and has been used widely in nuclear material
damage studies [21, 66, 67, 68, 69, 70]. However, it does not provide accurate volume fraction information
and has a tendency to underestimate the number densities of small precipitates [71]. In addition, APT

is a destructive technique.
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Electron microscopy techniques alone provide limited information on composition of precipitates at the
nanoscale resolution required, and they are not bulk investigative techniques. However, TEM is a useful
tool for studying matrix damage, such as dislocation loops and voids, since it allows observation of the

real space microstructure [39, 45, 72].

As a result, the current state of science can often include inconsistencies of observations of precipitate
properties when a single technique is used. This highlights the need for a combination of techniques to
be used to compliment and validate findings. Chapter 4 is an example of such a collaboration, where
small-angle scattering has been completed on a long thermally aged RPV weld steel that has previously

been studied using APT.

It is however noted that other forms of damage, such as dislocation loops, segregation, and irradiation
induced creep, also contribute to hardening and embrittlement. Such studies play an equally important
role in understanding the operational nature of nuclear materials and are vital for the development of

novel systems that can withstand fission and fusion reactor developments in the future.

2.3 Probing condensed matter with subatomic particles

Subatomic particles, such as neutrons and x-rays, have been historically used to probe condensed matter

systems due to their fundamental properties.

Thermal neutron wavelengths are of the same order of magnitude as interatomic spacings (1-10A)
[73], and owing to their mass and neutral charge, they are deeply penetrating which allows for the
measurement of bulk properties. Moreover, their irregular cross section dependence makes them useful
for studying samples containing light elements, as highlighted in Figure 2.3. X-rays can also be used to
study bulk condensed matter systems, however their scattering probability is a direct function of atomic
number due to the nature of their interaction with matter. In addition, x-ray scattering can be used to
resolve compositional information on systems by capitalising on the anomalous dispersion phenomenon.

This is discussed in more detail in Section 2.5.1.2.
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Figure 2.3: Schematic diagram representing relative neutron and x-ray scattering cross sections for elements.
Adapted from [74].

When a neutron or x-ray photon is scattered by matter, its transfer of momentum can be described by

[73]
hq _ h(k —K)

2.5
2 2T ( )

where k and k’ are the wavenumbers of the initial and scattered particle respectively, given by k = 27”

where A is the particle wavelength. The quantity q is known as the scattering vector, and is equal to
k - k’; this relationship can be seen schematically in Figure 2.4. Scattering events between incident
radiation and atoms can be split into two categories - elastic, where there is no energy transfer, and

inelastic where there is energy transfer (also referred to diffraction or spectroscopy in this context).
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Figure 2.4: Schematic diagram showing the scattering triangle, where 26 is the scattering angle.

The scattering interactions with matter can be utilised to probe condensed matter systems, with each
particle having its own unique set of advantages and disadvantages. Often, multiple advanced scattering
techniques are used as complementary probes of materials systems. Some examples of complementary
scattering techniques used to probe physical systems include: small-angle scattering to extract size and
shape information, single crystal or powder diffraction to extract crystal structure and composition, and

triple axis spectroscopy for lattice dynamics and excitations.

In this work, small-angle neutron scattering and anomalous small-angle x-ray scattering have been
used in combination to investigate radiation induced precipitation events. Small-angle scattering is a
diffraction technique, and hence only elastic scattering theory is considered in this chapter from this

point forward.

2.4 Neutron scattering

This section provides an introduction to elastic neutron scattering and the basic theory required to
understand how important information can be extracted from material systems. For more detail on

SANS theory, the keen reader is referred to [75, 76, 77].
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2.4.1 Neutron-nucleus scattering interactions

When a neutron approaches an atomic nucleus, the interaction is dependent on the strong nuclear force,
which is repulsive at very short distances (<1 fm), resulting in scattering. Due to the relatively long
neutron wavelength compared to the nucleus radius, neutron-nucleus scattering is isotropic. As a result,
each nucleus effectively acts as a point scatterer in the material [73]. The first step in understanding
this interaction is the solution to the Schrodinger equation for a single elastic neutron-nucleus scattering

event with a simple square well potential [78].

2

h
—%VQ + V(’l“) \I’(T) = ES\I’(’I“) (26)
The wavefunction of the incident neutron beam, W;(r), is a plane wave solution
U,(r) = exp(ik - 1) (2.7)
where r is the displacement of the neutron from the nucleus and k is the incident wavenumber.

The wavefunction of the scattered neutrons, W,(r), can be described by a spherical wave solution

_exp(ik'r)

U(r) (2.8)

r

where k’ is the scattered neutron wavenumber. As such, the solution of the Schrodinger equation for

the scattering event can be described by the first Born approximation

"
U(r) = exp(ik - r) + %f(@) (2.9)
where f(0) is the scattering amplitude described by
f(0) = m exp(—iq - ")V (r')dr’ (2.10)
2mh? '

where q is the scattering vector as introduced in equation 2.5 and V(r’) is the interaction potential. The

scattering amplitude is a Fourier transform of the interaction potential, showing that neutron scattering

34



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

occurs in reciprocal space (i.e. a Fourier transform of real space).

The first Born approximation ultimately describes the transformation of the initial plane wave neutron

into a scattered spherical waveform, which is shown schematically in Figure 2.5.
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Figure 2.5: Schematic diagram of a neutron scattering from a nucleus [75].

The scattering amplitude of the scattered neutron defines the strength of a particular neutron-nucleus

interaction. This is formally defined as the scattering length, b [78].

As such, the scattered wave function can now be defined as
-} »
U,(r) = — exp(ik'r) (2.11)
r

where the minus sign indicates a repulsive interaction potential. For neutron-nucleus interactions in a

3D system, the scattered wavefunction is summed over all nuclei giving

b
U,sp = — Z . exp(ikr) exp(iq - r) (2.12)

i

The scattering length can be either nuclear or magnetic, whereby the neutron interacts with the nucleus

in a classical collision overcoming the strong nuclear force, or with the magnetic moment arising from
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by unpaired electrons in certain atoms. The differences in scattering lengths based on each interaction

type are presented in more detail in Section 2.4.2.

do

The overall neutron interactions in a sample are described in the form of a differential cross section, 42,

which is essentially the probability of neutrons scattering into a solid angle df2 in the 6, ¢ direction as

shown schematically in Figure 2.6. Hence, the total neutron scattering cross section, o, is described by

do
= | Lo 2.1
o /dQ (2.13)

Scattering direction

/ o

Incident Neutrons

Z-axis

Figure 2.6: Schematic diagram of neutrons scattering through a sample into a solid angle d€ in the 6, ¢
direction [75].

This differential microscopic neutron scattering cross section is the ratio of the scattered to the incident
neutron flux. Combining this with the first Born approximation from equation 2.9, the differential cross

section can be described by Fermi’s Golden Rule

2

dos _ K /exp(—iq )V (2")dr! (2.14)

m
2mh?2

a0k

The useful information extracted from the differential microscopic scattering cross section is primarily
due to coherent scattering from a particular scattering object, as described by the equation above.

However, multiple scattering objects with a variety of scattering lengths exist in a sample due to a
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distribution of elements and isotopes. Thus, there is also an incoherent scattering contribution to the
total scattering cross section. The total scattering cross section is simply a sum of the coherent and
incoherent components [31, 74]

Ototal = Ocoh T Tincoh (215)

where both components are related to the mean and variance of scattering length by

Teon = 4T < b >? (2.16)

Tincoh = 4m(< b? > — < b >?) (2.17)

The total scattering cross section is therefore a function of scattering length, given by

Orotal = 4T < b? > (2.18)

The differential cross section can be written as a function of scattering vector, by summing over all

scattering objects, N [74, 75]
2
do 1

N
Z b; exp(iq - r)

The sum of the bound scattering lengths over all atoms in a sample can be replaced by an integral of

the scattering length density, p, over the sample volume V

Zbi:/‘/p(r)dr (2.20)

It is noted that as there are nuclear and magnetic scattering lengths, there are also nuclear and magnetic

scattering length densities.

The nuclear or magnetic scattering length density, pn/ar, for a single phase system can be described by

J J
1
PN/M = V Z bcoh,i,N/M = Z Nibcoh,i,N/M (2-21)

where V is the total scattering volume [A?], N; is the atomic number density of element i [atoms/A™],
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and beop i n/a is the nuclear or magnetic bound coherent scattering length for element i. The number

density of a specific element within a sample is calculated by

Nad
N=—-X 2.22
W ( )

where X is the elemental fraction, N is Avogadro’s constant [6.0223 x 10?3 mol!], d; is the macroscopic

density [gA] and M is the molar mass [gmol™].

In a two phase system, the difference between the scattering length densities of each phase is called the
contrast. The nuclear/magnetic contrast, Apy/y, for J elements in a multiphase sample (precipitates

in matrix) is given by
J J
Apnjm = (Z bi,N/MNz‘,p> - (Z bi,N/MNz',m) (2.23)

where N;, p/m and b;, N/M denote the number density and neutron scattering length of alloying element
i respectively, where subscripts N and M denote nuclear and magnetic contributions, and subscripts p

and m denote precipitate and matrix.

2.4.2 Scattering length calculations

As mentioned in Section 2.4.1 , the nuclear and magnetic scattering length densities, p, describe the
strength of the nuclear and magnetic neutron interactions with elements in the sample. Hence, they are

a direct function of the composition of said sample.

The strength of the neutron-nucleus interaction is described by the nuclear bound coherent scattering

length for said nucleus i, by ;. These values are tabulated for all elemental isotopes in [79].

The strength of the dipole-dipole interaction between the magnetic moment of a neutron and an unpaired

atomic electron can be described by the amplitude of the magnetic scattering [78, 80]

2
Tn€

by = 2.24

" 2m.c2 ( )

where 7, is the gyromagnetic ratio of the neutron [1.913], e is the charge of an electron [6.022 x 10717

J], m, is the mass of an electron [9.11 x 103! kg], and c is the speed of light [2.997 x 10® ms™']. For the
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neutron-electron interaction in a specific element i, the magnetic scattering length is described by
bai = miby (2.25)

where m; is the atomic magnetic moment of element i in Bohr magnetons [ug] and by is the magnetic

scattering amplitude of a neutron [2.7 x 10 Apug™] [81, 82].

The magnetic moment per atom of element i must be calculated next. This is dependent on the crystal
structure of the element since this determines the number of atoms per unit cell. The magnetic moment

per atom is given by
Msat,i

i (2.26)

m; =

where Mg, is the saturation magnetisation [Am’l] and D is the number of atoms in the unit cell per unit
cell volume [atomsA~]. It must be noted that the magnetic interaction is only relevant to atoms with

an uneven number of unpaired atomic electrons, hence in the case of RPV steels one is only concerned

with Fe and Ni.

The weld steels investigated in Chapter 4 are ferritic and hence contain BCC Fe with a lattice parameter
of 2.86 A. The number of atoms in a BCC unit cell is 2, and so Dg, = ﬁ = 8.549 x 102 atomsA-3.

For FCC Ni with a lattice parameter of 3.52 A, Dy; = 525 = 9.17 x 10" atomsA-3.

The saturation magnetisation of Fe and Ni can be calculated using
Msat,i = mz,uBDz (227)

however it is clear that the theoretical m; is needed (documented in [83]). It is noted that the documented

theoretical values are valid for 0 K only, so it is more is more accurate to use experimental data [84] -

Mgt re = 17.45 x 10> Am™ and Mg ni = 5.21 x 10> Am™.

17.45 x 10°

8519 x 10-2 — 2-209 pp, and my; = 22 x10° 613 HB-

Hence, mp, = a7 0=
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Table 2.1: Table of nuclear [79] and calculated magnetic neutron scattering lengths. Values in brackets
denote errors.

Element ‘ Nuclear scattering length [fm] ‘ Magnetic scattering length [fm]

Fe 9.45 5.96 (0.02)
Ni 10.30 1.65 (0.01)
Cu 7.72 0
Mn -3.73 0
Si 4.15 0
Vacancy | 0 0

The nuclear and magnetic scattering lengths will be invaluable when considering the composition of
precipitates obtained from SANS data in subsequent chapters. Specifically, they allow for assumptions to
be made in the empirical modelling and can provide direct compositional information through evaluation

of the ratio between nuclear and magnetic scattering intensities.

2.5 X-ray scattering

2.5.1 Atomic scattering interactions

2.5.1.1 Photon-electron

X-rays interact with matter through the electron clouds surrounding atoms. Unlike the solution to
the Schrodinger equation for neutrons, scattering events between x-ray photons and atomic electrons
is anisotropic since the x-ray wavelength is on the same scale as the electron cloud. Hence, the x-ray
scattering amplitude has an angular (q) dependence. The difference between anisotropic x-ray scattering

amplitude and isotropic neutron scattering amplitude for potassium is shown in Figure 2.7.
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Figure 2.7: Graph showing the angular g-dependence of the scattering amplitude of potassium for neutrons
and x-rays [85].

The scattering amplitude is a function of the Thomson scattering length of an electron, r., and the

atomic form factor, fy, by

f(0) = fore (2.28)

where

62

Te =2.82x10""m (2.29)

4megmec?

The scattered wavefunction is proportional to the scattering amplitude. In a similar way as for
neutrons, the atomic form factor can be integrated over the total scattering volume, V, to include

all photon-electron scattering contributions

fo= /Vr](r) exp(iq - r)dr (2.30)

where 7(r) is electron density that describes the strength of the interaction as the volume integral of the

bound coherent x-ray scattering length, analogous to the scattering length density for neutrons. Hence,
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the scattered wavefunction can be described as
U, sp(r) = re/ n(r)exp(iq - r)dr (2.31)
1%

The principles of small-angle scattering e.g. Bragg diffraction are valid in both SANS and SAXS, however
there are some differences that are born of the fundamental properties of the interaction particles. In
the case of SAXS, since x-ray photons are chargeless and massless particles, they do not have an
intrinsic magnetic moment and instead of interacting with the nucleus, they interact with the electrons
in atomic orbitals. This means that the magnitude of scattered intensity increases monotonically with

atomic number, and the scattering contrast is a result of differences in electron density, An (analogous

to Ap in SANS) described by

An = (Z biNi,p> - (Z biNi,m) (2.32)

where N;,p/m and b; denote the number density and x-ray scattering length of alloying element i

respectively, where subscripts p and m denote precipitate and matrix.

2.5.1.2 Anomalous dispersions

Anomalous SAXS allows one to extract compositional information through measuring scattering intensity
at a variety of incident x-ray energies. At x-ray energies equal to the elemental absorption edges of

interest, an anomalous correction must be made to account for anomalous dispersions.

The scattered intensity is a function of the x-ray atomic scattering factor, f(Z), which is in itself
proportional to the atomic number of the scattering nuclei. This is analogous to the neutron scattering

form factor. The complex atomic scattering factor for x-rays is described by
FE) = fo+ f((E) +if"(E) (2.33)

where f; is the scattering factor far from an absorption edge (equivalent to the atomic number Z),

and f’ and f” are the anomalous dispersion corrections. These anomalous corrections have been
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comprehensively derived and by Cromer and Liberman [86].

The scattering contrast in x-ray scattering is from the interaction with the electrons. The difference of
electron densities between the precipitates and matrix, An as described in equation 2.32, is proportional

to the square modulus of f(E) and is given by

An(E)* o f(E)* f(E) = fg +2fof'(E) + f"(E)? (2.34)

By scanning the incident x-ray energy through each absorption edge of interest (system dependent),
one can extract the contrast as a function of energy through each absorption edge and fit the data with

the expression
X (B X fi(E
An(E) = d, (M) —d,, M (2.35)
D2 XiM; > XiM;
where d, /., is density of precipitates / matrix, X is fraction of element i/j (at%), and M is molar mass

of element i/j (i for precipitate, j for matrix). This isolates the contribution from the resonant atoms

at their respective absorption edges to find the exact stoichiometry of the precipitates [87, 88].

2.5.2 Scattering length calculations
The bound coherent x-ray scattering length, b;, is given by
bi = Zﬂ“e (236)

where 7 is the atomic number of element i, and r, is the classical electron radius, i.e. the scattering

length of a single electron, = 2.85 x 10 A.

Using this, the scattering lengths of all elements of interest in the RPV steels used in this work can be

calculated, and are presented for reference in Table 2.2.
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Table 2.2: Table of bound coherent x-ray scattering lengths for the alloying elements of interest.

Element | X-ray scattering length [fm]

Fe
Ni

74.10
79.80
Cu 82.65
Mn 71.25
39.90

Si

The calculated x-ray matrix SLDs for the long thermally aged RPV weld used in Chapter 4 and all

model RPV alloys used in Chapter 5 are shown in Table 2.3.

Table 2.3: Table of matrix x-ray scattering length densities for all model RPV alloys and weld samples.

Sample ‘ Matrix x-ray scattering length density [A~2]

1.1
1.2
1.3
2.1
2.2
3

4
5.1
5.2
6.1
6.2
7.1
7.2
8
Weld A

6.2932 x 107
6.2971 x 107
6.3007 x 107
6.3191 x 107
6.3212 x 107
6.3113 x 107
6.3030 x 107
6.2839 x 107
6.3190 x 107
6.3144 x 107
6.3164 x 107
6.3168 x 107
6.3236 x 107
6.3125 x 107
6.2471 x 107

2.6 Small-angle scattering

2.6.1 Distances and angles

Small-angle scattering involves the scattering of an incident particle from a sample through small angles,

with the resultant scattered particles detected by a 2D detector.

The scattering vector defined in

equation 2.5 defines the momentum transfer of the interaction. The elastic scattering vector can hence

be described by the schematic in Figure 2.8, where |k’| = [k]|.
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Figure 2.8: Schematic diagram showing the elastic scattering triangle.

Using simple trigonometry from the scattering triangle and the wavenumber definition, the scattering
vector can be described by

4
q=2ksinf = Tﬁsinﬁ (2.37)
where 26 is the scattering angle.

During small-angle scattering, when the incident particles interact with the sample, they are diffracted.
This diffraction follows Bragg’s law
A = 2dsinf (2.38)

where A is the particle wavelength, d is the distance in real space, and 26 is the scattering angle.

Therefore, the scattering vector can be described in terms of real space distance as

q=— (2.39)

For SANS, typical wavelengths of neutrons required are in the thermal region of 1 to 20 A, and typical
probing length scales are 10 to 1000 A, depending on the instrument configuration. To probe condensed
matter systems, the neutron wavelength must be of a similar size to the structures being studied, and

so the scattering angle must be very small, typically < 1°.
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2.6.2 Macroscopic differential scattering cross section

Due to the wave nature of neutrons/x-rays, both phase and amplitude of the scattered particles can be
obtained to provide information on the scattering system. During small-angle scattering, information
cannot be simply obtained by an inverse Fourier transform of the scattered intensity, and so phase

information is lost. Spectroscopic inelastic scattering methods allow for extraction of phase information.

For small-angle scattering, the coherent scattering contains information on the system, whilst incoherent

scattering is background noise that does not provide useful information to the overall measured signal.

The macroscopic differential scattering cross section is the typical unit of intensity extracted from
small-angle scattering experimental data. It is a normalisation of the microscopic differential scattering

cross section by sample volume, giving
d¥ Ndo
= VoY 2.4
dQy VvV dQ (240)

where N is the number density of scatterers and V is the total scattering volume. Combining this with

equation2.19, one obtains the so-called Rayleigh-Gans equation for absolute scattering intensity

2

w1
aQ v

/V p(r) exp(iq - r)

(2.41)

The macroscopic differential scattering cross section can be used to extract structural information on

the scatterers. By considering the neutron interactions with nuclei in the sample, it can be described

by

)y NankP)s(a) (2.42)

where V,, is the volume fraction of scatterers, N is the number density of scatterers, Ap is the difference
in scattering length densities, p, of the scatterers and the matrix (p, — pn,) also known as the scattering

contrast, F(q) is the form factor, and S(q) is the structure factor.

The form factor is a function that describes the structural information of the scatterers. One can
obtain this through empirical model fitting of common shapes and distributions with known form
factors. Alternatively, analytical methods such as the maximum entropy method [89, 90] or Monte

Carlo modelling [91, 92] can be used, which does not impose certain assumptions onto the data. The
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implementation of such methods is discussed in Section 3.4.2. All of these analysis techniques have been
carried out using the McSAS software [93], and the NIST NCNR analysis [94] and Irena [95] macros in

Igor Pro to show a comprehensive comparison between the analysis techniques.

The structure factor describes the interaction between scatterers, and is a useful measure in correlated
systems. In the case of precipitates in a metal matrix, the samples can be treated as monodisperse, dilute

scattering systems; the precipitates are non-interacting, and hence the structure factor is negligible [77].

One can extract compositional information from the scattering objects in the A ratio [50, 56] for magnetic

scattering systems, which is a direct function of the macroscopic differential scattering cross section

I 1 I
Aratz'o - N u — _M +1 (243)
Iy Iy

where Iy and Iy are the absolute intensities of the nuclear and magnetic scattering contributions
respectively. More detail on the use of the A ratio quantity in SANS analysis is described in Section

3.4.2.3

The macroscopic incoherent scattering cross section, X;,.on, is related to the microscopic incoherent
scattering cross section, o;peon, by

Oincoh [ch]

Vo (2.44)

Eincoh [Cmil] =

where V},, is the molecular volume (inverse of the atomic number density).

Recalling that the overall measured scattering intensity is the differential scattering cross section,
the measured incoherent background intensity can be found by dividing the macroscopic incoherent
scattering cross section by the solid angle, {2 = 47. This is a useful tool for considering the contributions

of elements to the incoherent background scattering.
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2.6.3 Instrument configuration

2.6.3.1 SANS

A schematic diagram of a typical SANS instrument can be seen below in Figure 2.9.

Cold spectrum

neutrons
Attenuators

Collimation system

Aperture Aperture  Sample

(source) sample
Velocity selector (sample)  space

2D multidetector

Figure 2.9: Schematic diagram showing the main components of a SANS instrument.

The cold spectrum neutrons generated by the neutron source are transported through evacuated neutron

guides that use total internal reflection to minimise losses down the length of the instrument.

The neutron beam is then monochromated by a mechanical velocity selector, which can be adjusted to
give the necessary neutron wavelength for the experiment (typical range is 4.5 A to 40 A). The resultant

beam has a typical wavelength and angular spread of 10% and 0.1° respectively.

The collimation system is a series of neutron guides and apertures of certain sizes that focus the neutron
beam on the sample, with a distance that can be varied to balance resolution and intensity as set values

in the range of 1 to 20 m on SANSI at the FRMII [96] and 1.4 to 17.6 m on D22 at the ILL [97].

The apertures, attenuators and beam stops are directly upstream of the sample space. These are
used to change the size and/or shape of the beam illuminated on the sample, and also to protect the
detector from damaging exposure to high flux neutrons. The neutrons from the source travel through

an evacuated system to prevent scattering and absorption upstream of the sample.

In the sample space, sample environment equipment can be used to provide a variety of experimental
conditions, for example, a vacuum furnace, a cryostat for low temperature requirements, or a standard

electromagnet due to the large neutron mean free path.
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Finally, a large 2D moveable He-3 tube multidetector produces a reciprocal space image once incident
with scattered neutrons from the sample. The combination of collimation distance and sample-detector
distance is what determines the achievable g-range (hence the detectable real space length scales within

the sample).

2.6.3.2 SAXS

The physics of SAXS is very similar to SANS, and for comparison a typical SAXS beamline is shown
in Figure 2.10. The beamline used in these works was the SAXS/WAXS beamline at the Australian

Synchrotron, Melbourne [98].

38m (max

Experment Station

Optics Hutch

Front End

Figure 2.10: Schematic of the layout of the SAXS/WAXS beamline at the Australian Synchrotron [99].

A white beam of photons of all energies is produced by the synchrotron. A double crystal Si(311)
monochromator selects photons of a specific energy from the white beam, through Bragg reflections and
certain levels of harmonics. The single-energy beam is then focussed using a series of apertures, slits

and mirrors down to a size of 250 x 25 ym. The entire system is under vacuum.

A series of attenuators can be used to attenuate the incident beam flux to prevent saturation of the

detector. The detector used was a 1 m? Pilatus 13 2M detector (1280 x 1790 pixels of size 172 x 172
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pum). A beamstop was also used to prevent damage by the direct beam with a diode detector installed
so the direct beam intensity and sample transmission and thickness can be measured. The detector
itself was located within an 8 m evacuated tank with movable sample-detector distance - this allows for

a variety of g-ranges to be reached without having to insert tubes of a specific length.

2.6.4 Extracting information

The employment of small-angle scattering to study irradiation induced microstructures in nuclear
materials can provide fruitful results. Specifically, it allows for extraction of information such as the

shape, size, distribution, volume fraction, and composition of precipitates.

To be able to obtain such useful information from the 2D reciprocal space scattering raw data, multiple
corrections are required. To be able to make the necessary corrections, several additional measurements
must be taken for each experimental configuration alongside the sample measurements. These measurements
allow for the subtraction of background, corrections for absorption, and the calibration of the measured

scattering profiles.

The methods of reducing the raw data and the required measurements for both SANS and SAXS are

discussed in detail in Section 3.4.1.

The data reduction process transforms the measured scattering intensity into the differential macroscopic
scattering cross section as a function of scattering vector on an absolute scale. These I(q) profiles must
then be analysed to extract information on the sample system through consideration of the various
contributions of scattered particles to the coherent macroscopic differential cross section. An example

of such an I(q) profile is shown in Figure 2.11.
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Figure 2.11: I(q) total (nuclear + magnetic) scattering for irradiated wrought 316L austenitic heat treated
at 1160 °C for 4 hours and proton irradiated at 290 °C to 0.04 dpa.

The main method of data analysis to extract form factors of scatterers is by empirical curve fitting.
However, imposing empirical models onto experimental I(q) scattering data is a partially subjective
process. One may select an initial model based on what they want to find and make some arbitrary
assumption about data, which may skew their consideration of alternative models to extract the form
factor. This can also be reiterated by the fact that a low chi-squared value doesn’t necessarily mean
that the model is the best fit of the data. Empirical fitting is a widely used technique in small-angle
scattering studies [13, 41, 100], but it is perhaps more robust to consider additional methods of extracting
information from scattering profiles. These alternatives include Monte Carlo fitting and the maximum
entropy method. All three model-dependent techniques are utilised in this work for comparison purposes;

as such, the basis of each method is discussed in Section 3.4.2.

o1



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

CHAPTER 3

COMMON EXPERIMENTAL METHODS

3.1 Introduction

This chapter presents an overview of the common experimental techniques employed throughout this

work.

It begins by introducing the sample preparation processes for the metallurgical and advanced scattering
characterisation techniques. Then, it gives an overview of the common metallurgical characterisation
techniques employed. Finally, a detailed, step-by-step approach to the complex task of small-angle
scattering data analysis is presented, explicitly covering the necessary corrections and data reduction
process. A variety of data analysis methods are discussed, highlighting their strengths and potential

limitations for studying nanoscale precipitation damage events.

3.2 Sample preparation

3.2.1 Microindentation hardness testing and EDX

To study polycrystalline materials using microindentation hardness testing and energy dispersive x-ray
spectroscopy (EDX), the samples must have a uniform thickness and a high quality polished surface
finish. This is particularly important for microindentation hardness testing, where a physical indentation

is made on the surface of the sample, and the geometry of the indent is used to calculate the material
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hardness. Any surface abrasions or scratches can negatively affect the accuracy of the indentation
results, particularly at low indentation loads since the indentation geometry is resolved by an optical

microscope.

The ideal sample is mounted to prevent movement under applied load during microindentation hardness
testing and using a conductive material for EDX analysis. The samples have been mounted in conductive
Bakelite using a hot mounting press, and then subsequently polished using standard metallurgical

procedures as follows.

Firstly, the samples are manually ground using 240, 400, 800 and 1200 grit wet'n’dry SiC discs with a
water lubricant. The surface should be continually examined between stages using an optical microscope

to ensure that all surface scratches are uniform across the sample and are of similar sizes and depths.

To achieve the desired surface finish, the samples are finely ground and polished. This work used
a semi-manual technique on a Struers LabroPol machine at 200 rpm with a water lubricant and an
MD-Dur polishing disc. The best finish is obtained when a constant downwards pressure is applied and
the sample moved in small circles in an opposite direction to the polisher, avoiding the centre of the
pad where removed material and dirt builds up due to the centripetal forces. A diamond suspension is
used during the fine grinding and polishing stages of sizes 9 ym, 6 pm, 3 pm and 1 um respectively.

Finally, the low alloy steel samples were finished with colloidal silica to achieve a mirrored surface.

It should be noted that between each grinding and polishing step, the samples were cleaned in ethanol
in an ultrasonic bath to minimise the contamination of different size abrasive particles from previous

stages, which may introduce detrimental surface damage.

3.2.2 SEM and optical microscopy

To achieve contrast from electron and optical microscopy techniques, the surface of the sample must be
etched. The etchant chemically attacks grain boundaries, and other defects, due to their low Gibbs free
energy, revealing the underlying microstructure. Special care must be taken during the etching process
since the solutions are often irritants and/or corrosive. The etching is carried out in a dedicated fume

cupboard using appropriate personal protective equipment (face shield, thick rubber gloves and apron).
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In order to successfully etch a sample, the procedure outlined in Section 3.2.1 is followed to achieve a
high quality polished surface. Then, a suitable etchant is carefully selected depending on the sample
of interest, since too strong an etchant can over-etch the sample and remove all of the underlying
structures, and too weak an etchant can under-etch the sample and not provide enough contrast to

allow the microstructure to be visible during microscopy.

The low alloy steel samples in this work were etched using a 2% Nital solution (2% nitric acid, 98%
methanol). The polished samples were submerged in a small beaker of etchant using metal tongs until
the surface began to appear dull (between 5 and 10 seconds depending on the specific alloy composition).
The samples were then thoroughly cleaned in methanol to remove any excess etchant from the surface.
This stage is crucial in ensuring the samples do not become over-etched. Finally, the samples were
rinsed in water and dried thoroughly to avoid surface oxidation and corrosion between preparation and

measurement.

3.2.3 SANS

Neutrons have the added ability to be able to study bulk (larger) samples due to their neutral charge
and hence long attenuation length. However, the low alloy steel samples fabricated during this work are

too thick to use directly in a SANS experiment.

To maximise the transmission of neutrons, 1 mm thick slices were taken of each sample using a SiC
cutting wheel with feed speed 0.01 mm/s. The thickness was measured using a micrometre of resolution
0.001 mm, since a precise thickness measurement is needed to extract the absolute scattering intensities

of the samples.

The method of cutting a precise thickness of sample is flawed when using a cutting wheel as angles can
be easily introduced if the sample is not sufficiently clamped in place. For example, the low alloy steel
samples were originally 8 mm diameter spheres, so many of the slices were wedge-like and required a

robust multi-point method of measuring the sample thickness.
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3.2.4 SAXS

Due to strongly correlated electron-photon interactions in solid matter, the absorption length of x-rays
in the soft energy region used in SAXS (< 10 keV to minimise sample damage) is very short (< 100 pm).
Since SAXS is carried out in transmission, one must consider the optimal thickness for a reasonable

signal intensity. X-ray transmission, T, through a sample follows the Lambert-Beer law

T =e (3.1)

where p is the attenuation coefficient [m™] and t is material thickness [m]. The transmission is a function
of material density, absorption cross section, and x-ray energy. One ideally needs a transmission of
around 30%, meaning typical samples should be below 10 pm thickness. This could be achieved by
manual polishing, but one runs the risk of the entire sample surface area becoming too small to study.
The limiting factor is not just x-ray beam size, but also sample mounting capabilities and inducing

surface stresses in the sample.

An alternative approach of twin-jet polishing was utilised since the optimal thickness is also below
10 pm. This technique creates a physical hole in the centre of the samples, and close to this hole the
sample thickness is a few hundred nanometres, giving a transmission of approximately 90%. A schematic
diagram of the process can be seen below in Figure 3.1. It is noted that the ASAXS technique is used to
resolve precipitate composition, where TEM alone cannot resolve such compositions and has the added

complication of the magnetic interactions between Fe-based samples and the electrons.
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Figure 3.1: Schematic diagram showing the twin-jet polishing technique using a Struers Lapropol polisher.

Firstly, samples were cut into ~1 mm slices using a SiC cutting wheel with a feed speed of 0.1 mms™
to avoid inducing surface stresses. Then samples were hand ground using SiC wet'n’dry paper (120P
and 240P grit) to a thickness of 100 ym. Secondly, the samples were stamped into 3 mm discs using
a steel hole punch, ready for electrochemical thinning using the twin-jet polishing technique. Several

discs were stamped of each sample to allow for averaging of results.

Next, one must establish a suitable electrochemical, operating voltage, and temperature. This was
completed by reviewing several literature sources on similar low alloy steels, most of which varied in
condition slightly. After several trials, the most consistent/optimal parameters where found to be a
95% methanol 5% perchloric acid mix operating at T = -20 °C and V = 20 V, with a photosensitivity
of 5.

Thee following process was then completed in a fume hood:
1. Put in electrochemical and liquid nitrogen into Struers Lapropol container and leave to cool
2. Insert disc into Struers Labropol disc holder

3. Set voltage and photosensitivity
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4. Jets automatically turn off when a hole is detected in the centre of the disc, dependent on the

photosensitivity value selected
5. Rinse in ethanol and dry
6. Check for oxidation

The outcome is a twin-jet polished area with a diameter of approximately 2 mm, giving more than

enough surface area for studying with SAXS.

Since the final samples are so thin, and being primarily iron, they are susceptible to fast oxidation
which can severely degrade the samples. This degradation can be in the form of oxides which can
confuse small-angle scattering signals, and also dirt and surface deposits, which will dominate in thin
samples due to the surface area to volume ratio since small-angle scattering is concerned with bulk,
average behaviour. To mitigate this, the samples were stored in a vacuum chamber and transported to

experiments in argon backfilled sample tubes sealed with Parafilm”.

3.3 Metallurgical and mechanical property characterisation

3.3.1 Microindentation hardness testing

Microindentation hardness testing is used in this work to quantify the effect of thermal ageing induced
damage on material properties in low alloy RPV steels. Microstructural changes induced by such damage
can lead to hardening and embrittlement. The increase in hardness attributed to precipitation damage
is measured using microindentation hardness testing at room temperature. It is noted that the shift in
DBTT can only be measured using Charpy impact testing, which is a destructive technique and is not

available for the size of samples used in this work.

The microindentation hardness testing technique works by applying a constant load through a diamond
indenter tip with a known geometry. A set of indents is taken in the sample, with enough distance
between them so that the plastic flow of the sample does not impact subsequent adjacent indents, and

with enough indents to ensure adequate statistics.
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Each indent is observed through an in-situ optical microscope so as to determine the contact area of
the indent. The dimensions of the contact area are directly related to the hardness of the sample if the
indenter load is known. A Vickers indent geometry is shown schematically in Figure 3.2. It is worth
noting that there are a variety of indenter tip shapes available for microindentation hardness testing,

but the Vickers geometry was used for this work.

F

AV

Figure 3.2: Schematic diagram of microindentation technique for Vickers indenter geometry.

The Vickers hardness, Hv, can be calculated as the force per area of the indent. Using the indenter
geometry, this can be written as
2F sin 13¢ F

where F is the indenter load [kgf], d is the arithmetic mean of two diagonals d; and dy [mm], and 136°

is the angle of the Vickers microhardness pyramid indenter.

To prepare the samples for microindentation hardness testing, a standard polishing procedure was
carried out, as described in Section 3.2.1. The mounted samples were then used in a DuraScan G5
microindenter machine with a Vickers pyramid indenter tip and a translatable sample table. For all

samples in this work, a low load of 0.1 kgf was used.

3.3.2 Nanoindentation hardness testing

Nanoindentation hardness testing has been used in this work to quantify the effect of irradiation induced
damage on material properties in tungsten, as presented in Chapter 6. Nanoindentation hardness testing
has been used to quantify mechanical properties in the thin tungsten samples where microindentation

hardness testing is not feasible. Specifically, continuous stiffness measurements have been used to extract
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the evolution of elastic modulus and hardness as a function of displacement damage in the irradiated

tungsten samples.

Due to the radioactivity of the tungsten samples, nanoindentation was completed at the Materials
Research Facility (MRF) at Culham Centre for Fusion Energy (CCFE) where they have remote handling

facilities for active samples. The instrument used was a G200 Agilent Technologies nanoindenter.

During continuous stiffness measurements, a continuously increasing load is applied to a sample through
an indenter tip [101]. The load as a function of depth into the sample is measured - an example load

curve for unirradiated tungsten is show in Figure 3.3.

160 -

T | | | | |
0 2000 400 600 800 1000

Depth [nm]

Figure 3.3: Indenter load-depth curve in unirradiated tungsten.

dP

The gradient of the load-depth curve, 9-, is equivalent to the contact stiffness. This allows the reduced

elastic modulus, E*, to be obtained through the following equation

g P VT
- 2dh A

29

(3.3)
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where A is the projected contact area of the indenter. The reduced elastic modulus is the modulus of

the whole indenter-sample system, and is related to the indenter, i, and sample, s, properties through

= >4 — (3.4)

where v/, and E;/; are the respective indenter and sample Poisson’s ratios and elastic moduli. This
analytical model developed by Oliver and Pharr [102, 103] is well-established and widely accepted in

literature.

The indenter tip used during the nanoindentation hardness testing was a Berkovich tip. The geometry

of the Berkovich indenter is shown schematically in Figure 3.4.

Figure 3.4: Schematic geometry of a Berkovich indenter tip showing semi-angle, 6, and tip height, h.

Using the known geometry of the indenter, the contact area during indentation can be calculated. This

is important in nanoindentation where the indents are not reliably resolvable using an optical microscope

as in microindentation.
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Projected contact area of a Berkovich indenter tip, A, can be described as [104]
A =3v3h*tan6 (3.5)

where h is the depth of indentation and 6 is the semi-angle of the indenter tip (6 = 65.27° for a Berkovich

indenter). Hence, the projected contact area is

A = 24.56h* (3.6)

Using equation 3.3 and equation 3.6, the reduced modulus of the indenter-sample system for a Berkovich
indenter can be described by

pro LAl VT (3.7)

" 2h dh \/24.56

Combining this with equation 3.4 and the Poisson’s ratio of the sample means that the elastic modulus
of the material of interest can be obtained. The Poisson’s ratio used in the calculations for pure
tungsten was 0.28 [105]. There is a geometry correction factor required when using the derived analytical
equations above, since they are adapted from conical indenter shapes. The correction factor that must

be applied to E* calculated from equation 3.7 for a Berkovich indenter tip is 0.967 [104].

The material hardness, H, can be calculated using the projected contact area through the following
relationship

P
H=> (3.8)

where P is the mean contact pressure at maximum load.

3.3.3 SEM and EDX

SEM was used to characterise the microstructure of the samples of interest in this work. EDX was
used to quantify the final matrix compositions of the model RPV alloys fabricated and investigated in
Chapter 5. EDX was used purely to aid SAS analysis for the matrix scattering length densities as the
resolution is too low to obtain accurate precipitate compositions. The instrument used for both SEM

and EDX was a JEOL JSM-6060LV SEM.
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The samples were prepared for SEM following the method described in 3.2.2. For iron based samples,
the accelerating voltage used was 20 kV. The vacuum chamber is initially vented to mount sample
within the holder, and then re-evacuated. Corrections for lens astigmatisms were applied and focussing
was completed for differing levels of magnification to obtain a range of microstructural images for each

sample.

The microscope was used in backscattered electron mode for EDX measurements. The samples were
prepared for EDX following the method outlined in 3.2.1. It is noted that EDX was completed before
SEM to avoid the contribution of a post-etching oxide film to the compositional profiles of any steel
samples. Eight EDX spectra were taken at systematic points within each sample and then averaged to

provide compositional information.

3.3.4 Optical microscopy

Optical microscopy was used as a complimentary technique to SEM to observe microstructural features

within the RPV steels studied in Chapters 4 and 5.

The samples were prepared using the method described in Section 3.2.2. The instrument used for
optical microscopy was a Zeiss Axioskop 2 plus microscope. The microscope was controlled using the

AxioVision software.

The sample was mounted and aligned using the mechanical sample table. The eyepiece lens was manually
focussed first, and then the brightness and contrast were adjusted to allow for clear images for a range

of magnifications for each sample.

Image stitching was used, in combination with a focus correction, to ensure each part of the sample was
fully in focus. The micrographs were exported with appropriate scale bars. It is noted that the electron
backscattered diffraction technique (an accessory to SEM) can be used to obtain grain size, however in

this work the line intersection technique from the optical micrographs using ImageJ [106] was utilised.
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3.4 Small-angle scattering analysis

3.4.1 Data reduction

3.4.1.1 Neutron corrections

In order to make conclusions about induced damage in the samples, the absolute scattering intensity

must be obtained by applying a specific set of corrections to the raw scattering data.

d¥(q)

—5 » derived in Section 2.4.1, is related to the measured

The differential scattering cross section,

scattering intensity, Ig, by

4y
Is = Iy AtQTsTe dé‘” + BG (3.9)

where I is incident beam intensity, A is sample area, t is sample thickness, €2 is the solid angle into
which the neutrons are scattered, Tg/g is sample and empty cell transmission, € is detector efficiency,

and BG is a source of background counts not from sample scattering.

The transmission of a sample or empty cell is the ratio between the flux transmitted to the incident flux
(% and If—g respectively) [76]. It corrects for the reduction of neutron flux through either the sample or
sample holder due to absorption interactions or multiple scattering events where the neutron momentum
is reduced to zero. To compute these transmissions, a measurement of the incident beam through the
empty holding cell and a measurement of the incident beam with no sample stick present is required for

each collimation distance. To minimise the effects of multiple scattering events, the sample transmission

is ideally kept above 70%.

The raw scattering measurements must be calibrated in order to normalise the scattering intensity as
a function of scattering vector. The use of a standard sample in which the predominant scattering is
incoherent is a widely accepted technique to give intensity on an absolute scale [107]. Since hydrogen
has a high incoherent neutron scattering cross section and scatters isotropically, HyO is commonly used

for this [77].

Finally, one should consider which scattered neutrons that are contributing to the signal actually provide

information about the sample. Neutrons incident on the detector are from three main sources:
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1. Neutrons scattered by the sample
2. Neutrons that pass through the sample but are scattered by something other than the sample

3. Background neutrons i.e. neutrons that reach the detector without passing through the sample

and electronic noise in the detector itself.

It is essential that the background counts that contribute to the BG term in equation 3.9 are accounted
for when analysing scattering profiles to yield true results. Thus, the above contributions must be

separated by carrying out the following measurements [76, 108]:
e Scattering from the sample itself, Ig, which contains contributions from all sources listed above

e Scattering from the empty sample holding cell, Ig, which contains contributions from sources 2

and 3 listed above

e Scattering measured with a strong neutron absorber (e.g. Cd) placed between the beam and the

sample, I¢q, which contains the background contribution 3 listed above.

Hence, the absolute scattering intensity can be found through applying the following corrections to the

raw data

dx(q) 1 1 1
a0 Toaear | 1o, s~ lea) = (e = led) (3.10)

All data corrections were applied to the raw 2D sample scattering ASCII data files using the GRASP

software package [109].

In order to convert from 2D data into 1D data the absolute scattered intensity must be radially averaged
to produce an absolute intensity versus scattering vector, I(q), profile. The radial averaging is completed
in GRASP using a range of sectors. The sectors chosen for radially averaging are dependent on the
nature of the neutron scattering interactions, i.e. nuclear or magnetic. Nuclear scattering is isotropic
and so 360° sectors can be used to increase the statistics. For systems that require separation of the
nuclear and magnetic scattering, as in the RPV steel alloys in Chapters 4 and 5, segment sectors are
chosen to allow for extraction of relevant scattering contributions. In this case, one should select an
appropriate sector size that maximises the signal to noise ratio to ensure good statistics. An example

of radial averaging sectors for an RPV steel is shown in Figure 3.5.
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Figure 3.5: GRASP 2D detector image of RPV steel showing sectors for radial averaging (black) with
applied field direction in the horizontal plane. Vertical sectors = nuclear 4+ magnetic scattering. Horizontal
sectors = nuclear scattering.

It is worth noting that in SANS experiments, the real space distances being probed can range from
angstroms to hundreds of nanometres. This correlates to reciprocal space g-ranges that can only be

achieved by overlapping measurements from multiple instrument configurations.

Recapping that the g-range is a function of collimation distance, wavelength, and sample-to-detector
distance, varying combinations are used to achieve the desired g-range, balancing the instrumental
resolution and the beam flux to obtain data in realistic timescales. Particular care must be taken to
ensure sufficient overlap between each g-range configuration, since the noise increases at high q values

where incoherent background scattering dominates the signal.

The reduced and overlapped I(q) scattering profiles can then be used in subsequent data analysis using

standard plots or detailed model fitting.

3.4.1.2 X-ray corrections

Equations 3.9 and 3.10 in Section 3.4.1.1 that describe the differential macroscopic scattering cross

section contain common parameters to those required for SAXS. Hence, similar data corrections must
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be made to the measured scattering intensity, Ig, in order to extract absolute I(q) scattering profiles

d¥X(q) CF (IS—DF _ IE_DF) (3.11)

a9 Igmt Ts Ts

where CF is calibration factor for absolute scaling (from glassy carbon measurements), Iy is the incident
beam flux, m is the measurement time, t is sample thickness, DF is the detector dark field correction,
Ts/p is the sample and empty cell transmission respectively, and I is the measured background (empty

cell) intensity.

The sample transmission is equal to g—;, where Bg and Bg are the beamstop diode detector counts with
the sample and empty cell respectively. The incident beam flux is measured by the beamstop diode

detector during empty measurement and so is equivalent to Bg.
The sample thickness is related to transmission through Lambert-Beer law in equation 3.1.

The glassy carbon calibration factor was found by scaling the measured glassy carbon scattering profiles,

Ige, to the published absolute scattering intensity for glassy carbon, %,(Standard Reference Material

3600 [110]), accounting for its thickness, tqc, and its transmission, Tge, through

ds
protzeled dele.

CF = (3.12)

Icc

The thickness of the glassy carbon sample used was 1 mm, and its transmission was found using Bg’—gc.

The g-calibration was applied using a silver behenate scattering sample with a known lattice parameter

of 5.8 nm.

Considering the aforementioned corrections, the required measurements for SAXS data reduction and

analysis are:
e Sample transmission
e Empty cell transmission
e Incident beam intensity (empty beamstop measurement)

e Sample scattering
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Empty cell scattering

Dark field contribution

Glassy carbon standard sample scattering

Silver behenate standard sample scattering

For ASAXS where a variety of incident x-ray energies are used, the above measurements are required

for each energy used and an energy calibration of the monochromator is also required.

Once the necessary corrections are applied, masks are setup on the 2D detector images to prevent
integration over areas with no intensity. Masks were applied to dead pixels, the beamstop arm, and to
the gaps between detector modules. An example detector image with corrections and masks applied is

shown in Figure 3.6.

Figure 3.6: Corrected 2D detector image of an RPV weld at E = 6.809 keV. Masked areas are shown in
black.

Finally, as for SANS, the 2D masked data is radially averaged to obtain absolute I(q) profiles for all
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energies with sufficient signal-to-noise ratios.

3.4.2 Data analysis

3.4.2.1 Model-independent analysis

Regardless of the material system under investigation, there are several qualitative model-independent

analyses that can be carried out on reduced small-angle scattering data.

The Porod scattering approximation is a power law dependence of absolute scattering intensity [75] that
is valid in high-q, described by
I(q) = Aq™™ + BGincon (3.13)

where A is the scaling coefficient, m is the exponent, and BGi,con is the incoherent background scattering.

The exponent m details the nature of such interfaces.

The Porod plot of log(I) vs log(q) indicates scattering from interfaces within the sample at relatively
small length scales in comparison to the size of scatterers. Q-dependent exponents are shown schematically

in Figure 3.7 for different scattering interfaces. In the Porod plot, the gradient is equal to the exponent

m through
log[[(Q> - BGincoh] = lOg(A) - mlog(Q) (314)
1D 2D 3D
I(q) o g I{g) < q2 I(q) xq*

High-q Porod scattering regions

Figure 3.7: Schematic diagram showing the high-q Porod scattering regions and g-dependent exponents for
3 types of scattering object. Adapted from [77].

In this work, all samples investigated using SAS are polycrystalline metal systems, where the scattering

interfaces are 3D and can be attributed to microstructural features such as grain boundaries with a
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corresponding Porod exponent of 4.

The Guinier plot of In(I) vs g* is valid in at low-q values in the range qR, < V3. As such, it requires
a careful q range. It can detail information on the largest scatterers in the system, in the form of the

Guinier radius, R,.

The gradient of a Guinier plot, m, is related to the Guinier radius by
m = R23 (3.15)

Hence, linear least-squares fitting can be used to extract the radius of gyration of a system of scatterers.

The error on the extracted R, can be derived using standard error propagation

7(R,) = 5 o (m) _"(;”) 3 (3.16)

m

In a system of spherical scatterers, R, is related to the scatterer radius, R, by

5
R, = gR2 (3.17)

It is noted that whilst these plots can provide an insight into the general properties of the scattering

system, more detailed data analysis is often required to fully quantify the system properties.

3.4.2.2 Empirical model fitting

In order to obtain a more detailed understanding of small-angle scattering data, empirical modelling can
be employed. Empirical models can be fit to I(q) scattering profiles to obtain the form factor, volume
fraction, contrast contributions, and structure factor to the differential scattering cross section (derived
in detail in Section 2.4.1). Such fitted parameters detail the shape, size distribution, composition,

number density, and interaction of the scatterers within a material system.

In this work, initial guesses of models to fit stem from expected form factors for irradiation and thermal

ageing precipitation damage noted in literature. Common precipitate shapes include polydisperse
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spheres, core shells, and ellipsoids [14, 22, 24, 111, 112, 113].

A combination of the aforementioned models are used to investigate the goodness of fit and choose the
best-estimate form factor, considering the physical implications of the fitting parameters, the associated

errors, and the chi-squared measures.

For spherical scatterers with a log-normal size distribution, if the scaling factor of the distribution

is set to equal the volume fraction of precipitates, ¢, the outputted value is the absolute differential

macroscopic cross section, %, in units of cm™tsr!
dy) 4r\? >
=10 = () Mad [ rmRrar?n (3.18)
ds? 3 0

where the number density of precipitates N, is equal to <‘Z —, where <V,> is the average volume of a

precipitate; Ap is the scattering contrast from the difference between the scattering length densities of
the solvent, ppatriz, and solute, pprecip- F(qR)2 is the form factor for a spherical scattering object given
by [77]

(3.19)

3(singR — qR cos qR)} 2

Flak)” = { (¢R)?

where R is the mean radius of the precipitates, and f(R) is the normalised log-normal distribution of

precipitates as a function of radius, given by

1
o R/ 27

f(R) =

202

exp {_ian(}z) - u)?} (3.20)

where o is the polydispersity of the size distribution, and 1 = In(Ryeq) where Rypeq is the median radius.

The mean radius of the log-normal distribution of spherical scatterers can hence be described by

o2
R =exp (u + 7) (3.21)

It should be noted that volume fraction and contrast are multiplicative in the model and thus are not
independent of one another. This means two of the three parameters should be held constant during
fitting. Choosing which quantity to hold depends on what type of information is deemed most important

to extract. Volume fractions are readily available and are convincing from APT data, however the
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non-magnetic assumption of precipitates is a questionable one. It is often assumed by many researchers
as it makes the analysis easier, however it is a conflicting subject and so naturally it shall become a
prime focus of this analysis. Hence, the volume fraction is simply treated as a scale factor during model
fitting, only indicating relative amounts rather than absolute. This allows for the explicit calculation of
true nuclear and magnetic scattering length densities of precipitates which can allude to compositional
information. This can be investigated primarily through fitting to give an idea of the magnitudes and

in more detail through the ratio of the nuclear and magnetic scattering intensities (the A ratio).

It is worth noting that other analysis methods can be used to provide confidence in the fitted models.
The maximum entropy [89, 90] and Monte Carlo [92] analytical techniques which do not impose certain
a priori assumptions on the contrast or volume fraction of the scatterers, or direct comparison to SAXS
data, are examples of such alternatives. Such methods should be used to support empirical modelling

to form robust conclusions from small-angle scattering data.

A common approach to empirical model fitting includes initial fitting of two models simultaneously, for
both the scatterers and matrix, if the matrix system is understood. In the 3D polycrystalline metal
samples used in this work, there will likely be a Porod scattering contribution at high-q (I(q) o q*, also
available from the model-independent Porod plot). The coefficients of the Porod model obtained through
fitting can then be used to subtract grain boundary scattering and leave precipitate-only scattering. This
removes a level of complexity in the modelling process. In addition, multiple scattering datasets can be

fitted through a global fitting process to allow for linking of specific physical parameters.

Another common technique considers subtraction of the scattering profile from a virgin sample of the
same composition. This will remove the incoherent background, and show I(q) profiles with contributions

solely from thermal-ageing/irradiation induced damage.

3.4.2.3 A ratio

As mentioned in Section 2.6.2 one can extract compositional information from the scattering objects
from the A ratio that is a function of the absolute intensities of the nuclear and magnetic scattering

contributions (equation 2.43).

The importance of limiting the number of variables when fitting, e.g. calculating the nuclear and
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scattering length densities of the matrix and setting to constant values in the fitting becomes apparent
here when trying to simplify the calculation. Since the volume fraction was held as a relative scale

factor and the nuclear and magnetic form factors are one in the same, the A ratio reduces to

Avario = <2M 41 (3.22)

Hence, the A ratio is a function of the scattering length density and relative fractions of elements in
precipitate and matrix, which can elucidate precipitate compositions in a known bulk matrix. This is
because the intensity in the A ratio equation is directly related to the differences in scattering contrasts

from each element.

As shown in equation 3.22, the A ratio is a function of the nuclear and magnetic contrast in the sample,
Ap, where Ap is simply the difference between the scattering length density of the precipitate and

matrix (derived previously in Section 2.4.1).

Recapping, the nuclear and magnetic scattering length densities summed over i elements is given by
pi =Y Nib; (3.23)

where Nj and b; are the number density [A] and nuclear (by;) or magnetic (by;) scattering lengths

[A] of element i.

Remembering that contrast, Ap, is p, — p,,, and that number density N; = T, the nuclear and magnetic

L4
Vo

contrasts can be written as

1
Apy = % [(#hpebN, e + ¢, ON,cu + TR O + 2 vi + 50N 50 4 280N vae) — (3.24)
(@b Fe + 280N 0w + Ty bn v + TN 08 N+ T8N si)]
1
Apyr = (@ barre + T barni + 20000 0ae) — (Tgebarre + 2300 N3] (3.25)

%
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where V is the sample volume [A%], x is the elemental fraction [arb.], b is the scattering length [A], and

superscripts p and m represent precipitate and matrix respectively.

3.4.2.4 Maximum entropy

The maximum entropy method (MEM) for small-angle scattering data analysis was first developed
by Potton et al. [89] to extract the particle size distribution, p(R), from a system of non-interacting
spherical scatterers. The motivation for its development is to provide a solution to the linear inverse
problem presented by small-angle scattering data, whereby p(R) is a continuous function yet there are

a finite number of absolute scattering intensities obtained over a specific experimental q range.

The developed method has overcome several challenges associated with solving the linear inverse problem
of extracting the particle size distribution from measured scattering intensity: the MEM calculates a
size distribution that is inherently positive and provides a unique function which is most compatible

with the discrete data set [90].

The foundation of the technique is based on the fact that the most compatible unique solution to a
discrete probability distribution is a solution which maximises the entropy of the system [114, 115]. The

entropy, S, can be described by

N
S=-Y pilogp; (3.26)
=1

where p,;_,n is the set of particle size frequency values to be found, which are related to the form factor
of the scatterers through the differential macroscopic cross section derived in Section 2.4.1. The discrete
p(R) solution is constrained through the comparison between the experimental and simulated absolute

intensities where the chi-squared value cannot exceed the number of data points [89].

The MEM was tested by Potton et al. for several simulated input size distributions. An example for
a simulated unimodal Gaussian size distribution for spherical SAS data between 0.0183 A to 0.1825
A1 with 1% errors applied is shown in Figure 3.8. The calculated probability distribution is in strong
agreement with the input data, showing a high degree of accuracy of the MEM. This highlights the

benefits of MEM as a validation tool for the empirical model fitting method of SAS data analysis.
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Figure 3.8: Proof of concept of the maximim entropy method for extracting a discrete particle size
distribution (red) from a continuous input distribution (black). Adapted from [89].

3.4.2.5 Monte Carlo

A Monte Carlo method for analysing small-angle scattering data has been developed by [91]. This
technique can extract a particle size distribution as a function of radius, p(R), from a system of

non-interacting spherical scatterers with a discretised absolute scattering intensity.

This methodology has been developed further by [92], which has built the Monte Carlo algorithm into
the McSAS data analysis software [93]. Within McSAS, an initial guess of the differential macroscopic
cross section is made from the contribution of scattering from spheres with randomly selected radius
R between the real space size limits over a defined number of iterations, n;. The calculated scattering

intensity for such a system can be described by
i:Rmax
I(9) =N, > p(R)R{F(qR;)’AR (3.27)

1=Rmin

where N, is number density of scatterers and F(qR) is the spherical form factor, and Ruin/max are

described by the reciprocal space data range as Ry, > —— and Ryax < qu and AR is the discrete

dmazx min

bin width of the size distribution based on R,;, and Riax.

From each iteration, a particle size within the range Ry, to Rpax is selected at random and its
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contribution to the calculated scattering intensity is recorded. The output size distribution is determined
by comparison of this calculated contribution to the experimental scattering intensity for each iteration.
The radius change between each iteration is either accepted or rejected dependent on whether it

minimises the reduced chi-sqaured value, x?, described by [100]

2 1 Io(%) - IE(%’) 2
o [ 62

%

where I g (q) is the calculated and experimental absolute scattering intensities respectively, o(q;) is the
estimated error on each data point, N is the number of data points used in the fit, and M is the degrees
of freedom of the calculated intensity. This criteria allows for computation of the mean and standard

deviation of the frequency for each radii bin. The propagated error on each bin is described by

NI

Ny

o(a) = | s S~ L) (3.20)

qi p=1

where N, is the total number of experimental data points in each bin, I, is the intensity of the data

point in the bin, and I, is the mean intensity in the bin.

Once the reduced chi-squared has reduced below 1, the Monte Carlo fit has converged and the process

is complete.

Figure 3.9 shows the accuracy of the Monte Carlo approach to a set of simulated SiC SAXS data. As
for the MEM, this shows how the Monte Carlo method can be a useful validation tool for the empirical

model fitting method of SAS data analysis.
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Figure 3.9: Proof of concept of Monte Carlo technique for fitting SiC simulated SAXS data with a log
normal distribution of width 3.5 nm and median radius of 7.5 nm from [91]. a) Monte Carlo fit compared to
simulated scattering profile. b) Resultant particle size distribution.
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CHAPTER 4

THERMAL AGEING INDUCED PRECIPITATION
IN HIGH NI REACTOR PRESSURE VESSEL STEEL
WELDS

4.1 Introduction

The principal aim of this research is to investigate the mechanisms and microstructural effects of
precipitation damage using advanced scattering techniques. This chapter focuses on the concept of
precipitation damage in RPV steels. Its overall aim is to showcase how small-angle scattering can be
used to quantify thermal ageing induced damage and link the results to the effects on physical properties,

and to contribute to findings from other investigative techniques such as atom probe tomography (APT).

The RPV of a nuclear fission reactor is the primary containment of the active core and is considered to
be the only component of the reactor that is uneconomically viable to replace, often labelling it as the
life-limiting factor [12]. A typical RPV is made up of castings, forgings and welds of low alloy ferritic
steels (e.g. SAB08, SA5033B), since the RPV has specific mechanical requirements of high strength
but also ductility. It must also have a high fracture toughness and be resistant to thermal shock, in
order to withstand extreme scenarios such as a loss-of-coolant accident. Understanding the behaviour
of the RPV in a reactor environment is crucial for supporting safety cases to allow for life extension of

current power plants to additional operating periods of up to 60 years, and also for the development
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of safe reactor materials for advanced reactor systems. Moreover, one of the biggest issues facing the
next generation of nuclear reactors in the UK is the large financial overheads and the economic impact
of such large investments. The most reliable way to reduce the impact of such barriers is to reduce the

risk of financing by proving the reactor will last for, and exceed, the planned period of operation.

Over the development of first to now fourth generation fission reactors, studies of RPV steels have been
at the forefront of nuclear materials research, with a vast majority focusing on the characterisation of
irradiation and thermal ageing induced damage [50, 69]. Radiation damage is a multifaceted phenomenon,
depending on many factors such as temperature, damage profile, and material composition. The harsh
neutron environment that the RPV is exposed to over its lifetime can induce a significant amount
of damage in the steels, often in the form of irradiation and thermal ageing induced precipitation
and segregation [11, 116, 117]. At the temperature conditions in a light water reactor (LWR), ~ 300
°C, this matrix damage can lead to embrittlement of the RPV [70, 118, 119, 120]. The works in this
chapter focus on precipitation damage in LWR low alloy RPV steels, since these are the most commonly
implemented generation III reactor types across the world. Such considerations are also valid for the
material challenges faced in generation 1114 reactors, most of which are advanced concepts that build
on LWR designs. The techniques presented here can also be applied to radiation damage studies that
pave the way more more complex and harsh reactor types such as high-temperature gas reactors, molten

salt reactors, and fast neutron reactors.

This chapter studies precipitation in a thermally aged RPV weld material, with composition shown in
Table 4.1. This particular sample has been chosen due to its novel thermal history which is analogous
to exposure temperature and time in a typical LWR: aged for 100 000 hours (approximately 10 years)
at 330 °C . The sample itself was obtained from Rolls-Royce and has previously been a part of an APT
study [54]. Tt is classed as a high Ni, high Cu weld, allowing one to study the morphology of thermal aged
induced precipitates, the role of Cu and Ni in precipitation, and the contested topic of the Fe/vacancy
content of said precipitates. This chapter introduces studies of precipitation in RPV steels and the
adverse effects on macroscopic mechanical properties. It discusses the reliability of APT as a method of
characterising precipitation in reactor steels and the integral contribution that small-angle scattering has
made to understanding the properties of ageing induced precipitates and thus microstructural evolution

as a function of time in service. It is shown that whilst small-angle neutron scattering (SANS) is a
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valuable tool, for a complete and comprehensive understanding of precipitation in RPV steel systems it
should be complemented by alternative techniques such APT, anomalous small-angle x-ray scattering
(ASAXS), or transmission electron microscopy (TEM). A summary of literature using these separate
methods can also be found to highlight the usefulness of each and the importance of combining efforts

to obtain reliable results.

The results from optical microscopy, microindentation hardness testing, SANS and ASAXS are presented,
obtaining novel information on thermal ageing induced precipitate shape, size, and composition through
multiple experimental methods and analysis techniques. The importance of this is highlighted when
forming robust conclusions on properties such as precipitate shape, size distribution, number density/
volume fraction, and compositional variance. A particular focus has been made on the magnetic
treatment of precipitates and the consideration of overlooked fractions of Fe and vacancies in the
precipitates. The implications of these with respect to the lifetime of such materials under reactor
conditions will be considered, and the crucial relationship between thermal ageing and precipitation at

reactor temperatures is explored in depth.

4.2 Thermal ageing induced precipitation in RPV steels: a

review

4.2.1 Low alloy RPV steels

The irradiation conditions in LWRs have been mimicked in a number of damage studies in low alloy
RPV steels, where the precipitation of dislocation loops and other secondary defects leads to radiation
induced and enhanced clustering of certain alloying elements present in the solid-solution steel matrix
[13, 50, 69]. The temperature exposure in a LWR environment coupled with the limited solubility
of alloying elements such as Cu, Mn and Ni in the Fe matrix can lead to thermal ageing induced
precipitation alongside irradiation induced and enhanced precipitation. These mechanisms are tightly

bound and nuanced, meaning the role of ageing must not be overlooked.

Thermal ageing and irradiation induced precipitation leads to hardening and embrittlement of the
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steels due impedance of dislocation motion. This increases the probability of crack initiation and
propagation in the material [121], which can ultimately compromise the integrity of the RPV coupled
with an increased risk of structural failure under accident scenarios in service. The embrittlement can
be attributed by a change in the ductile to brittle transition temperature (DBTT), a decrease in the

fracture toughness, and an increase in the hardness of the steel.

4.2.1.1 Precipitation in high Cu RPV steels

The large neutron fluxes experienced over their lifetimes (up to 10%° n/cm?), and exposure to temperatures
> 300 °C, can induce a significant amount of damage in RPV steels due to the long range of neutrons
and increased diffusion of alloying elements. This damage is often in the form of radiation induced
precipitation and segregation at temperatures around 300 °C, but at higher temperatures one must

consider additional effects of bubbling, void formation, and creep behaviour.

It has been found that the presence of Cu as an impurity from the weld filler material in earlier RPV
steel alloys has a tendency to form nanoscale Cu-rich precipitates due to irradiation and thermal ageing
which significantly embrittle the material [13, 122]. This embrittlement can be quantified by an increase

in the DBTT and a reduction in fracture toughness, as shown in Figure 4.1.

200

Palisades weld

Unirradiated

Irradiated
m}

Energy, J

Shift
26
102
94 [ 124

Unirr. | Irr.
143 117
51 5
=30

USE, J

T“-J‘ DC
.

TgyC

O unirradiated
0  1.4x10” m? (E>1 MeV) at 288°C
.

100 0 100 200 300
Temperature, °C

Figure 4.1: Graph of impact energy versus temperature for a high Ni high Cu RPV weld, indicating the
DBTT shift and decrease in fracture toughness upon neutron irradiation with 1.4 x 10?3 m2 (E > 1 MeV) at
288 °C [66].

The presence of proton irradiation induced precipitates in high Cu RPV alloys at low irradiation damage
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levels, at a variety of irradiation temperatures, has been confirmed using SANS [31, 123, 124]. Through
analysis of scattered intensity versus scattering vector, q, plots, spherical precipitates with a log-normal
shape distribution and an average radius of 5 nm for a high Cu RPV steel irradiated to 13 mdpa at 400°C
(see Figure 4.2) were identified. It is clear from the SANS and from hardness testing that precipitates

are Cu-rich and increase in size with increasing irradiation temperature.
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Figure 4.2: (a) I(q) for high Cu RPV steel irradiated at 400 °C with induced damage of 13mdpa, with fitted
Porod and bimodal log-normal sphere models. The Porod dependence comes from the microstructure and
carbides at much larger scales in these steel samples. (b) Graph of precipitate radius distribution [31].

It has been documented that for low alloy RPV steels containing > 0.1 wt% Cu (denoted as high Cu
steels), even a small dose of radiation [124] or exposure to temperatures of 500 °C for as little as 10
minutes [125] will induce the formation of Cu-rich precipitates in size range 1-5 nm. This is a direct

result of the low solubility of Cu in Fe, where it has a strong affinity to precipitate out of the matrix

[126].

As a result of these findings, these high Cu steels have been exchanged with more favourable low Cu
alloys (< 0.1 wt% Cu). However, where Cu-rich precipitates are no longer a concern, Mn, Ni and
Si have an increased significance in precipitation in low Cu thermally aged alloys; now, the nature of
the formation of MnNiSi-enriched precipitates and the role of Cu are a crucial research area for the

development of structurally reliable pressure vessel materials [60, 67].
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4.2.1.2 Precipitation in high Ni RPV steels

High Ni RPV materials are linked to life extension issues in the current generation of fission reactors. Of
particular interest is the late-blooming G-phase (MngNiSiz) [127], on which there have been multiple
studies. First discovered in thermally aged Ni superalloys, the research was extended to general stainless
and ferritic RPV steels when the reduction in Cu in such materials led to the discovery of irradiation
induced MnNiSi-rich precipitates [128, 129]. The nature of such G-phase precipitates has been studied
in depth [66, 130], but the status quo in the context of RPV steels remains unclear. There have been
multiple APT and TEM studies in both thermally aged and irradiated samples where the findings
on precipitate size, composition and formation mechanism either contradict one another or find only
pre-G-phase type structures. For example, APT studies have found MnNiSi precipitation in high Ni
RPV steels [21, 60], but the observed compositions differ between these studies and also between whether

the material was thermally aged and neutron irradiated.

The G-phase seems to be present after long times at elevated temperatures, often referred to as a
late-blooming phase, and it has been postulated to exist on shorter time scales under irradiation because
of the role radiation damage has in the redistribution of solute elements within the lattice [116]. Since
this irradiation induced precipitation occurs at similar temperatures to that of thermal ageing studies,
it may just be that the irradiation is accelerating the precipitation process. An elucidation of the
mechanisms of such formation is needed to better understand the role of temperature and fluence on

RPV materials.

SANS is a robust way of measuring nanoscale precipitation in bulk materials, owing to the large
penetration depth of the neutron. Due to neutron-nuclei interactions, SANS can provide details on
the shape, size distribution, number density and volume fraction of scattering objects [73], as discussed
in depth in Section 2.4.1. The magnetic dipole interaction of the neutron and scattering atom can also
be exploited to find specific compositional information relating to the magnetism of the scatterers [75],
however it is important to note that in the context of precipitation in RPV steels it cannot determine
precise precipitate composition since there are multiple alloying elements to consider [62]. This highlights
the importance of using other techniques to support and quantify SANS results, since in the study of

nanoscale precipitation damage there is not one well-rounded technique that can be used alone. SAXS
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can be used to compliment SANS studies and validate observed precipitate properties. Other x-ray
properties, such as anomalous dispersion effects of elements in the vicinity of their absorption edges,
can be used to detail stoichiometry of scatterers in a system through the ASAXS technique [131].
By scanning the x-ray energy through the absorption edge, one can extract the resonant scattering
contribution of the scatterers, detailing exact compositional information. This can be invaluable in
the investigation of radiation induced precipitation where there are multiple elements to consider,
and so it can be directly coupled with structural and magnetic precipitate information gained from
SANS. In addition to ASAXS, APT can deliver precipitate composition, however it does not provide
accurate volume fraction information and has a tendency to underestimate the number densities of
small precipitates due to the uncertainty in the boundary assumed between precipitate and matrix
[71]. It can also often overestimate the quantity of Fe in precipitates due to the same uncertainty
[132], and does not consider the vacancy fraction in such precipitates, which is known to play an
important role. Moreover, electron microscopy alone cannot provide information on composition of
precipitates; combining electron microscopy with EDX does not give a high enough resolution for
nanoscale precipitate compositions. TEM can also be highly influenced by the magnetism in these
ferritic steels. The electrons interact with unpaired electrons of Fe in steel samples which can lead to
deflection of the electron beam and hence difficulty in obtaining images. In addition, since the electron
beam trajectory is controlled by electromagnets, one may experience difficulty inserting small samples
due to interactions with electromagnets (i.e. physical movement). Microscopy only studies localised
regions in a material and so does not give a complete picture alone. As a result, there are discrepancies

between techniques and there is often limited collaboration between groups studying radiation damage.

4.3 Materials and methods

4.3.1 Sample details

Understanding the microstructural evolution of RPV alloys under typical LWR operating conditions is
crucial in predicting material integrity over time in-service. The thermal history of RPV alloys plays

an important role in nanoscale precipitation that can lead to hardening and embrittlement.

33



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

A high Ni high Cu RPV weld alloy aged for 100 000 hours at 330 °C has been selected for this study,
with composition listed in Table 4.1. This will allow for investigation of the effects of Cu and Ni on
thermal ageing induced precipitation under long term ageing conditions. APT has been previously
carried out with this specific sample and other similar compositions at shorter ageing times [54], but
it has not yet been investigated with small-angle scattering or quantitative methods. This makes it a
prime choice for an advanced scattering damage study, directly allowing for an investigation of how the
ageing time affects precipitation in such alloys and how this transfers into macroscopic material changes
via embrittlement.

Table 4.1: Composition of main elements in RPV weld material in at%. There are trace amounts of Al, V,
Sn, As and Sb also present.

Cu Ni Mn Si C Mo S P Cr Fe
044 166 1.38 0.75 0.190 0.024 0.016 0.018 0.054 95.22

It is important to study long scale ageing times in RPV steels for multiple reasons. Primarily, it provides
a realistic glimpse into exposure in a LWR since it mimics lifetime ageing. This is reiterated by the fact
that there are limited studies in literature for ageing times on this length scale (most studies are carried
out at much shorter ageing times on the order of 10? hours). Moreover, it allows us to investigate the
role of Cu and Ni on thermal aged induced precipitation in high Ni high Cu RPV welds, a damage
mechanism in high Cu RPV steels which has been somewhat overlooked, with the majority of studies

focussing on irradiation damage.

The thermal history of the sample after weld formation is as follows [54]:

—_

. Annealing at 920 £+ 20 °C for 6 hours and water quenching (post-weld)

[\

. Tempering at 600 + 15 °C for 42 hours
3. Stress relief at 650 + 15 °C for 6 hours
4. Ageing at 330 °C for 100 000 hours and water quenching.

It is important to address the fact that the ageing temperature is around 40 °C higher than typical
RPV exposure in a LWR (290 °C). This is a pragmatic temperature difference that allows for a more

reasonable ageing time, whilst ensuring the mechanisms of precipitation do not differ significantly [54].
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It should also be noted that after each heat treatment a slow cooling rate of 50 °C hour was achieved

and the sample was sealed in quartz under argon to minimise oxidation during ageing.

The unaged version of this RPV weld will also be investigated to provide a direct comparison for the
effects of thermal ageing on precipitation. For the rest of this chapter, the aged and unaged welds will

be referred to as weld A and weld B respectively.

4.3.2 SANS

SANS has been used specifically to investigate the effects of thermal ageing induced precipitation in
weld A and weld B. The samples were selected for an advanced scattering study due to their novel
thermal history, as detailed in Table 4.2. This will allow for an in-depth investigation into the evolution
of precipitation through ageing of a material, focusing on the quantification of precipitate structure,
magnetic properties, and compositional information. It is noted that the dimensions of both samples

differ slightly due to slicing using a SiC cutting wheel.

Table 4.2: Properties of weld A and weld B.

Sample Thickness [mm] Thermal history
Weld A Wedge sample; 2.118 to 2.692 Thermally aged at 330 °C for 100 000 hours
Weld B 0.514 Unaged

4.3.2.1 Experimental measurements

The main SANS measurements were taken using the SANS-1 instrument at the FRM-II neutron source

in Garching [96].

The total scattering vector range used was 0.006 < q < 0.404 A1 (104.72 > d > 1.52 nm) obtained
by using sample-detector and collimation distances shown in Table 4.3. The neutron wavelength used
was A = 4.5 A with wavelength resolution % = 10%. The sample aperture used was 6 mm diameter.
The detector used was a moveable 1.00 x 1.02 m? He-3 multidetector made from an array of 128 tubes

with a resoultion of 8 mm [96].

To gather scattering profiles from a large g-range, three different sample-detector distances were used

throughout the experiment, as detailed in Table 4.3, to obtain three separate g-ranges; these will be
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overlapped during data reduction using the process detailed in Section 3.4.1.1.

It is important to note that care was taken when selecting the collimation distances and neutron

apertures, since each is a compromise between the resolution and the flux at the sample.

Table 4.3: Selected conditions for forming three well-overlapped g-ranges on SANS1 at FRMII.

Property [unit] Low ¢ Medium q High ¢

q range [A‘l] 0.006 to 0.035 0.020 to 0.115 0.071 to 0.404
Wavelength [A] 4.501 4.501 4.501
Sample-detector distance [m] 20 6 1.65
Collimation distance [m] 20 6 2

In order to investigate the possibility of a core shell precipitate structure (with shell thickness < 1 nm),
as alluded to by various literature studies [54], SANS data was also taken on the D22 instrument at the
ILL [97] to access higher q values made possible by the ability to horizontally offset the detector. The
neutron wavelength used was A = 5.0 A with wavelength resolution % = 10%. The sample aperture
used was 6 mm diameter. The detector used was a 102.4 x 98.0 cm? He-3 multidetector with pixel
size 0.8 x 0.8 c¢m, consisting of 128 vertical detector tubes spaced by 8 mm [97]. The experimental

configuration used to achieve an extra high q range is shown in Table 4.4.

Table 4.4: Selected conditions for reaching extra high q range on D22 at ILL.

Property [unit] Extra high q
q range [A~1] 0.1 to 0.6404
Sample-detector distance [m] 1.8
Collimation distance [m] 2

Detector offset in x [mm] 300

The specific experimental setup used is shown schematically in Figure 4.3. The role of the Helmholtz
coils is to provide an homogeneous magnetic field to the sample in the plane perpendicular to the
neutron beam. This field was 0.5 T to saturate and align the magnetic domains in the sample along the
field direction, meaning any scattering along the direction of the applied field is purely nuclear. This
technique allows for full separation of the nuclear and magnetic scattering contributions, which can be

useful when considering the composition of the scatterers in the system. This was completed for both

weld A and weld B.
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Figure 4.3: Schematic of the experimental SANS setup showing direction of applied field (green arrow) with
respect to the neutron beam (blue arrow).

Each weld sample was mounted between two 17 mm aluminium rings in the sample space, and the final

SANS measurements taken were:
e Scattering through a HyO cell to calibrate the detector
e Scattering through cadmium to correct for electronic background
e Scattering through each empty aluminium ring in zero field for transmission calculations

e Scattering through each sample at each g-range

4.3.2.2 Data reduction and analysis

GRASP [109] was used reduce the data, by applying the necessary corrections detailed in Section 3.4.1.1

to put the data on an absolute scale.

In order to convert from 2D data into 1D data the absolute scattered intensity must be radially averaged
to produce a one dimensional intensity versus scattering vector, 1(q), profile. To complete this radial
averaging, one should select an appropriate sector size that balances signal to noise ratio and good
statistics. The sectors used for radial averaging had an azimuthal angle # = 35° to obtain the best
signal-to-noise ratio [133]. In this particular setup, as shown in Figure 4.3, the scattering along the

applied field direction (horizontal) is purely nuclear. To extract magnetic scattering, one must subtract
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the pure nuclear scattering from the combined nuclear and magnetic scattering (vertical). These sectors

have been imposed onto the 2D raw detector image in Figure 4.4.
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Figure 4.4: 2D medium ¢ detector image in weld A showing nuclear and magnetic scattering, superimposed
with applied field direction (white arrow) and sectors used for radial averaging (black). Vertical sectors =
nuclear + magnetic scattering. Horizontal sectors = nuclear scattering. Sector angle § = 35° to maximise

signal to noise ratio.

To highlight the specific effect of the magnetic field on the scattering from the sample, one can radially
average over the whole detector with respect to the azimuthal angle. The I(6) profile is shown in Figure
4.5. Magnetic neutron scattering is known to give a cos?6 scattering contribution [134], which is clearly
indicated by the fit of T = Iy + Acos®(6 + ¢) where I is a constant offset, A is a scaling coefficient, and
¢ is the phase.
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Figure 4.5: Graph of radially integrated intensity vs azimuthal angle (red circles) with fitted cos?0
dependence (blue line) in weld A to highlight presence of magnetic scattering.

Next, each g-range was overlapped using the process outlined in Section 3.4.1.1, and the horizontal I(q)
profile was subtracted from the vertical I(q) profile, leaving the magnetic scattering. These stages were
completed using the NIST NCNR macros [94] in Igor Pro. The resultant nuclear and magnetic I(q)

profiles can be seen in Figure 4.6.
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Figure 4.6: Graphs showing the total and separated nuclear and magnetic scattering contributions for welds
A and B.

4.3.3 SAXS

In order to complement the SANS studies on the long thermally aged welds, the same samples were used
in a SAXS/ASAXS study for comparison of standard analysis and model fitting of SAXS profiles, and
to provide additional information on precipitate composition through use of the anomalous dispersion
effect at elemental absorption edges. Employing ASAXS on the samples and combining the results
with previous SANS studies will help to form well-rounded conclusions on the roles of different alloying

elements on irradiation damage in commercial nuclear materials.

The real and imaginary contributions to the atomic scattering factor, " and {7, from equation 2.33 have

been calculated for the Fe, Cu, Mn and Ni edges. They are presented in Figure 4.7.
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Figure 4.7: The real and imaginary contributions to the atomic scattering factor for the elemental
absorption edges in Fe, Cu, Ni and Mn.

This novel technique has the ability to confirm the stoichiometry of thermal ageing induced precipitates
in RPV steels, through consideration of the contrast versus energy profiles at each elemental absorption
edge. Scanning the incident x-ray energy through elemental absorption edges allows for separation of the
resonant contribution to the total small-angle scattering from the respective atoms and so determines

the relative numbers of each element contributing to the SAXS profile.

It should be noted that for standard small-angle scattering, whilst x-rays can be complementary to
neutron studies on metallurgical samples, neutrons are the preferred technique due to their ability to
study bulk samples, which eliminates the troubles associated with preparing thin samples. However, the
ability to make use of the anomalous dispersion effect of x-rays is particularly valuable in such a study
where neutrons alone cannot resolve exact precipitate compositions in complex alloy systems. More

detail on the ASAXS technique is outlined in Section 2.5.1.2, and the sample preparation techniques

used are described in Section 3.2.4.
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4.3.3.1 Experimental measurements

Three ASAXS beamtimes were completed in total: 12BM at the Advanced Photon Source, Chicago,
P23 at Deutsches Elektronen-Synchrotron, Hamburg, and SAXS/WAXS at the Australian Synchrotron,
Melbourne. This was to ensure beamtime was allocated and to give additional statistics to the final
dataset (since the data reduction process removes differences between instrument configuration and
experimental methods allowing for data to be combined). The most consistent and robust data obtained
when studying RPV steels with low scattering signals is that from the instrument with the lowest
background scattering, for example, minimal air in beam. The ASAXS data used in these works was
from the SAXS/WAXS beamline at the Australian Synchrotron, Melbourne [98] as, unlike the other

two instruments, the entire system is under vacuum.

A white beam of photons of all energies is produced by the synchrotron. A double crystal Si(311)
monochromator selects photons of a specific energy from the white beam, through Bragg reflections and
certain levels of harmonics. The single-energy beam is then focussed using a series of apertures, slits

and mirrors down to a final beam size of 250 x 25 pm.

The detector used was a 1 m? Pilatus 13 2M detector (1280 x 1790 pixels of size 172 x 172 ym). A
beamstop was also used to prevent damage by the direct beam with a diode detector installed so the
direct beam intensity and sample transmission and thickness can be measured. The detector itself was
located within an 8 m evacuated tank with movable sample-detector distance - this allows for a variety
of g-ranges to be reached without having to insert tubes of a specific length. The total q range used was

0.07 < q< 0.61 A~' (18.00 > d > 1.03 nm) to allow for investigation of nanoscale sample features.

The experimental absorption edges were found by scanning through the Mn, Fe, Cu and Ni edges of
standard Mn, Fe, Cu and Ni foils of a known thickness respectively, in order to calibrate the Si(311)
monochromator. To begin, it was checked that there was no overlap between the required energy range
and any higher order harmonics in the monochromator reflections. Then, the transmission as a function
of energy through each edge was found in order to isolate the experimental absorption edge energies.
The results of this can be seen in Figure 4.8. The experimental edge values were found by fitting an

order parameter to the transmission versus energy curves, and are as follows:
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Note that the deviation from the theoretical edge energy is 3-4 eV for the Mn and Fe edges due to the

Mn edge = 6.535 keV
Fe edge = 7.108 keV
Ni edge = 8.333 keV

Cu edge = 8.979 keV

monochromator being less stable at lower energies.
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Figure 4.8: Graphs of transmission vs energy through the corresponding elemental absorption edge in Fe,

Cu, Ni and Mn foils used to extract the experimental absorption edge energies.

The experimental measurements taken were as follows:

e Calibration of the g-range by scattering measurements of silver behenate with a known lattice

spacing spacing.
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e Map each sample position in beam and then grid scan to find optimal signal intensity (i.e. optimal
sample thickness since this is not homogeneous due to the twin-jet polishing sample preparation
process). The hole in the centre of each sample was also located, since this has a transmission of

1, and measurements were offset from this.

e Sample scattering at 9 energies through each elemental absorption edge, starting furthest away
from the edge and then decreasing in interval (logarithmically) as the edge is approached. It was
chosen not to scan through the edge itself since the increased contribution of fluorescence close
to the edge drowns out the scattering signal. This was completed for 3 y-positions in total in
each sample: 1 in the calibrated position and 1 offset above and below respectively to check if the

translation of the sample holder causes displacement of the samples from their mounted positions.

e Sample scattering at an energy far from all elemental absorption edges to obtain traditional SAXS

data.

e Empty beam scattering for all energies to allow for the calculation of sample transmission. The
empty beam measurements (Ig) were not taken directly after each sample measurement due to
experimental time limitations, but since the synchrotron operates in top-up mode any drop in

intensity of the beam due to decaying energy of electrons in the storage ring is negligible here.

e Glassy carbon scattering for all energies for calibration of intensity into absolute units.

4.3.3.2 Data reduction and analysis

Before fully reducing the data, all energies through all 4 elemental edges were radially averaged using
360° sectors to give I(q) on an arbitrary scale, as a preliminary investigation of the anomalous dispersion
effects and to check that the differences between weld A and B can be observed with SAXS (far from
absorption edges). The arbitrary I(q) profiles for weld A and B at 6.809 keV (non-anomalous scattering)
are shown in Figure 4.9, showing a clear difference due to thermal ageing. A Porod law has been fitted

to weld B to show the sole grain boundary scattering contribution in the unaged sample.
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Figure 4.9: Graph showing raw I(q) profiles (arbitrary units) of weld A and weld B at E = 6.809 keV.

In order to get the measured scattered intensity on an absolute scale, corrections are made during data
reduction as detailed in Section 3.4.1.2. The calibration sample used is glassy carbon (NIST Standard
Reference Material 3600 [110]). The Iy monitor detector upstream of the sample was not working during
the experiment, however the diode detector on the beamstop allowed for the direct beam intensity to
always be measured (Igs) despite the presence of a beamstop to attenuate the beam and stop the

detector from saturating, hence the sample transmissions were calculated from IILES instead of the usual

II—;. The empty cell transmission could not be measured directly due to the unavailability of the I
detector, and is hence assumed to be 1 which is deemed reasonable given that the beam size is 250 x 25
pm so scattering from the sample holder is expected to be minimal. Using the transmissions, the sample
thicknesses were corrected for using the Lambert-Beer law. The 2D detector was radially averaged over
360° to extract the 1D I(q) profiles for all energies, masking out the arm of the beamstop and any

dead pixels. The data reduction was completed in the Nika software [135], and the analysis using model

fitting in the NIST NCNR macros [94] in Igor Pro.
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4.4 Results

4.4.1 Metallurgical and mechanical property characterisation

4.4.1.1 Microscopy

Weld B has been studied with a ZEISS Axioskop 50 optical microscope to identify the key microstructural
features in an unaged low alloy steel. The sample has been prepared following the standard method
outlined in Section 3.2.2. An example micrograph can be seen in Figure 4.10. The microstructure
is purely ferritic, with carbides (micron-scale) precipitated out at grain boundaries; no martensite or

bainite is present in this particular steel. The average unaged grain size is 9.26 + 0.94 pm.

Figure 4.10: Unaged weld material (weld B) optical microscopy to highlight microstructure. Average grain
size is 9.26 4+ 0.94 pm.

Unfortunately due to the activity of the samples following small-angle scattering experiments, microscopy

could not be completed on weld A.

4.4.1.2 Microindentation hardness testing

Vickers hardness microindentation was completed using a DuraScan G5 on both weld steels in order
to quantify the effect of the thermal ageing induced precipitation on the hardness. The samples were

prepared following the standard method outlined in Section 3.2.1.
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The results were found using a 0.1 kgf load and have been averaged from a 8 x 8 grid of indents, giving
Hp = 211.2 + 2.0 Hv and H4 = 291.2 £+ 2.4 Hv for weld B and A respectively. This corresponds to
an increase in hardness of AH = 80.0 + 4.4 Hv which has been directly induced by the thermal ageing

process. The significance of this hardness increase is discussed in depth in Section 4.5.3.

4.4.2 SANS

4.4.2.1 Standard model-independent analysis

Before modelling complex information in the SANS data, such as contrast, magnetic nature, and the
shape and size distribution of precipitates, one should complete some standard analysis in the form of

Porod and Guinier plots [77], as discussed in depth in Section 3.4.2.1.

Through fitting of a power law model to the weld A data, one finds the exponents to be 4.170 +
0.004 and 3.950 + 0.013 for the nuclear and magnetic scattering respectively. This indicates that the
neutron scattering intensity arises from flat 3D interfaces (e.g. grain boundaries or larger scale carbides),
as expected in polycrystalline metallurgical alloys with a 3D grain structure. This Porod scattering
contribution can be directly subtracted from the total scattering to give precipitate-only scattering in
weld A, as detailed in Figure 4.11. For weld B, the scattering is purely Porod, with exponents of 4.083

+ 0.004 and 3.954 £ 0.013 for the nuclear and magnetic scattering respectively.
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Figure 4.11: Graph showing I(q) nuclear and magnetic total, Porod, and Porod subtracted scattering in
weld A. I oc g4 line is overlaid in black as a guide for scattering from flat 3D interfaces.

The Guinier plot of Inl vs q? is valid in the range qR, < V/3. Tt can detail information on the largest
scatterers in the system, in the form of the Guinier radius, Ry. For both welds, the magnetic and nuclear
Guinier radii are Ry = 92.59 + 2.12 A and Ren = 87.20 £ 3.04 A respectively. This is consistent

with larger scale scatterers in the system, such as micron-sized carbides as observed during microscopy.
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Figure 4.12: Guinier plot Inl vs g2 for nuclear and magnetic total scattering in weld A. Fitted (dotted) lines
and R, values are included. Rgy = 92.59 + 2.12 A and Ry = 87.20 + 3.04 A.

4.4.2.2 Empirical model fitting

Empirically fitting models to the data can extract information on the shape, size, distribution, magnetic
nature, composition, and volume fraction of said objects within the matrix. The empirical model fitting

of I(q) for weld A and weld B was completed using the NIST NCNR analysis macros in Igor Pro [94].

At low q values, i.e. larger length scales, there is a significant contribution to the intensity profile. Owing
to their polycrystalline structure, this is Porod scattering, as confirmed by the Porod plot in Figure
4.11. Porod scattering is intensity arising from grain boundaries, which has a power law dependence

[75], described by equation 3.13.

At larger q values, it is clear that there is some difference in scattering between the two materials. Under
the fair assumption that these are Cu-rich precipitates (as postulated by APT), one can begin with the
log-normal sphere model of absolute intensity [31]. The log-normal sphere form factor is derived in

Section 3.4.2.2.

Using the knowledge of the system, a sum model can be fit to the data set which combines Porod and

log-normal sphere scattering contributions, as seen in Figure 4.13.
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Figure 4.13: Graph showing I(q) nuclear and magnetic scattering in weld A with fitted Porod + log-normal
sphere sum models.

In addition, one can subtract the profiles of weld B from weld A to show purely thermally-aged induced

microstructural changes. This stark difference is shown in Figure 4.14.

0 ] @ Difference in magnetic scattering|[”
10 3 O Difference in nuclear scattering |g
] 66,0,0%9 b@% r
o
- 00 oOOOQ -
-1 | Ooo QQbO
10 %o, E
3 o E
_ E % og% O°o E
-~ 1 o ° ) C
e - o %
O, 10 2 | % Cboc>
—~~ E Oooo
_g ] ? o &600 ooo
-3 o Y&
10 3 b i
3 < )
] °
- (]
-4
10 3
B T T T T T LI I T T T
3 4 5 6789 3 4
0.1
A—1
qlA ]

Figure 4.14: Graph showing subtracted weld data.
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The log-normal sphere distribution is only present in weld A, since weld B shows no sign of precipitation,
hence one can subtract the Porod law from weld A to obtain precipitate-only scattering. The results of

this are shown in Figure 4.15.
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Figure 4.15: Graph showing I(q) nuclear and magnetic scattering in weld A with Porod subtraction.

The results of the fitted log-normal sphere distribution parameters for precipitate-only scattering are
shown in Table 4.5.

Table 4.5: Fitted parameters from the log-normal sphere model fitting to Porod-subtracted data. The
brackets denote the errors on each value.

Parameter [units] = Nuclear (error) Magnetic (error)
Volume fraction [arb.] 0.010 (0) 0.010 (0)

Median radius [A] 15.905 (0.069) 15.905 (0.0689)
Polydispersity [arb.]  0.285 (0.002) 0.250 (0.002)
Porecipitate A7) 5.101 (0.004) x 1076 1.272 (0.005) x 10~°
Prmatrix [A77] 7.791 (0) x 1076 4.842 (0) x 1076
Contrast [A~2] 2.670 (0.004) x 1076 3.570 (0.005) x 10~
Background [m™!] 6.503 (3.071) x 10°  7.642 (4.923) x 10°

The median radii for the nuclear and magnetic precipitates have been treated as a linked parameters

due to the fact the only difference between nuclear and magnetic scattering is the contrast. The
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volume fraction has no error since it was a held parameter. The nuclear and magnetic SLDs of the
matrix have been calculated and consequently held and so these have no errors either. The holding
of these parameters is necessary since the SLDs of the precipitate and matrix and volume fraction are
multiplicative in equation 2.42. The mean precipitate radius is 16.486 + 0.071 Aas calculated using

equation 3.21.

The small peak at high q is not fit particularly well by the LNS model, meaning this scattering could

be indicative of a core-shell precipitate structure as observed in literature [54, 66]. This is detailed in

Figure 4.16.
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Figure 4.16: Graph showing potential extra high Q core-shell structure.

The extra high q scattering data taken on D22 to investigate the core-shell precipitate structure is shown
in Figure 4.17. Unfortunately, a converging empirical model fit could not be obtained. This could be
because the fractions of Mn and Ni in the potential outer shell are too low to observe significant contrast
changes. It also could be attributed to the inherent noise in high q data due to incoherent background

scattering contributions which prevent a form factor model from converging on the coherent scattering
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data. This could be mitigated by employing SAXS at high ¢ in the future since there is no incoherent

background contribution.
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Figure 4.17: Graph showing high q nuclear and magnetic scattering profiles for weld A with an attempted
core-shell form factor fit.

4.4.2.3 Maximum entropy fitting

The maximum entropy method in Irena [95] has been used to fit the I(q) profiles of weld A. The results

can be seen in Figure 4.18. The mean precipitate radius is 19.826 4 0.993 A.
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Figure 4.18: Graph showing maximum entropy I(q) fit and size distribution of magnetic scattering in weld

A.

4.4.2.4 Monte Carlo fitting

Finally, Monte Carlo modelling for 100 000 iterations was completed on the I(q) data. The results
converged to a x? value < 5, and the nuclear and magnetic fits can be seen in Figure 4.19. The

precipitate diameters from the nuclear and magnetic profiles are self consistent: Ry = 41.26 + 0.27 A

and Ry = 39.90 + 2.3 A.

The resultant nuclear and magnetic precipitate size distributions can be seen in Figures 4.20 and 4.21

respectively.
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Figure 4.19: Graph showing Monte Carlo I(q) fit of nuclear and magnetic scattering in weld A.
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Figure 4.20: Graph showing Monte Carlo fitting and size distribution of precipitates in weld A nuclear
scattering.
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Figure 4.21: Graph showing Monte Carlo fitting and size distribution of precipitates in weld A magnetic
scattering.

The implications of the Monte-Carlo and maximum entropy modelling results are discussed in Section

4.5.1.

4.4.2.5 A-ratio compositional analysis

The A ratio derived in Section 3.4.2.3 can either be calculated numerically using the fitted parameters,
or more robustly from the raw data. The latter gives the A ratio as a function of scattering vector,
which seems more valuable since errors from the fit are not introduced and one can see if there is a
change as a function of length scale in the samples, i.e. if more than one type of precipitate is present.
In any case, all A ratio values shall be compared with reference to the validity of the method by which

they were obtained.

It should be noted that in reality, there is a correction factor that must be applied to the term % to
give the true A ratio of the precipitates. This factor arises from the calculation of scattering profiles by

radially averaging over sectors in GRASP. When choosing the sector configuration, a 35° (0.6 radian)
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sector leaves out some magnetic signal compared to the use of a 90° (7 radian) sector. The correction

factor is given by the ratio of the magnetic scattering integrated over the sector widths:
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The results for welds A and B can be seen in Figure 4.22.
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Figure 4.22: Graph showing the raw data calculated A ratio as a function of q, fitted with a Gaussian
distribution. The peak at q = 0.11 A~!corresponds to the length scale of the peak in I(q).

The A ratio vs q from the SANS data shows a clear weld A peak at ¢ = 0.11 A~!, which corresponds
to position of the peak in I(q). From fitting a Gaussian distribution to A ratio(q), a peak value of A
ratio = 2.705 + 0.012 was found. The peak at low q for weld B arises from carbides at larger length
scales. This corresponds to micron scale carbide features (radius approximately 9 ym) that have been

observed with microscopy.

In the weld A data in Figure 4.22, there is a deviation from the Gaussian fit at q = 0.295 A~' which
could be an extra A ratio peak. This could be indicative of core-shell structure i.e. a high A ratio in the
core (Cu-rich since Cu has the largest scattering contrast in Fe) and a low A ratio in the shell (Mn-rich
since Mn has a negative scattering length which reduces the contrast). This is postulated since the
a core shell structure has been observed for similar sample compositions in literature [136], and by a
previous APT study on these samples [54]. From fitting a double Gaussian distribution, peak 1 A ratio
= 2.697 + 0.049 (within error bounds of the single peak fit) and peak 2 A ratio = 1.257 £ 0.060.
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Figure 4.23: Graph showing the Porod-subtracted calculated A ratio as a function of q (pink), fitted with a
Gaussian distribution (red). The raw calculated A ratio (purple) is shown for comparison.

To investigate the true nature of this potential second peak, the Porod scattering contribution from
grain boundaries fitted during SANS was subtracted from the data to leave precipitate-only scattering.
The A ratio(q) was recalculated, as shown in Figure 4.23. Upon doing this, the peak at q¢ = 0.11 At
is now much more subtle, but fitting a single peak gives A ratio = 2.921 + 0.010. Attempting to fit
the second high q peak gives very large errors which are unphysical, meaning it is most likely just noise
in the data. This implies that the small A ratio peak at high q postulated in Figure 4.22 may just be
an artefact arising from the Porod scattering contribution. Hence, the single Gaussian peak fit of A

ratio(q) is the best-estimate method, and so the A ratio value = 2.705 + 0.012.

The A ratio can also be calculated from the contrasts obtained from empirical model fitting. This gives
an A ratio = 2.742 £ 0.010, which is statistically consistent with the A ratio value from the raw I(q)

data. This suggests that the model fitted contrasts are reliable.
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4.4.3 SAXS

4.4.3.1 Empirical model fitting

The SAXS data was analysed to validate the precipitate information obtained from the SANS analysis.

The I(q) profiles far from elemental absorption edges were used, to exclude anomalous dispersions.

The matrix contrast, An, was calculated using the previously calculated x-ray scattering lengths (Table
2.2). The x-ray scattering length density of a phase in a material, n, is a function of the number densities
and bound coherent x-ray scattering lengths of each specific element present, as per equation 2.32 in

Section 2.5.1.1.

Hence, for the bulk matrix in weld A (composition given in Table 4.1), the x-ray scattering length
density is 6.2635 x 10 A2. Since this is a known value, it can be held constant in the empirical model

fitting.

A mean precipitate radius in weld A was found to be 19.57 & 0.26 A, which is consistent with the radius

obtained through maximum entropy and Monte Carlo fitting of SANS data.

4.4.3.2 Anomalous SAXS analysis

Before any full analysis is completed, the raw unreduced I(q) profiles for the Fe, Mn, Ni and Cu edges
were plotted to make an initial comparison and aid the route of analysis going forward. The unreduced
scattered intensity of weld A obtained by scanning through the edges can be seen in Figures 4.24, 4.25,
4.26 and 4.27.
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Figure 4.25: Graph showing unreduced ASAXS I(q) [arbitrary units] profiles of weld A at Mn edge.
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Figure 4.26: Graph showing unreduced ASAXS I(q) [arbitrary units] profiles of weld A at Ni edge.
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Figure 4.27: Graph showing unreduced ASAXS I(q) [arbitrary units] profiles of weld A at Cu edge.

Due to the known fluorescence phenomena, the fluorescence contribution from the large fraction of Fe

atoms in the sample (>95%) increases as incident x-ray energy approaches the Fe edge. This causes the
incoherent background at the Fe edge to increase.

The contrast at the Mn, Ni and Cu edges, and hence scattered intensity, is low due to the relative
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amounts of each element in the matrix. This means that any differences noticed as one scans through
each absorption edge are minimal. Also, due to the increasing fluorescence background from Fe atoms
that dominates the high q scattering signal, any potential changes with energy are drowned out.
Arguably, the most important element fraction to confirm is Fe, so this will form the basis of the

ASAXS analysis going forward.

Due to the nature of the ASAXS sample preparation, the sample thickness is not known directly. For
the welds, the thickness has been measured experimentally from the transmission: weld A = 25.518 +

0.900 pm. The reduced Fe edge data can be seen in Figure 4.28.
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Figure 4.28: Graph showing ASAXS I(q) profiles of weld A at Fe edge.

From the SANS analysis, a combined Porod+LNS model was the best estimate for the precipitates,
hence this was also tested in the ASAXS analysis. The contrast in SAXS arises from differences in
the electron densities, compared to the contrast from scattering length densities in SANS. The matrix
electron density was calculated and held constant in the fit alongside the volume fraction, in order to
explicitly obtain the precipitate electron density. This then can be used to calculate absolute volume

fraction from the scattering invariant.
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In theory, fitted median radius and polydispersity should be the same for the SANS and SAXS data, and
so these were held as 15.9045 and 0.2853 respectively. The only thing that will obviously be different is

the contrast term; the contrast should change as a function of energy due to the anomalous dispersion

of Fe.

The numerically integrated contrast values for each energy can be seen in Figure 4.29. The contrast
can be seen to decrease as one approaches the Fe absorption edge. Through fitting of equation 2.35
derived in Section 2.5.1.2 to the An(E) profile through the Stuhrmann method [87], one can extract the

Fe content of the precipitate to be Xg, = 3 at%.

- | . | ! | . |

\C—D © Numerical integrated intensity
X | e Experimental Fe K-absorption edge
Theoretical Fe K-absorption edge .

604 A |f|=fF .
&
|2| AO A

A

2 50 a A B
)
c
9 o
=
- 40-
O
e
©
| -
o
c 30

| |
6.90 7.00 7.10
X-ray energy [keV]

|
6.80

Figure 4.29: Graph showing ASAXS fitted contrast of weld A as a function of x-ray energy at the Fe edge
(calculated through numerical integration of the I(q) scattering profiles). The green triangles represent the
atomic scattering amplitude.
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4.5 Discussion

4.5.1 Shape and size distributions

The precipitates in weld A have been found to be system of polydisperse spheres with a log-normal size
distribution. This has been confirmed by maximum entropy and Monte Carlo analysis techniques to

ensure no assumptions were projected onto the nuclear and magnetic data sets.

In addition, an increase in the number density and size of precipitates was observed that were not

present in the unaged weld material, as documented in other high Ni weld studies [21, 62, 60].

The mean precipitate radii for each analysis method can be seen in Table 4.6. The maximum entropy and
Monte Carlo radii are consistent with one another, but the model fitting seems to have underestimated
the radius. This is attributed to the deviation of the data from the LNS model at very high q, owing
to the potential core-shell structure that could not be confidently resolved in the analysis. Hence, the

consistent radii that have overlapping error bounds are the most robust.

Table 4.6: Weld A precipitate radii found using model fitting, maximum entropy method, and Monte Carlo

modelling.
Analysis technique Mean radius [A] Error [A]
LNS model fitting 16.486 0.071
Maximum entropy method 19.826 0.993
Monte Carlo modelling 20.290 0.185

The nanoscale precipitates induced by thermal ageing at 330 °C for 100 000 hours are spheres with a
mean radius of 20.058 £+ 0.589 A and a log-normal size distribution with a polydispersity of 0.267 +
0.002.

This is fully consistent with the structural information noted by the APT investigation [54].

The presence of a core-shell structure has not been confirmed robustly through the SANS, however due
to the reduction in interfacial energy from the congregation of Mn, Ni and Si around the Cu-rich core

[127, 56, 67], it cannot be excluded as a likely outcome.
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4.5.2 Precipitate composition

Table 4.7 summarises the A ratio values found using fitted contrast parameters and A ratio (q) peak

fittings. All results are consistent with one another.

Table 4.7: Summary of A ratio values for precipitates obtained through different methods

Method A ratio [arb.] Error [arb.]
Using Apy/y from fitting in equation 2.23  2.725 0.001
A ratio (q) peak fitting (single) 2.705 0.012
A ratio (q) peak fitting (double, peak 1) 2.697 0.049
A ratio (q) peak fitting (double, peak 2) 1.257 0.060
Using Fe containing fractions from [54] 4.206 0.010
Using non-Fe containing fractions from [54] 3.978 0.010

The A ratio values from the single and double fitting of the low-q peak are consistent with one another.
This suggests the presence of a Cu-rich precipitate. An A ratio of 1.257 suggests that the shell is
rich in Mn and/or vacancies, since these are the only elements that when increased in fraction would
reduce the precipitate SLD (due to being non-magnetic and the negative and zero nuclear scattering
lengths respectively), and thus reduce the A ratio from 2.697. This is consistent with the existence of a
Mn-rich shell around a Cu-rich core, where the clustering of Mn, Ni and Si at the precipitate interface
reduce the lattice strain and the instability of Cu in Fe. The double peak fitting was discounted as a
potential Porod artefact during the analysis and so the single peak fitted value was found to be the most

representative A ratio, and hence a core shell precipitate structure could not be confidently confirmed.

Table 4.7 also shows the calculated A ratio values using the APT results from [54] for both non-Fe and Fe
containing precipitates. However, one can instantly show that this non-Fe/non-magnetic approximation
is not valid in this scenario by comparing the theoretical A ratios calculated using non-Fe precipitate
fractions from [54] in equations 2.23 and 3.22 to the experimental A ratios obtained from the SANS
data. Even when one treats the precipitates as Fe-containing during APT (which acts to reduce the A
ratio value more than non-Fe precipitates), the A ratio calculated from the suggested APT fraction is

still too high indicating an overestimation of the Fe content (> 36 at%).

To further highlight this discrepancy, the theoretical A ratios for any Ni:Cu:Mn (non-Fe, non-magnetic)

precipitate in a weld A matrix have been calculated by creating a model based on the A ratio equations
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derived in Section 3.4.2.3 (equations 3.22 to 3.25). All possible A ratio values for all possible precipitate
composition ratios of Ni:Cu:Mn have been calculated using the sample matrix composition and plotted in
a ternary diagram. The possible precipitate compositions corresponding to the experimentally obtained
A ratio value in this work have also been calculated. These possible precipitate compositions are overlaid

as blue circles on the Ni:Cu:Mn ternary diagram in Figure 4.30.

Y
A ratio

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Cu [at%]

Figure 4.30: Theoretical A ratio ternary diagram for any Ni:Cu:Mn (non-magnetic, non-Fe) precipitate
composition in a weld A matrix. Blue overlaid circles highlight the possible precipitate compositions
corresponding to the experimental A ratio value of 2.705 + 0.012.

The A ratio values from APT as defined in Table 4.7 are much higher than the experimental A ratio
obtained through SANS. There is no overlap between APT and SANS compositions which directly shows
the need for a more complex treatment of the precipitates. Hence, one must consider the presence of

Fe and vacancies within the precipitate, and also the role of magnetism.

Using equations 3.22 to 3.25, a model was constructed to calculate the A ratio for all possible vacancy
and Fe compositions of the magnetic precipitates. To create the model, the nuclear and magnetic

scattering length densities of Cu, Mn, Ni, Fe and Si were calculated for an arbitrary sample volume of
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10 000 A3. The Cu:Mn:Ni:Si ratios were calculated from the APT results and held constant, and the

theoretical A ratio values were computed for all possible Fe and vacancy compositions.

From these theoretical A ratio values, the Fe and vacancy compositions that correspond to an A ratio
equivalent to the experimental SANS value experimental A ratio were identified, using the lower bound
of errors on calculated A ratio values for conservatism. The results can be seen in Figure 4.31. The black
triangles indicate the Fe and vacancy compositions that give an A ratio consistent with the experimental

value of 2.705.
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Figure 4.31: Theoretical A ratios for any Fe and vacancy content in a given Cu:Mn:Ni:Si precipitate
composition in a weld A matrix. Black triangles overlaid highlight compositions corresponding to
experimental A ratio value of 2.705 £ 0.012.

Using the 23 possible Fe and vacancy compositions, the overall precipitate compositions that correspond

to the experimental A ratio have been calculated. These are shown in Figure 4.32.
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Figure 4.32: Graph showing the 23 possible precipitate compositions in weld A corresponding to the
experimental A ratio of 2.705 + 0.012. Each composition is represented by a vertical bar which shows the
fractions of alloying elements present in the precipitates. Each alloying element is represented by a unique

colour, and the fraction of each element is equivalent to the height of each colour bar.

From the ASAXS data, the Fe content of the precipitates was found to be 3 at% through fitting of
equation 2.35 to the intensity vs energy profile at the Fe edge. The vacancy content corresponding to

the experimental A ratio is hence 19 at%.

This finding will impact the way precipitation events in thermally aged RPV alloys are modelled and
quantified. It is clear that precipitates cannot be treated as non-magnetic, which is in contrast to a
SANS study alone in [22] that suggests no Fe is present in FeCuMnNi model alloys. As such, it has
been shown that one must consider the magnetism, Fe and vacancy content of thermal ageing induced

precipitates in future studies.
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4.5.3 Effect of thermal ageing on mechanical properties

The embrittlement as a result of thermal ageing is encapsulated by the hardening effect of precipitation
(a hardness increase of 80.0 + 4.4 Hv). The presence of nanoscale precipitates in the steel matrix
form a direct barrier to dislocation movement [137, 138] which increases the overall hardness. After
100 000 hours, the Cu-rich precipitates have a high number density and are relatively small size. The
observed hardness increase for the low alloy RPV weld steel is fully consistent with that observed in the
previous APT study [54]. Interestingly, the precipitates were found to have similar structural properties
(shape and size) to high Cu RPV steels thermally aged for much shorter ageing times (e.g. 300 hours)
[66]. It is important to note that this hardness change caused by temperature exposure alone rivals the
embrittlement seen in similar high Cu steels that have been irradiated [50, 67, 118]. This demonstrates
the nuanced relationship between temperature, time and the enhancement and acceleration of the

precipitation process in a radiation environment.

4.6 Conclusions

The work presented in this chapter is a unique advanced scattering study on precipitation in a low
alloy RPV weld steel thermally aged at representative operational reactor conditions (in contrast to the

typical elevated temperature/reduced time thermal ageing studies in the literature).

The ageing process has been found to induce a large number of nanoscale precipitates in the high Ni,
high Cu RPV steel. The structural precipitate properties have been mapped using SANS, with analysis
methods such as maximum entropy and Monte Carlo providing the most consistent results because of
the lack of requirement of pre-assumed knowledge of the scattering system. A log-normal distribution
of spherical precipitates with mean radius 20.058 £+ 0.589 A was observed which is consistent with the
reported precipitate sizes from the APT study. The increase in hardness due to thermal ageing was
found to be 80.0 4+ 4.4 Hv which is commensurate with documented precipitation hardening observed

in similar RPV studies.

The careful analysis of SANS and ASAXS data has highlighted the importance of the consideration of

vacancies and Fe in thermal ageing induced precipitates in high Ni RPV steels. Although it may simplify
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the analysis process, treating precipitates as non-magnetic is a flawed approach, as it excludes Fe within
the precipitate and even the magnetism from Ni. It is not conducive with the literature on thermal
ageing induced precipitation in Cu-containing RPV alloys for Fe or vacancies to be present [22, 60, 54],
but the contribution of vacancy clustering within precipitates is one that cannot be ignored. Moreover,
the Fe content of the precipitates obtained during the APT study is an overestimation. The stark
differences in A ratio between Fe, non-Fe and vacancy containing precipitates shows this explicitly.
The combination of advanced scattering techniques found the average precipitate composition to be

0.03Fe-0.17Ni-0.44Cu-0.13Mn-0.035i-0.19Vac.

Whilst the findings of this study add a new perspective on precipitation in the long thermally aged
RPV weld that could not be obtained through APT, there are additional studies that could be carried
out in the future. The neutron and x-ray scattering studies on the samples induced a significant level
of activity, meaning that additional post-scattering analysis was not possible. It would be interesting
to perform an irradiation study on this alloy composition to investigate the interplay between thermal

ageing and irradiation induced precipitation for representative in-service conditions.
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CHAPTER 5

THERMAL AGEING INDUCED PRECIPITATION
IN FE-CU-MN-NI MODEL REACTOR PRESSURE
VESSEL STEEL ALLOYS

5.1 Introduction

Understanding the microstructural evolution of RPV alloys under typical LWR operating conditions
is crucial in predicting material integrity over time in-service. In particular, the thermal history plays
an important role in nanoscale precipitation that can lead to hardening and hence embrittlement [69,
139]. This is of high relevance in our current nuclear climate where harsh temperature and neutron
environments can compromise the mechanical properties of said RPV steel materials over long term
operation. The aim of this chapter is to demonstrate how small-angle scattering can be used to study
in-situ material transitions and nanoscale precipitation in model low alloy RPV steels . The relationship

between alloy composition and thermal ageing induced precipitation is explored in detail.

This chapter presents the results obtained from the thermal ageing and characterisation of precipitation
events in multiple model RPV alloys. It shows the contribution that small-angle scattering can make to
quantifying properties of thermal ageing induced precipitates. In addition, a novel method of studying
precipitation kinetics has been carried out, taking advantage of the ability to perform in-situ thermal

ageing measurements due to the long range of neutrons in matter. Magnetic saturation of the RPV
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alloys has been used to demonstrate how the magnetic nature of neutrons can be exploited to provide

compositional information on nanoscale precipitates.

The advantage of studying model alloys is that one can eliminate the trace elements found in commercial
alloys that have limited effects on the microstructural evolution during service. This removes a layer
of complexity from the characterisation of irradiation damage. The composition of the model alloys
were carefully selected based on in-service RPV alloys and previous studies on solubility, precipitation
nucleation and growth [18, 20, 45, 140], with only the main elements postulated to have a strong
effect on thermal ageing induced damage present (Cu, Mn and Ni). This allows for one to study the
effect of particular alloying elements in detail, aiming to elucidate their role in thermal ageing induced

precipitation events. The compositions of model alloys chosen in this study can be seen in Table 5.2.

The model alloy samples were aged slightly above the operating temperatures of a light water reactor
at 450 °C and 500 °C, with the aim of nucleating and subsequently growing precipitates. These
temperatures were chosen so as to achieve precipitation events in an acceptable time scale that are
also in an appropriate size range to be detected by SAXS and SANS. The parameters of the scattering
instruments employed in this study give a minimum size detection limit below the typical nanometre size
range of precipitates induced in in-service alloys [19, 40, 62] (= 1 nm), which highlights the usefulness
of the techniques for studying such damage events. It should be noted that the timescales of the ageing
process in this work (on the order of 10? hours) are several orders of magnitude smaller than a lifetime
exposure (10° hours), however this accelerated ageing process still provides important information on

the mechanisms of precipitation and the overall effect on mechanical properties.

The results from SAXS, SANS and hardness testing are presented, focusing on how one can obtain useful
information on thermal ageing induced precipitation damage through a combination of experimental
methods. The implications of these with respect to the lifetime of such materials under reactor
conditions will be considered, and the crucial relationship between thermal ageing and precipitation

induced hardening is explored.
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5.2 The effect of Cu, Mn and Ni on thermal ageing induced

precipitation in RPV alloys: a review

5.2.1 Solubility of Cu, Mn and Ni in Fe

Section 2.2.2 previously introduced the concept of thermal ageing induced precipitation, where the
diffusion of solute atoms in the matrix in the presence of vacancies can lead to the nucleation and
growth of coherent precipitates [23, 43]. The nature of such precipitation events is coupled with the
solubility of certain alloying elements; in the context of RPV steels, the elements of interest are Cu, Mn

and Ni within a predominantly Fe matrix.

There have been many studies on the solubility of these elements in an attempt to understand precipitation
properties under LWR operating conditions [17, 18, 49]. Despite this, the solubility of Cu in Fe during
operation is still disputed in literature, with variations from 0.001 at% to 0.05 at% [16, 72, 141]. In any
case, the reported solubility of Cu in Fe is much lower in comparison to other alloying elements such as
Ni and Mn [127, 130, 142, 143], as can be seen by comparison of the binary equilibrium phase diagrams
in Figures 5.1, 5.2 and 5.3 respectively for Fe-Ni, Fe-Mn and Fe-Cu. In previous thermal ageing studies,
the low solubility of Cu has been found to lead to precipitate induced hardening, of which the hardness

was found to increase with Cu contents above 0.1 wt% [144].
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Figure 5.1: Equilibrium phase diagram for binary Ni-Fe system from [142].
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Figure 5.2: Equilibrium phase diagram for binary Mn-Fe system from [143].
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Figure 5.3: Equilibrium phase diagram for binary Cu-Fe system from [145].

The solubility studies and binary phase diagrams have been used as a basis to determine ideal model
alloy compositions and thermal ageing parameters to induce precipitation damage in this work. For
example, the solubility limits shown in Table 5.1 have been extracted from the binary phase diagram

data for consideration in this work.

Table 5.1: Summary of elemental solid solubility limits for consideration in model RPV alloy composition
and thermal ageing study, extracted from [142, 143, 145].

Element Solubility limit at 330 °C [at%] Solubility limit at 500 °C [at%]

Ni 3.24 4.83
Mn 3.02 3.79
Cu 0.02 0.74
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5.2.2 Thermal ageing of RPV steels

RPV alloys containing Cu have been found to exhibit thermal ageing [47] and irradiation induced [146,
147] precipitates. Many studies have utilised techniques such as APT [14, 52, 66], TEM [45, 72, 112],
PAS [46, 57, 148] and SANS [41, 55] in an attempt to quantify the composition and structural properties
of precipitates induced in both low and high Cu steels. Combining investigative techniques can allow
for a clearer understanding of precipitate behaviour, since each technique has its own set of unique
advantages and disadvantages. For example, an APT study on long thermally aged RPV welds found
CuMnNi-rich precipitates with a fraction of Fe at 11 at% whilst assuming a 100% precipitate density
[54]. The SANS and ASAXS results on the same samples report a fraction of Fe 3 at% and the presence
of vacancies at 19 at%. Hence, the use of small-angle scattering is integral for the characterisation of

precipitate properties to address shortfalls in other techniques.

There is a documented thermodynamic synergy between Cu, Mn and Ni [144] that leads to precipitation
of Mn and Ni in the presence of Cu, despite their relatively high solid solubilities. In order to
understand this relationship, thermal ageing induced precipitation in the binary FeCu system must

be fully understood as Cu has the lowest solubility and hence drives the initial stages of precipitation.

A binary FeCu thermal ageing study observed nucleation, growth and coarsening of Cu-vacancy precipitates
for several ageing times [149]. As ageing time increases, the Cu content of such precipitates was found
to increase whilst vacancy content in the precipitates remained the same, indicating that vacancy
facilitation is the primary nucleation mechanism and that growth is coupled with a high purity of

Cu precipitates [41, 150, 151].

A previous SANS study on irradiated model RPV alloys [50] found that induced precipitates present
in Fe-Cu binary alloys were Cu-vacancy clusters with a core-shell structure. The calculated A ratio for
the Cu-vacancy ratio in the precipitates is shown in Figure 5.4. The size range (1 to 4 nm) is consistent
with those from a similar FeCu thermal ageing study [111]. The thermal ageing induced precipitates in
FeCuMnNi model alloys in [47] were found to be enriched in Cu, Mn, and Ni with Cu possibly acting as
a nucleation point. This again highlights the synergy between these alloy elements, and the importance

of understanding the elemental effects on the precipitation process.
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Figure 5.4: Relationship between the Cu-vacancy ratio of a Cu-vacancy cluster in Fe and the A ratio in
irradiated FeCu [50].

The main area that requires further study for RPV steel systems is the specific effect of the initial element
compositions on precipitate nucleation, growth and composition during thermal ageing, to understand
the effect of Mn and Ni on the behaviour of precipitation in the presence of Cu. This has been explored
in irradiation studies, such as [48] where it was found that increasing Ni matrix fraction enhances the
fraction of Ni and Mn in precipitates. The effect of Mn on the number density of irradiation induced
precipitates in FeCu and FeCuMn model alloys was studied in [136]. It was found that the presence of
Mn increased the number density of precipitates by a factor of 10. There are limited studies of such

effects during thermal ageing, which this work addresses.

This composition effect is closely coupled to the magnetism of such precipitates in RPV alloys. Historically,
SANS studies have treated precipitates as non magnetic [40, 125]. This assumption is a simplification
designed to aid data analysis. Whilst this may be reasonable for systems containing Cu and Mn, the
observed presence of Ni and Fe (ferromagnetic) in thermal ageing induced precipitates [20, 64], coupled
with the fact that the majority of the matrix is Fe, means that the magnetism of precipitates in low alloy
RPV steels should not be ignored. For example, a recent study [22] employing multiple investigative
techniques found that irradiation induced Cu-rich precipitates do not contain a significant amount of

Fe. This is a direct contrast to findings from APT studies on both irradiated and thermally aged RPV
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steels where the Fe content in induced precipitates is considerable [62, 66, 67]. This work will consider

the magnetism of precipitates using SANS.

A study by [53] observed precipitates with average radii 1.29 + 0.38 nm after a high neutron irradiation
dose of 5.4 x 10'® n/cm? in a FeCuMnNi model RPV alloy using APT. In [127], a similar observation was
made and in the absence of Cu a late-blooming ‘G phase’ of Mn-Ni-Si rich precipitates in irradiated RPV
alloys was postulated. Additional studies have also focussed on the role of Mn and Ni on precipitation

damage in low Cu RPV steels [152].

APT studies have been previously carried out on various neutron irradiated RPV model alloys to study
the effect of Mn, Ni and Si of Cu precipitation [48]. Interestingly, the presence of Ni and Mn was found
to increase the nucleation of Cu precipitates. The behaviour of such alloying elements under thermal
ageing is likely to be different due to the mechanisms of solute atom transport [51, 52]. For example, [47]
found that Ni and Mn are present in thermal ageing induced precipitates, but that the number density
of precipitates is primarily dependent on the amount of Cu and the ageing time. The distribution of
Cu and Ni in induced precipitates in a high Cu RPV model alloy after 13 200 hours at 370 °C is shown

in Figure 5.5.
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Figure 5.5: Cu and Ni APT fractions in a FeCuMnNi RPV model alloy thermally aged for 13 200 hours at
370 °C [47].

These findings suggest that there are fundamental differences between the compositions of irradiation
and thermal ageing induced precipitates, despite documented similarities in the shape and size distributions
of such precipitates through both damage mechanisms [13, 20, 53, 61]. Compositional differences are
strongly affected by the thermodynamic stability and diffusion mechanisms of different alloying elements

in response to high temperature and radiation environments. For irradiation, there are two main types
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of precipitation damage:

1. Radiation induced: The presence of additional solute atoms can be attributed to irradiation
induced interstitials as part of the damage cascade, and clustering of such atoms can occur in

spite of equilibrium solubility limits (i.e this is not a thermodynamically driven process).

2. Radiation enhanced: The presence of irradiation induced vacancies in the matrix facilitate the

random diffusion of solute atoms [153] and act as nucleation sites.

APT has been used on RPV alloys to investigate the differences between irradiation and thermal ageing
induced nanoscale precipitates [21]. Precipitates were induced via thermal aging in a range of high
and low Ni RPV weld materials, and then subsequently neutron irradiated. Thermal ageing induced
precipitates were found to have higher Cu and lower Mn /Ni fractions than their irradiated counterparts.
An increase in the matrix fraction of Ni is observed to also increase the amount of Ni and Mn present

in precipitates, as also found in [48], whilst simultaneously reducing the Cu fraction.

An APT study on a low Ni RPV weld thermally aged for up to 100 000 hours at 365 °C found the
majority of precipitates to be at dislocations [54]. This can be attributed to the reduction in energy
when precipitating in these locations, however it is noted that matrix precipitation has been observed
in the same study for a high Ni high Cu long thermally aged RPV alloy due to the relatively large
distribution of Cu. The work in this chapter provides compositional and structural information of
thermal ageing induce precipitates which can be compared to irradiation induced precipitate properties
in similar alloys in literature. This can help elucidate the behaviour of alloying elements at elevated
temperatures which is closely coupled to their solubility and diffusion behaviour within a predominantly

Fe matrix, and hence their likelihood of matrix precipitation.

In contrast to APT studies that often do not account for vacancies, a study of thermal ageing induced
precipitation FeCu model alloys reported that vacancies act as nucleation points for Cu-rich precipitates
[154]. In addition, the trapping of vacancies in Cu precipitates and the mobility of such structures was

studied and confirmed in [155].

The impact of thermal ageing induced precipitation in RPV welds is strongly dependent on the Cu
content. For the long thermally aged high Ni high Cu weld in Chapter 4 (100 000 hours at 330 °C),

a hardness increase of 80.0 + 4.4 Hv was measured, which is in stark contrast to [156] where limited
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hardening was observed for a high Ni low Cu weld aged for 140 000 hours at 320 °C. The hardness
increase obtained from the small-angle scattering study in this work is a 50% increase in hardness,

which is wholly consistent with the APT study on the same high Ni high Cu weld in [54].

There has previously been a SANS investigation into the annealing of irradiation induced precipitates
in three model RPV alloy samples using an in-situ furnace [56] to study the effect of high temperatures
on the presence of irradiation induced clusters. There is an opportunity to elucidate the kinetics of
the thermal ageing induced precipitation process in such RPV alloys in a first-of-its-kind in-situ ageing

SANS study, as has been employed in this work.

5.2.3 Effect of precipitation on mechanical properties

The presence of precipitates in a sample matrix act to impede the movement of dislocations through
which is a primary mechanism of plastic flow. The surrounding local stress fields of such precipitates
interact with those from dislocations and result in the bowing of dislocations which leads to an overall
increase in hardness and strength that is often coupled with a reduction in ductility. This is analogous to

the precipitate hardening technique used in metallurgy to favourably increase the strength of materials.

There are several techniques that can be employed to quantify the effect of identified precipitation
on mechanical properties. These include microindentation hardness testing [118, 157], Charpy impact
testing to measure the reduction in the ductile-to-brittle transition temperature (DBTT) [158], yield
strength tests [159], and fracture toughness tests [160]. The latter three tests require larger samples in
comparison to the former and to precipitation property quantification techniques such as small-angle
scattering, APT and TEM. The study of thermal ageing and irradiation induced precipitation has limits
on sample size set by furnace or reactor space. This means that unless a study is dedicated to a single
technique such as DBTT, it is not often feasible to combine precipitate property quantification with

multiple mechanical property quantification techniques due to the volumes of specimens required.

The hindrance to dislocation motion can be described through the dispersion barrier hardening model

[137, 138] which describes the yield strength, o, as

o, = aGMbVNd (5.1)
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where « is the barrier strength (1 for Orowan hardening which allows bending of dislocations around
the barrier [161]), G is the shear modulus, M is the Taylor factor, b is the Burgers vector, N is the

number density of the obstacle, and d is the mean diameter of the obstacle.

Understanding thermal ageing induced precipitation mechanisms and the effect on mechanical properties
can unveil adverse alloy compositions for in service loading conditions. Moreover, understanding
precipitation properties in reactor steels can lead to the development of new robust materials. For
example, [162] has investigated the induction of nanoscale co-precipitation events to enhance the

properties of Fe-based alloys.

5.3 Materials and methods

5.3.1 Sample details

A series of RPV steel model alloys have been selected, with varying amounts of Cu, Mn and Ni,
to investigate the role of alloying elements on the precipitation process and the effect on mechanical
properties. Such model alloy compositions have been chosen by considering various in-service alloy
compositions and previous irradiation and thermal ageing studies of RPV steels [14, 22, 53, 61, 140].
Whilst it has been observed in thermal ageing induced precipitates in RPV steels, Si has not been
included as an alloying element of interest in this study, since previous works have found that the Si

precipitate fraction was comparable to the bulk matrix fraction [48].

The chosen low alloy RPV steels will allow for the investigation of how the ageing time and alloying
elements affect precipitation in such alloys, and how this transfers into macroscopic material changes

via embrittlement.

After careful selection of required alloy compositions in at%, the model alloys were fabricated in the

School of Metallurgy and Materials at the University of Birmingham using a vacuum arc melter.

High purity Fe, Cu, Mn and Ni (>99.9%) in flake form were used during fabrication. The maximum
mass of material for a sample fabricated in the vacuum arc melter is 6 g to ensure homogeneity. Using

this as a basis, the fractional quantities of each alloying element were calculated and then measured
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using a high precision mass balance (£ 1 x 10* g) to give the desired atomic fractions. This involved
understanding the conversion between required wt% to at% of element i in alloy containing N elements,

given by
Wt%i/Mi

=T

where M is the molar mass.

The mixture is loaded into a water cooled copper crucible alongside a titanium getter, as shown in

Figure 5.6.

Copper

crucible ample

mixture

Loading arm

Loading
recess

Figure 5.6: Schematic diagram of the vacuum arc melter copper crucible space where the sample mixture is
loaded.

The copper crucible is then loaded into the arc melter and sealed with a series of O-rings and bolts.
The O-rings were cleaned and greased to ensure a strong seal for vacuum pumping. The sample space
is vacuum pumped down and then backfilled with argon to provide an inert atmosphere to minimise

impurities in samples.

Personal protective equipment was used to ensure safe operation of the arc melter, including insulated
gloves for control of the electrode arm and UV protective goggles. The fabrication was completed with
no one except the operator in the vicinity of the equipment since the light emitted from the arc can

permanently damage the eyes.

During operation, the tungsten electrode should be moved close enough to the mixture to generate
an arc but not so close that it touches it which can contaminate the electrode. Firstly, the titanium

getter should be melted using the electrode arc for several minutes to draw any remaining impurities,
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such as oxygen, from the sample space. Then, the electrode is moved to the sample mixture. The arc
formed will melt the mixture (producing temperatures in excess of 2000 °C) and the surface tension
pulls the sample into a sphere. Care is taken to ensure that all of the initial mixture is drawn into the
sample. The electrode is systematically moved in a figure-of-eight motion over the spherical sample for
several minutes to ensure homogeneity. Once complete and solidified, the titanium getter and sample
are flipped over using the electrode and the process is repeated five times. Once the process is complete,

the sample is allowed to cool in the sealed arc melter for 1 hour to minimise contamination.

EDX was then completed on each fabricated model alloy to confirm compositions using method outlined
in Section 3.2.1 and Section 3.3.3. An example spectrum for model alloy 1.3 can be seen in Figure 5.7.

The final model alloy compositions in atomic percent are given in Table 5.2.
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Figure 5.7: EDX spectrum for arc melted sample 1.3.

Table 5.2: Final arc melted model alloy compositions [at%].

Model alloy Sample number Density [g/cm3] Fe Cu Ni Mn

FeCu 1.1 7.8761 99.80 0.20 - -
FeCu 1.2 7.8820 99.26 0.75 - -
FeCu 1.3 7.8874 98.77 1.23 - -
FeCuMnNi 2.1 7.9048 94.79 0.31 3.33 1.58
FeCuMnNi 2.2 7.9067 94.62 0.25 3.57 1.56
FeCuMnNi 3 7.8995 95.70 1.24 1.73 1.33
FeCuMnNi 4 7.8886 96.19 048 1.64 1.70
FeMnNi 5.1 7.9032 94.99 - 3.48 1.53
FeMnNi 5.2 7.9034 95.33 - 3.39 1.28
FeMnNi 6.1 7.9003 92.51 - 4.03 3.46
FeMnNi 6.2 7.9024 92.29 - 4.23  3.47
FeCuNi 7.1 7.9026 9727 0.73 2.00 -
FeCuNi 7.2 7.9120 96.57 124 219 -
FeNi 8 7.8958 97.90 - 2.10 -
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From here on, samples will be referred to by their numbers, e.g. 1.1 AM, 1.1 TA, and 1.1 FA denoting
thermally aged (TA), as-made (AM), and in-situ furnace aged (FA) using SANS.

The samples chosen to allow for investigation of the interactions between certain alloying elements of
interest on precipitation are shown in Table 5.3. The variability is captured by the use of multiple alloy
compositions.

Table 5.3: Summary of samples that allow for comparison of the interaction of alloying elements on
precipitate properties.

Element Interactions Samples

Effect of Cu 1.1, 1.2 and 1.3

Effect of Ni on Cu 7.1 and 1.2, or 7.2 and 1.3
Effect of Mn on Ni 5.1 and 5.2

Effect of Mn and Ni on Cu 1.3 and 3
Effect of Mn on Ni and Cu 3 and 7.2
Effect of Ni on Mn 6.1 and 6.2
(at solubility limits)

Effect of Cu and Nion Mn 2.1 and 4
Effect of Cu on Ni 7.2 and 8

5.3.2 Sample preparations

5.3.2.1 Thermal ageing

Due to time restraints imposed by the scheduled small-angle scattering experiments, the thermal
ageing process was completed at elevated temperatures to induce the required level of precipitation for
investigation. The temperatures were chosen such that they were high enough to sufficiently accelerate
the precipitation process but not so high that it compromises the timescales required to obtain a certain

size range of precipitates.

Each AM sample was cut in half so a virgin reference sample exists for each model alloy composition
for comparative purposes. The thermal ageing process was carried out in a standard furnace, with
samples encapsulated in sealed glass tubes filled with argon gas to prevent oxidation. The samples were
solution annealed in the furnace at 800 °C for 1 hour and subsequently water quenched to homogenise

the microstructure.

Each sample was then thermally aged for the desired time to induce nanoscale precipitation at the
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chosen temperature using the solubility of elements and the kinetics of the precipitation process to
inform the ageing times. The samples were then slowly air cooled to avoid phase transformations

through quenching. The ageing conditions used for each sample are shown in Table 5.4.

Table 5.4: Thermal ageing conditions for each arc melted model RPV alloy.

Sample name Temperature [°C] Time [hours]

1.1 450 120
1.2 450 71
1.3 450 10
2.1 550 120
2.2 550 120
3 450 120
4 450 120
5.1 550 120
5.2 550 120
6.1 450 120
6.2 450 120
7.1 450 71
7.2 450 10
8 450 71

The ageing times were selected so as to induce precipitates in a size range of 1 to 10 nm to be able to
quantify their properties using small-angle scattering. Previous thermal ageing studies on FeCuMnNi
alloys have found nanoscale precipitation events to be the most likely over the lifetime of certain RPV low
alloy steels [20, 111, 163, 140, 164]. This has been shown in Chapter 4 of this work for the long thermally
aged RPV weld steel where FeCuMnNi precipitates were observed with a mean radius of 20.058 + 0.589
A after 100 000 hours at 330 °C. Too short an ageing time means that no precipitate nucleation or
growth will occur, and conversely too long a time will result in over-ageing of the precipitates, putting

them outside the length scales observable from the small-angle scattering instruments.

Samples with similar levels of alloying elements with one varying element were chosen to have the same
ageing time so as to highlight the effect of each particular element on the process of thermal ageing

induced precipitation.
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5.3.3 SAXS

In order to assess the level of induced thermal ageing induced precipitation damage in the model alloys,
SAXS and ASAXS were carried out on all of the samples. The SAXS study acted as an aid to identify
the extent (if any) of induced damage and to provide shape and size information through model fitting.
The ASAXS study, as in Chapter 4 on the long thermally aged RPV weld system, was completed to act
as a proof of concept for such material systems and to show the contribution of scattering from each

alloying element to the overall SAXS intensity profiles.

Due to the low x-ray energies used in SAXS (< 10 keV), the process in Section 3.2.4 was utilised
to produce 3 mm twin jet polished discs that were thin enough to provide sufficient x-ray scattering

intensity.

5.3.3.1 Experimental measurements

The SAXS on the thermally aged model alloys was completed during the same three beamtimes
mentioned in 4.3.3.1 at 12BM at the Advanced Photon Source, Chicago, P23 at Deutsches Elektronen
Synchrotron, Hamburg, and SAXS/WAXS at the Australian Synchrotron, Melbourne. Similarly, the
best available data was from the SAXS/WAXS beamline at the Australian Synchrotron, Melbourne [98]

as, unlike the other two instruments, the entire system is under vacuum.

The SAXS experiment was completed on all model alloys to primarily indicate the samples in which
the ageing process had induced observable microstructural changes. This was carried out at an energy
far from the elemental absorption edges (6.809 keV) to obtain typical I(q) SAXS profiles. The SAXS
results were then used to inform samples of interest to complete ASAXS on. SAXS results can also

be used to confirm concurrence with the structural and compositional precipitate information obtained

through SANS.

The experimental setup and measurement process was exactly the same as for the long thermally aged

welds in Chapter 4:

e Beam size of of 250 x 25 um

137



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

1 m? Pilatus 13 2M detector (1280 x 1790 pixels of size 172 x 172 pum)

e Calibration of Si(311) monochromator and elemental absorption edges

e Calibration of g-range using silver behenate powder mounted in kapton tape
e g-range used was 0.07 < q < 0.61 A~?

e Locate optimal beam position on each sample

e Scattering measurements at 9 energies through the Fe, Cu, Mn and Ni absorption edges in all

as-made and thermally aged model alloy samples
e Scattering measurements at an energy far from all elemental absorption edges for all samples
e Empty beam scattering for all energies

e Glassy carbon scattering for all energies for calibration of measured intensity into absolute units

5.3.3.2 Data reduction and analysis

The standard data reduction method outlined in Section 3.4.1.2 was employed to obtain the SAXS/ASAXS

measurements on an absolute scale.

Model-independent analysis was completed to obtain Porod scattering contributions. Then, empirical
model fitting was completed on SAXS data for all model alloy samples. ASAXS analysis, as per the
method outlined in Section 4.4.3.2, was then completed on samples and elemental absorption edges of

interest.

5.3.4 SANS

SANS has been used specifically to investigate the effects of thermal ageing in several RPV model alloys
of interest, with details mentioned in Table 5.4. The samples were chosen such that they will allow
for an in-depth investigation into the evolution of precipitation through ageing of a material, focusing
on example RPV alloy compositions with knowledge gaps on structural and compositional precipitate

information and on samples where precipitation was confirmed using SAXS.
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As discussed in Section 3.2.3, the samples chosen for SANS are required to have a thickness of around
1 mm to optimise the measured scattering signal. The model alloys of interest were cut using a SiC
cutting wheel. Thickness measurements were taken at 8 different points on the surface of each sample,
focussing more on the area likely to be illuminated by the neutron beam, and then averaged. The results
can be seen in Table 5.5.

Table 5.5: Arc-melted model alloy thicknesses [at%)].

Sample name Thickness [mm] [TA, FA]

1.3 - 1.282
3 0.935 0.408
6.1 0.256 -
6.2 0.138 -
7.2 1.277 1.425

The SANS experiment took place on the D22 instrument at the ILL, Grenoble. It was split into two

main parts with the following aims
1. In-situ thermal ageing study:
e 'To induce precipitation damage through thermal ageing.
e To quantify the evolution of precipitate properties as a function of ageing time.
e To understand the effect of Cu, Mn and Ni on the kinetics of the precipitation process.
2. Nuclear and magnetic scattering study:

e To quantify precipitate properties such as shape and size in both thermal aged and in-situ

aged model alloys.
e To investigate the role of magnetism in the precipitates.

e To better understand the interaction of alloying elements and how their solubility and

mobility affects the overall composition of thermal ageing induced precipitation.
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5.3.4.1 In-situ ageing measurements

The alloys selected for the in-situ ageing were those with relatively high Cu contents, owing to the time
allocated to the SANS study (2 days in total). Sample 1.3 AM was chosen, and hence samples 7.2 AM
and 3 AM were also chosen to enable investigation of the impact of Ni and Mn on the kinetics of thermal

ageing induced precipitation in the presence of Cu.

The furnace was selected from the ILL sample environment pool, with the specific experimental requirements
in mind. Such requirements included the ability to balance the distance between the furnace and the
detector window to minimise the air in the beam, and a large enough downstream window to allow
for large scattering angles to be measured. The latter is particularly important since the achievable
scattering angles set limits on the detectable real-space length scales, which are of the utmost importance

when attempting to maximise the probability of observing the precipitates nucleate and grow.

In addition to the above, the furnace must be able to satisfy the temperature range and sample space
requirements. The maximum temperature of the furnace was 1000 °C. The sample space was 35 mm
diameter x 50 mm height. The furnace is constructed from aluminium with a high vacuum internal
environment. This is imperative for preventing oxidation of the model alloys. All of the furnace internals
that are illuminated by the neutron beam are made from thin niobium, which is used due to its low

neutron scattering cross section.

Slices of 1.3 AM, 3 AM and 7.2 AM were selected and mounted in niobium foil as shown in Figure 5.8.
There is no direct thermal contact between the samples encased in the foil. The secure niobium foil was
connected to the thermocouples to allow for accurate temperature readings during the ageing process.
The foil was attached to the bottom of the sample mount stick using an M8 threaded stud. The sample
mount stick, made of niobium (for the length within the furnace) and steel (for the length outside of
the furnace), was then inserted into the furnace and the o-rings and flanges were secured to ensure a
strong vacuum. The sample stick allowed for 3D positional variation to ensure each sample could be

aligned in the neutron beam.
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Figure 5.8: Sample setup within the vacuum furnace. Samples 1.3 AM, 3 AM and 7.2 AM were mounted in
niobium foil (once ageing started these samples are now referred to as FA rather than AM).

The experimental setup of D22 SANS beamline for the in-situ ageing study is shown schematically in

Figure 5.9.
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Figure 5.9: Schematic of in-situ ageing experimental set up of SANS instrument, showing samples and
furnace.

Due to the efficiency required in timing to ensure that the ageing process was fully captured, the
alignment of the samples, setup of g-ranges, neutron measurement times, and estimated time between

measurements in each sample had to be carefully considered.

Firstly, the samples were aligned in the x-y plane to obtain coordinates of each that were used in the

automated scan process.

Then, the g-ranges were setup to allow for as large a measurable distance range as possible to capture
the kinetics of the precipitation process, whilst allowing for enough crossover between the g-ranges,
noting the limitations in the maximum attainable q value due to the angle cut-off imposed by the

furnace window. The details of the instrument configuration for each g-range is given in Table 5.6.

The sample aperture used was 2 mm diameter, and the wavelength resolution from the time-of-flight
calibration was 10%.

Table 5.6: Selected conditions for forming two well overlapped g-ranges on D22 at ILL.

Property [unit] Medium q High q

q range [A~T] 0.01 to 0.07 0.04 to 0.30
Wavelength [A] 5.0 5.0
Sample-detector distance [m] 8 2
Collimation distance [m] 8 2.8

The time taken to switch between each g-range was measured so as to optimise the experimental
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measurements. The approach taken was to measure an exposure for each of the three samples at one
g-range, then move to the other g-range and measure again, and then repeat the process for a total
ageing time of around 24 hours. This approach allows for incremental measurements of the absolute

scattering intensity as a function of ageing time to understand the kinetics of the precipitation process.

The ageing temperature was selected to be 550 °C due to the limited timescales of the beamtime.
This temperature choice, from calculations based on theory and experimental data in literature, was a
balance between inducing precipitate sizes within the instrument g-range but not on timescales so fast
that the evolution would be missed (due to the time taken moving between g-ranges and the ensuring

sufficient count times to get reasonable statistics).

The furnace was heated to 100 °C initially where various transmission and scattering measurements
were taken. Once the measurement approach was fully planned and automated, the furnace was set to
250 °C where measurements were taken to understand the heating profile of the furnace, and then was
set to ramp up to 550 °C where the in-situ ageing measurements began. The time taken to heat the

samples from 250 °C to 550 °C was six minutes.

5.3.4.2 Nuclear and magnetic scattering measurements

A homogeneous magnetic field of 0.7 T was applied in the sample plane and perpendicular to the incident
neutrons using a pair of magnets mounted in a clamp where the distance between them can be altered,
as shown in Figure 5.10. This was done to saturate each sample, allowing for the separation of nuclear

and magnetic scattering contributions.
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Figure 5.10: Magnet setup to allow for application of a homogeneous magnetic field to each model RPV
alloy sample during SANS.

The samples were mounted between the magnets, aligned using a laser, and the final SANS measurements

taken were:
e Scattering through a HyO cell to calibrate the detector.
e Scattering through Cd to correct for electronic background.

e Scattering through each sample and the empty magnet mount in zero field without a beamstop

present for transmission calculations.

e Scattering through each sample at each g-range.
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5.3.4.3 Data reduction and analysis

The raw data was reduced using GRASP [109] following the process outlined in Section 3.4.1.1 to obtain
the absolute scattering intensity profiles. For the in-situ study, where the samples were not magnetised,

360° sectors were used for radial averaging, compared to 35° for the magnetism study.
The anaylsis of the scattering profiles was carried out using MATLAB and IgoPro [165].

In order to overlap the g-ranges for the in-situ ageing study, an understanding of the time difference
between each measurement for each sample was imperative. Such information was mapped during the
data reduction process to understand which data files were closest together in terms of time between

the medium and high g-ranges.

Accounting for the physical change of sample-detector and collimator distances between g-ranges (a
few minutes), and the five minute measurement time for each sample, there is around 15 minutes time
difference between the medium and high q measurements for each sample. This was judged as acceptable

for overlapping and data reduction purposes.

The ageing times recorded are an average of the time spent at each g-range. Since the times to change
setup were minimal (order of minutes), this has been deemed as a reasonable method of obtaining in-situ
measurements. It should be noted that the recorded total time at temperature is the difference between
when the ageing temperature of 550 °C was reached and the start time of the data file, plus the counting

time of the data file.

For the magnetism study, the horizontal I(q) profile was subtracted from the vertical I(q) profile, leaving

the magnetic scattering.

5.4 Results

The initial SAXS results are presented in Section 5.4.1 to identify the model RPV alloy compositions

where thermal ageing precipitation has been successfully induced.

The down-selected samples of interest were then studied using SANS in two distinct investigations.

These results are presented in Section 5.4.2.

145



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

Finally, the microindentation hardness testing on the RPV model alloys is presented in Section 5.4.3.1.

5.4.1 SAXS

The data was reduced using the method described in Section 3.4.1.2. The absolute I(q) scattering
profiles for the model alloys can be seen in the following figures measured at E = 6.809 keV to exclude
anomalous dispersions. The scattering profiles for each RPV model alloy were studied to evaluate the

effectiveness of the thermal ageing.
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Figure 5.11: Graph showing I(q) scattering profiles for 1.2 AM and 1.2 TA.

For sample composition 1.2, the aged and unaged I(q) profiles are shown in Figure 5.11. At low q, it
is observed that the unaged intensity is slightly higher than that in the aged sample. This is likely to
be an artefact from the reduction process arising from differences in data normalisation close to the
beamstop and is not judged to be significant. In both the unaged and aged samples, the scattering is
does not appear to be purely Porod in nature. This should be treated with caution as it could be an

artefact from the data reduction, since it is noted that there are minimal differences between samples

1.2 AM and 1.2 TA.
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Figure 5.12: Graph showing I(q) scattering profiles for 1.3 AM and 1.3 TA.

The scattering profiles for samples 1.3 AM and 1.3 TA are shown in Figure 5.12. Fitting of a Porod
law showed no significant convergence in sample 1.3 TA, indicating the presence of non-grain boundary
scattering features. The unaged sample intensity deviates from a Porod law and exceeds intensity
from the aged sample in the mid-q range, however this can be attributed to spurious streaks in the
detector image from external scattering events. This initial analysis on 1.3 TA is not conclusive and
so merits further investigation, for example using ASAXS and SANS, especially since precipitation has

been observed in binary FeCu alloys under similar ageing conditions in [163, 22].
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Figure 5.13: Graph showing I(q) scattering profiles for 2.1 AM and 2.1 TA.

There are no observed precipitate scattering events in sample 2.1 TA; the scattering is purely Porod
arising from the grain boundaries, as shown by the fitting of a power law with exponent 3.492 + 0.004
in Figure 5.13. This trend was also observed in samples 2.2 AM and 2.2 TA respectively, owing to the
similarity in composition. The unaged sample appears to have a non-Porod scattering contribution at
low-q. This is likely an artefact and is not conducive with precipitate scattering in the unaged sample,

since the aged counterpart is purely Porod scattering.
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Figure 5.14: Graph showing I(q) scattering profiles for 3 AM and 3 TA.

There is a clear difference in scattering between 3 AM and 3 TA, as shown in Figure 5.14. Sample 3
AM is purely Porod scattering, indicated by a fitted exponent of 3.639 + 0.005. Subtracting the Porod
contribution from 3 TA leaves a clear peak around q = 0.06 A~!. A peak in the scattering indicates a

deviation from Porod scattering that could be attributed to potential induced precipitation events.
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Figure 5.15: Graph showing I(q) scattering profiles for 4 AM and 4 TA, with fitted Porod contribution.

There are no detectable scattering events in sample 4 TA. The scattering is purely Porod arising from

the grain boundaries, as shown by the fit in Figure 5.15 with exponent 3.753 4 0.003.
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Figure 5.16: Graph showing I(q) scattering profiles for 5.1 AM and 5.1 TA, with fitted Porod contribution.

The scattering of sample 5.1 TA was found to be purely Porod in nature, with a fitted exponent of 3.641
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+ 0.003, as shown in Figure 5.16. This implies there is no significant precipitation in this sample. The
scattering for sample 5.2 TA was found to have the same trend, owing to its similarity in composition

and the use of the same thermal ageing parameters.
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Figure 5.17: Graph showing I(q) scattering profiles for 6.2 AM and 6.2 TA, with fitted Porod contribution.

There is a clear observable difference in scattering between 6.2 TA and 6.2 AM, as shown in Figure 5.17.
A Porod law has been fitted to 6.2 AM, with exponent 3.608 4 0.003, showing purely grain boundary
scattering. The thermal ageing induced damage visible in 6.2 TA should be investigated further through
empirical modelling. The observed scattering from sample 6.1 TA was very similar, given the closeness

in composition and the exposure to the same thermal ageing conditions.
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Figure 5.18: Graph showing I(q) scattering profiles for 7.1 AM and 7.1 TA.

There is a difference in scattering between samples 7.1 AM and 7.1 TA, as shown in Figure 5.18. Sample
7.1 AM is purely Porod scattering, indicated by a fitted exponent of 3.558 + 0.003. The potential
thermal ageing induced damage in 7.1 TA should be investigated further through empirical modelling.
This should be treated with caution as it is unlikely to observe significant precipitation in sample 7.1
TA when compared to 1.2 TA, due to the solubility of Cu that drives the nucleation process at these

ageing conditions [16].
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Figure 5.19: Graph showing I(q) scattering profiles for 7.2 AM and 7.2 TA, with fitted Porod contribution.

For sample 7.2 TA, the difference in scattering in the mid q range compared to 7.2 AM in Figure 5.19
warrants further investigation, especially since sample 1.3 TA has been identified as significant. Hence,
selection of 7.2 TA for further analysis will allow for a study on the contribution of Ni to thermal ageing
induced precipitation in FeCu. The scattering of the unaged sample is Porod in nature, with a fitted

exponent of 3.577 + 0.004.
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Figure 5.20: Graph showing I(q) scattering profiles for 8 AM and 8 TA, with fitted Porod contribution.

Empirical model fitting to the scattering from sample 8 TA finds no significant evidence of precipitation;
the fit is purely Porod with an exponent of 3.671 4+ 0.003, as shown in Figure 5.20. Interestingly, sample
8 AM deviates from a Porod fit at high q due to an increased background contribution. This has been
investigated and can be attributed to a mismatch during data reduction caused by the difference in
thickness between the aged and unaged samples, where the transmission of sample 8 TA is 1.4 times
that of 8 AM, meaning the overall 8 AM scattered intensity is lower. Accounting for this and checking
for any non-Porod scattering through a log-normal sphere and power law fit to sample 8 AM using
the calculated matrix scattering length density, unphysical fitting parameters with unreasonably large
errors were found (for example median radius = 0.03 & 6993 A, which is outside the minimum observable

length scale of 9.38 A).

The above SAXS results on the thermal aged alloys were used to determine the samples of interest that
had significant induced precipitation events compared to their as-made counterparts. The samples with

potential non-Porod scattering contributions as were identified as
e 1.2 TA

e 1.3 TA

154



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

e 3TA

e 6.1 TA

e 6.2 TA

o 7.1 TA

7.2 TA
Each was then investigated further using empirical model fitting.

The x-ray scattering length density of a phase in a material, n, is a function of the number densities
and bound coherent x-ray scattering lengths of each specific element present (previously calculated in
Table 2.2 in Section 2.5.2). The matrix scattering length density, 7,,, was calculated for each sample of
interest using equation 2.32 in Section 2.5.1.1. The results are presented in Table 2.3. Since these are

known values, they were held constant in the empirical model fitting.

It was found that for the precipitate-only scattering I(q) profiles (i.e. the Porod-subtracted data) for

each sample, the log-normal sphere model to be most representative of true precipitate shape.

For samples 1.2 TA and 7.1 TA where the log-normal model fit parameters are unphysical and have
large errors, the effect of Cu and Ni can be investigated using samples 1.3 TA and 7.2 TA instead, where

precipitation with higher Cu levels is more clearly observed.

These samples of interest were then investigated further using ASAXS. The data was fully reduced to
obtain the scattering profiles as a function of x-ray energy at each elemental absorption edge (Fe, Cu, Ni
and Mn). The results are not documented here, since a similar outcome as for the long thermally aged
welds from Chapter 4 was observed. Due to the dominance of Fe in the matrix, a significant change in
contrast due to anomalous dispersions was only observed at the Fe edge. At the Cu, Mn and Ni edges
there was minimal contrast change as a function of x-ray energy and so no compositional information

could be reliably subtracted.

The identified set of down-selected model alloy compositions were investigated using SANS to extract
structural and compositional precipitate information through an in-situ aging study and the separation

of nuclear and magnetic scattering contributions. The SANS results are presented in Section 5.4.2.
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5.4.2 SANS

5.4.2.1 In-situ ageing study

Three samples of interest were in-situ thermally aged: sample 1.3 FA (FeCuy »3), sample 3 FA (FeCuy 94Mn; 33Ni; 7
and 7.2 FA (FeCuj 24Nig 19). Unfortunately a full set of ageing measurements is unavailable for sample
7.2 FA due to a misalignment error with the translatable motors during the experiment. The limited
data is shown for comparative purposes only. The choice of these alloys was specific, such that one can

directly compare the effect of Ni and Mn on the precipitate properties.

Using the experimental method outlined in Section 5.3.4.1 and 5.3.4.3, I(q) profiles were obtained on
an absolute scale for each sample as a function of ageing time. These are shown for samples 1.3 FA,
3 FA, and 7.2 FA in Figures 5.21, 5.22, and 5.23 respectively. The scattering measurements taken at
100 °C are also included to show the Porod-only scattering before the precipitation process had begun.
An additional high q scattering measurement (without a corresponding medium q measurement) for
samples 1.3 FA and 3 FA at short ageing timescales has been included since they show a clear deviation

from the I(q) Porod-only scattering at 550 °C.
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Graph showing I(q) profiles for 1.3 FA (FeCuy 23) as a function of ageing time at 550 °C.
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Figure 5.22: Graph showing I(q) profiles for 3 FA (FeCuj 24Mnj 33Ni; 73) as a function of ageing time at 550

°C.
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For each I(q) profile for each sample, empirical model fitting was carried out. The process is analogous
to that outlined in Section 3.4.2.2, whereby a series of models were fitted to identify the best-estimate
option. The log-normal sphere was consistenly the better fitting form factor model; this is reflected in

similar small-angle scattering studies on precipitation in FeCu binary systems [111].

Through fitting the 100 °C scattering profiles, and from an understanding of behaviour from similar

crystalline steel systems (e.g in Chapter 4), each aged sample was found to contain Porod scattering

contributions from the grain boundaries.
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Figure 5.23: Graph showing I(q) profiles for 7.2 FA (FeCuj 24Nig 19) as a function of ageing time at 550 °C.
Note that the measurements on this sample are limited due to an experimental misalignment error.
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There are two options to account for such scattering: subtract the 100 °C profile from each ageing
profile, or include the Porod law in each model fit. It was found that the latter was a better choice
because it accounts for local changes to grain boundaries specific to the time exposed at the elevated
temperature of 550 °C since kinetics are likely to be different there to at 100 °C. As such, the Porod
scattering law was combined into the fitting model to simplify the manipulation of the large number of

datasets.

Since sample 1.3 FA is a binary FeCu system, the scattering length density of the precipitates and
the matrix can be explicitly calculated allowing for the extraction of absolute volume fractions of
precipitates. The scattering length densities p, and p,, were calculated using equation 2.21, and then
held constant during the fit as 6.555 x 10% A2 and 8.006 x 100 A2 respectively, under the assumption

that only Cu precipitates out.

Table 5.7: Fitted parameters from the log-normal sphere model to the I(q) profiles as a function of ageing
time for sample 1.3 FA. The brackets denote the errors on each value.

Time [mins] Volume fraction [arb.] Median radius [A] o [arb.] BG [cm™!]
33 0.0589 (0.0024) 5.6376 (0.3515) 0.4806 (0.0123) 0.0158 (0.0004

(0.0123) )
83 0.0342 (0.0002) 17.4833 (0.1348) 0.2736 (0.0032) 0.0130 (0.0001)
133 0.0370 (0.0001) 21.5034 (0.1063) 0.2614 (0.0024) 0.0133 (0.0001)
182 0.0381 (0.0001) 24.5519 (0.1009) 0.2604 (0.0022) 0.0134 (0.0001)
231 0.0392 (0.0001) 27.1933 (0.0976) 0.2588 (0.0020) 0.0135 (0.0001)
280 0.0395 (0.0001) 29.5853 (0.0967) 0.2566 (0.0020) 0.0136 (0.0001)
330 0.0399 (0.0001) 31.4878 (0.0984) 0.2575 (0.0020) 0.0135 (0.0001)
378 0.0398 (0.0001) 33.5524 (0.1015) 0.2555 (0.0020) 0.0135 (0.0001)
428 0.0391 (0.0002) 35.8126 (0.1062) 0.2462 (0.0021) 0.0134 (0.0001)
477 0.0382 (0.0002) 37.9952 (0.1122) 0.2355 (0.0022) 0.0132 (0.0001)
526 0.0384 (0.0002) 39.8802 (0.1223) 0.2317 (0.0023) 0.0133 (0.0001)
575 0.0364 (0.0002) 42.3468 (0.1325) 0.2187 (0.0024) 0.0128 (0.0001)
624 0.0364 (0.0002) 44.3048 (0.1322) 0.2127 (0.0023) 0.0127 (0.0001)
736 0.0364 (0.0002) 47.8026 (0.1319) 0.2112 (0.0021) 0.0121 (0.0001)
785 0.0416 (0.0003) 48.9773 (0.1333) 0.2151 (0.0021) 0.0136 (7.5281)
868 0.0490 (0.0003) 51.0307 (0.1218) 0.2262 (0.0018) 0.0147 (0.0001)
918 0.0510 (0.0003) 52.0604 (0.1252) 0.2332 (0.0017) 0.0147 (0.0001)
969 0.0530 (0.0003) 53.0455 (0.1247) 0.2358 (0.0017) 0.0148 (0.0001)
1019 0.0544 (0.0003) 54.0073 (0.1292) 0.2419 (0.0017) 0.0148 (0.0001)
1151 0.0585 (0.0003) 57.1663 (0.1284) 0.2440 (0.0016) 0.0149 (0.0001)
1227 0.0605 (0.0003) 58.3959 (0.1297) 0.2467 (0.0016) 0.0150 (0.0001)

For sample 3 FA, p,,, was calculated as 7.876 x 100 A2 and held constant in the fit. Holding the volume

fraction constant at an arbitrary value of 0.01 allows for the extraction of the relative p, in the fit.
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Table 5.8: Fitted parameters from the log-normal sphere model to the I(q) profiles as a function of ageing
time for sample 3 FA. The brackets denote the errors on each value.

Time [mins] Median radius [A] o [arb.] pp [A2] BG [cm™!]

37 9.3043 (0.3573) 0.5026 (0.0074) 4.57 (0.02) x 10® 0.0185 (0.0003)
72 13.8451 (0.3573) 0.4552 (0.0074) 4.36 (0.02) x 10 0.0205 (0.0003)
87 13.6424 (0.2824) 0.4830 (0.0059) 4.27 (0.01) x 10 0.0203 (0.0002)
121 14.9901 (0.2703) 0.4889 (0.0054) 4.13 (0.01) x 10 0.0216 (0.0002)
136 13.8873 (0.2876) 0.5252 (0.0060) 4.05 (0.01) x 10 0.0206 (0.0002)
170 14.4795 (0.2860) 0.5379 (0.0059) 3.93 (0.01) x 10 0.0211 (0.0002)
185 12.5212 (0.3034) 0.5906 (0.0068) 3.81 (0.02) x 10 0.0200 (0.0002)
220 13.8523 (0.2920) 0.5736 (0.0062) 3.76 (0.02) x 10°  0.0212 (0.0002)
235 12,5300 (0.3083) 0.6121 (0.0070) 3.67 (0.02) x 10 0.0208 (0.0002)
269 13.7623 (0.3014) 0.5933 (0.0064) 3.66 (0.02) x 10  0.0214 (0.0002)
284 12.1802 (0.3184) 0.6384 (0.0074) 3.54 (0.02) x 10 0.0201 (0.0002)
318 13.4257 (0.3075) 0.6149 (0.0067) 3.54 (0.02) x 10 0.0210 (0.0002)
333 12.0507 (0.3262) 0.6547 (0.0077) 3.43 (0.02) x 10 0.0203 (0.0002)
367 12.9886 (0.3206) 0.6379 (0.0072) 3.44 (0.02) x 10 0.0206 (0.0002)
382 12.6701 (0.3297) 0.6516 (0.0076) 3.39 (0.02) x 10 0.0203 (0.0002)
416 14.3808 (0.3249) 0.6170 (0.0069) 3.47 (0.02) x 10 0.0212 (0.0002)
431 13.2260 (0.3402) 0.6476 (0.0077) 3.37 (0.03) x 10°  0.0199 (0.0002)
465 13.4791 (0.3391) 0.6438 (0.0076) 3.37 (0.03) x 10 0.0204 (0.0002)
480 13.3678 (0.3492) 0.6561 (0.0079) 3.30 (0.03) x 10 0.0197 (0.0002)
514 13.5736 (0.3520) 0.6513 (0.0079) 3.32 (0.03) x 10  0.0197 (0.0002)
529 15.1668 (0.3360) 0.6182 (0.0070) 3.38 (0.03) x 10 0.0203 (0.0002)
263 14.9698 (0.3502) 0.6323 (0.0075) 3.31 (0.03) x 10 0.0203 (0.0002)
279 14.7935 (0.3657) 0.6437 (0.0079) 3.27 (0.03) x 10 0.0198 (0.0002)
613 16.4663 (0.3578) 0.6091 (0.0073) 3.36 (0.03) x 10 0.0203 (0.0002)
628 17.2351 (0.3723) 0.6067 (0.0074) 3.35 (0.04) x 10 0.0200 (0.0002)
662 17.5236 (0.3632) 0.6013 (0.0072) 3.34 (0.03) x 10 0.0205 (0.0002)
677 17.2905 (0.3740) 0.6113 (0.0075) 3.29 (0.04) x 10 0.0197 (0.0002)
739 18.0990 (0.3881) 0.6023 (0.0076) 3.31 (0.04) x 10 0.0196 (0.0002)
773 19.4413 (0.3738) 0.5732 (0.0070) 3.42 (0.04) x 10 0.0200 (0.0002)
789 19.9617 (0.4219) 0.5746 (0.0078) 3.44 (0.04) x 10 0.0194 (0.0002)
822 20.3775 (0.4054) 0.5638 (0.0074) 3.46 (0.04) x 10 0.0200 (0.0002)
838 20.8769 (0.4274) 0.5663 (0.0077) 3.41 (0.04) x 10 0.0196 (0.0002)
871 21.2873 (0.4181) 0.5599 (0.0075) 3.46 (0.04) x 10 0.0190 (0.0002)
906 22,4131 (0.4040) 0.5435 (0.0070) 3.49 (0.04) x 10°  0.0193 (0.0002)
922 23.0159 (0.4487) 0.5371 (0.0077) 3.56 (0.05) x 10 0.0186 (0.0002)
957 23.9938 (0.4589) 0.5189 (0.0076) 3.66 (0.04) x 10° 0.0195 (0.0002)
973 24.1838 (0.4973) 0.5271 (0.0082) 3.61 (0.05) x 10 0.0186 (0.0002)
1007 24.1388 (0.4575) 0.5208 (0.0076) 3.61 (0.05) x 10 0.0195 (0.0002)
1024 27.5375 (0.5340) 0.4748 (0.0082) 3.87 (0.05) x 10 0.0189 (0.0002)
1060 27.6201 (0.5366) 0.4768 (0.0082) 3.85 (0.05) x 106 0.0192 (0.0002)
1176 30.6603 (0.6191) 0.4472 (0.0088) 4.01 (0.05) x 10° 0.0180 (0.0002)
1214 31.0374 (0.6035) 0.4421 (0.0085) 4.02 (0.05) x 10 0.0189 (0.0002)
1230 32.0770 (0.6324) 0.4371 (0.0087) 4.03 (0.05) x 10 0.0182 (0.0002)
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For sample 7.2 FA, p,, was calculated as 8.033 x 108 A2 and held constant in the fit. As for 3 FA,
holding the volume fraction constant at an arbitrary value of 0.01 allows for the extraction of the relative
pp in the fit.

Table 5.9: Fitted parameters from the log-normal sphere model to the I(q) profiles as a function of ageing
time for sample 7.2 FA. The brackets denote the errors on each value.

Time [mins] Median radius [A] o [arb.] pp [A2] BG [cm™!]

17 7.6427 (0.2428) 0.4380 (0.0072) 7.083 (0.001) x 10° 0.0010 (0.0000)
851 50.2589 (0.2048) 0.3245 (0.0023) 6.908 (0.004) x 10 0.0014 (0.0000)
902 52.4925 (0.1967) 0.3160 (0.0021) 6.906 (0.004) x 10 0.0014 (0.0000)
952 53.7228 (0.2026) 0.3205 (0.0022) 6.882 (0.004) x 10 0.0014 (0.0000)
1003 54.9759 (0.2047) 0.3210 (0.0022) 6.879 (0.004) x 10 0.0014 (0.0000)
1135 58.7308 (0.2082) 0.3207 (0.0021) 6.846 (0.004) x 10° 0.0014 (0.0000)
1210 59.7478 (0.2183) 0.3258 (0.0023) 6.821 (0.005) x 10 0.0014 (0.0000)

From the fitted paramters in Tables 5.7, 5.8 and 5.9, the mean radius was calculated using equation

3.21.

The radius as a function of ageing time for samples 1.3 FA, 3 FA, and 7.2 FA is shown in Tables 5.10,
5.11 and 5.12 and Figures 5.24, 5.25, and 5.26 respectively.

Table 5.10: Calculated mean precipitate radius as a function of ageing time for 1.3 FA.

Time [mins] Mean radius [A] Error [A]

33 6.328 0.396
83 18.150 0.141
133 22.251 0.111
182 25.398 0.105
231 28.120 0.102
280 30.575 0.101
330 32.549 0.103
378 34.666 0.106
428 36.914 0.111
477 39.064 0.117
526 40.965 0.127
575 43.371 0.138
624 45.319 0.137
736 48.881 0.137
785 50.123 0.138
868 52.353 0.127
918 53.496 0.130
969 54.541 0.130
1019 55.611 0.135
1151 58.894 0.134
1227 60.200 0.136
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Table 5.11: Calculated mean precipitate radius as a function of ageing time for 3 FA.

Time [mins] Mean radius [A] Error [A]

37 10.557 0.407
72 15.357 0.400
87 15.330 0.320
121 16.893 0.308
136 15.941 0.334
170 16.734 0.335
185 14.907 0.366
220 16.329 0.349
235 15.111 0.377
269 16.411 0.365
284 14.933 0.397
318 16.219 0.377
333 14.931 0.411
367 15.919 0.400
382 15.667 0.415
416 17.396 0.400
431 16.312 0.427
465 16.583 0.425
480 16.578 0.442
514 16.780 0.444
529 18.360 0.414
563 18.283 0.436
579 18.198 0.459
613 19.822 0.440
628 20.718 0.457
662 20.997 0.444
677 20.842 0.461
739 21.699 0.476
773 22.912 0.450
789 23.544 0.509
822 23.888 0.486
838 24.507 0.513
871 24.900 0.500
906 25.980 0.479
922 26.587 0.530
957 27.452 0.536
973 27.789 0.584
1007 27.645 0.535
1024 30.822 0.610
1060 30.945 0.613
1176 33.885 0.697
1214 34.223 0.678
1230 35.293 0.709
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Table 5.12: Calculated mean precipitate radius as a function of ageing time for 7.2 FA.

Time [mins] Mean radius [A] Error [A]

17 8.412 0.269

851 52.976 0.220

902 55.180 0.210

952 56.554 0.217

1003 57.883 0.219

1135 61.830 0.223

1210 63.004 0.235
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Figure 5.24: Graph showing mean precipitate radius as a function of ageing time for 1.3 FA.
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Figure 5.25: Graph showing mean precipitate radius as a function of ageing time for 3 FA.
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Figure 5.26: Graph showing mean precipitate radius as a function of ageing time for 7.2 FA.
The polydispersity (width of the size disrtibution) as a function of ageing time for samples 1.3 FA, 3

FA, and 7.2 FA is shown in Figures 5.27, 5.28, and 5.29 respectively. The implications of these are

discussed in Section 5.5.1.
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Figure 5.27: Graph showing precipitate polydispersity as a function of ageing time for 1.3 FA.
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Figure 5.28: Graph showing precipitate polydispersity as a function of ageing time for 3 FA.
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Figure 5.29: Graph showing precipitate polydispersity as a function of ageing time for 7.2 FA.

5.4.2.2 Nuclear and magnetic scattering study

As presented in Chapter 4, the magnetic nature of low alloy steels can be exploited to determine
compositional information through the ratio between the magnetic and total scattering intensities. This
so-called A ratio can provide information on precipitate composition. This is a particularly valuable
tool in this model alloy study where the impact of different alloying elements on thermal ageing induced

precipitation events is under review.

In addition, the scattering intensity profiles for each model alloy can provide information on precipitate

properties such as size and shape through empirical model fitting.

As discussed in Section 5.4.2.1, there is a clear Porod contribtuion to the scattering profiles of each
sample owing to their poycrystalline nature. A combined model that accounts for the form factor of the

precipitates and the grain boundary Porod scattering has been used. In each case, mutiple form factor
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models were used, however the most robust fit was the log-normal sphere model. This is consisten with
literature studies on nanoscale precipitates in low alloy RPV steels [139, 164]. This is also consistent

with the empirical modelling of the SAXS data presented in Section 5.4.1.

The thermally aged alloy systems of interest where precipitation events have been identified during SAXS
and the in-situ ageing study have been selected for this magnetism study. The nuclear and magnetic
scattering length densities for the matrix (pmx/m), and precipitates where applicable (pp /M), have been
calculated for each sample using equation 2.21 in Section 2.4.1. The results are presented in Table 5.13
noting that the calculated scattering length densities for sample 1.3 FA are based on the assumption

that only Cu precipitates out in the binary system.

Table 5.13: Calculated nuclear and magnetic scattering length densities for the samples of interest with
observed precipitation events.

Sample PN [A?] pmm [A?] ppn [A?] ppm [AF]
1.3 FA 8.006 x 10° 4.998 x 10° 6.555 x 10° 0
3 (FA and TA)  7.876 x 106 4.871 x 106 - -
6.1 TA 7.680 x 100 4.747 x 106 - -
6.2 TA 7.681 x 10 4.739 x 106 - -

7.2 (FA and TA) 8.033x 10° 4.918 x 10° - -

SANS analysis of these samples provides information on the effect of several alloying elements of interest

on the thermal ageing precipitation properties, as detailed in Table 5.3.

An analogous method to that employed for the long thermally aged weld study in Section 4.3.2.2 was
used to reduce the raw data, including corrections for absolute intensity, radial averaging using sectors,
g-range overlapping, and subtraction to separate nuclear and magnetic scattering contributions. The

resultant nuclear and magnetic I(q) profiles were analysed using empirical model fitting.

From SAXS, samples were found to contain Porod scattering as expected. This was encorporated
into the fitted models. The log-normal sphere model was found to be the best-estimate form factor,
consistently producing the lowest chi-squared values with physically realistic fitting parameters. The
magnetic and nuclear scattering profiles for each sample were modelled using a global fitting routine
that enables linking of certain structural parameters that are the same regardless of the scattering

interactions, including median radius and polydispersity.

The global fitting results overlaid on the separated I(q) profiles are shown in the following figures.
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Figure 5.30: Graph showing separated absolute nuclear and magnetic I(q) profiles with fitted log-normal
sphere and Porod form factor model for sample 1.3 FA.
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Figure 5.31: Graph showing separated absolute nuclear and magnetic I(q) profiles with fitted log-normal
sphere and Porod form factor model for sample 3 TA.
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Figure 5.32: Graph showing separated absolute nuclear and magnetic I(q) profiles with fitted log-normal
sphere and Porod form factor model for sample 3 FA.
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Figure 5.33: Graph showing separated absolute nuclear and magnetic I(q) profiles with fitted log-normal
sphere and Porod form factor model for sample 7.2 TA.
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Figure 5.34: Graph showing separated absolute nuclear and magnetic I(q) profiles with fitted log-normal
sphere and Porod form factor model for sample 7.2 FA.
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Figure 5.35: Graph showing the total scattering I(q) profiles for samples 6.1 TA and 6.2 TA.
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The scattering profiles for 6.1 TA and 6.2 TA are very similar, as shown in Figure 5.35. This is
as expected since the only difference between the samples is a small increase in Ni content. This is
supported by previous studies [61, 142] where the solubility of Ni in Fe is relatively high compared to
other elements such as Cu, which means that it requires relatively longer times at the same temperature

to precipitate out. Hence, only sample 6.2 TA will be considered going forward.
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Figure 5.36: Graph showing separated absolute nuclear and magnetic I(q) profiles with fitted log-normal
sphere and Porod form factor model for sample 6.2 TA.

Despite being close to the solubility limits, precipitation occurs which is visible from the non-Porod
scattering contributions but there is minimal growth observed. This is reflected by the mean precipitate

radius of samples 6.1 TA and 6.2 TA compared to their Cu containing counterparts (for example, sample

3 TA).

The precipitate contrast, radius and polydispersity are consistent between in-situ and nuclear scattering
profiles (within the same order of magnitude). There is an increased incoherent background level for
the in-situ aged samples due to scattering from the furnace itself. Figure 5.37 shows a comparison of

the I(q) profiles for sample 3 FA measured from the in-situ ageing and magnetism studies. Table 5.14
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shows a comparison of the fitted parameters from the two studies.
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Figure 5.37: Comparison of the I(q) scattering for sample 3 FA from the in-situ ageing and magnetism
studies.

Table 5.14: Comparison of key precipitate parameters between the in-situ (IS) and magnetism (M) studies.
The brackets denote the errors on each value.

Sample Median radius [A] o [arb.]

1.3 FA

IS 58.396 (0.130) 0.247 (0.002)
M 54.020 (0.159) 0.223 (0.002)
3 FA

IS 32.077 (0.632) 0.437 (0.009)
M 36.889 (0.478) 0.404 (0.005)
7.2 FA

IS 59.748 (0.218) 0.328 (0.002)
M 58.741 (0.146) 0.223 (0.002)

The overall fitted results are presented in Table 5.15.
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Table 5.15: Fitted parameters from the log-normal sphere model to the I(q) profiles for samples in
magnetism study. The brackets denote the errors on each value.

Sample Median radius [A] o [arb.] pnp [X 108 A2 py, [x 10°% A2] BG [em™]

13FA  54.020 (0.159) 0.223 (0.002) 6.555 (0) 0 (0) 3.0 (0.1) x 107
3TA  18.203 (0.135) 0.352 (0.003) 9.208 (0.004) 6.949 (0.004) 2.0 (0.1) x 10°3
3FA  36.889 (0.473) 0.404 (0.005) 5.471 (0.034) 9.181 (0.011) 7.5 (0.2) x 10
72TA  11.433 (0.807) 0.280 (0.166) 7.707 (0.030) 6.003 (0.452) 1.1 (0.1) x 10°
72FA 58741 (0.146) 0.331 (0.002) 6.276 (0.011) 8.754 (0.005) 4.0 (0.1) x 10
6.1 TA  23.862 (0.725) 0.442 (0.009) 5.309 (0.008) 6.411 (0.009) 1.4 (0.1) x 10°3
6.2 TA  22.215 (0.796) 0.459 (0.011) 5.776 (0.036) 6.625 (0.011) 1.3 (0.2) x 10°

After empirical model fitting, the A ratio quantity was investigated using the scattering data. This
is a direct benefit of the magnetism study, where the isolation of the nuclear and magnetic scattering
contributions can be used to give compositional information of the scatterers as demonstrated previously
for the long thermally aged welds in Section 4.4.2.5. Equation 2.43 was used to calculate the A ratio
as a function of q, correcting for the use of 35° sectors during the radial averaging. The results for the

model RPV alloys are shown in Figure 5.38.

A ratio [arb.]

Figure 5.38: Graph showing A ratio as a function of q for the RPV model alloys of interest.

Each A ratio curve was then fitted with a Gaussian model to obtain the peak value and position. The
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results for each model RPV alloy are given in Table 5.16.

Table 5.16: Fitted A ratio values and reciprocal space position of peak for all model RPV alloys of interest.
Values in brackets indicate associated errors.

Sample A ratio [arb.] Peak position [A™]
3TA 3363 (0.009)  0.061 (0.001)

)
6.1 TA  1.621 (0.005)  0.049 (0.001)
6.2 TA  1.732 (0.009)  0.074 (0.002)
72 TA  3.473 (0.039)  0.113 (0.002)
1.3 FA 5584 (0.035)  0.052 (0.001)
3 FA 2.666 (0.013)  0.050 (0.001)
72FA 5212 (0.025)  0.056 (0.003)

The position of the A ratio peak indicates the average size of the precipitates in the system, and the
height indicates the average compositional change. Hence, a flatter distribution over the width indicates

a smaller variation in composition across the precipitates.

For example, it was found that non-Cu containing alloys 6.1 TA and 6.2 TA have a smaller A ratio
range than their Cu containing counterparts. This can be explained by the fact that Mn and Ni have
lower solubility in Fe, so they only precipitate out at discrete locations where the energy is reduced,
whereas a supersaturation of Cu in the matrix means that the diffusivity is higher and it is more likely

to come out of solution at random locations.

The higher q peak position in A ratio for 7.2 TA suggests that the average precipitate size is noticeably
smaller than the other RPV alloys. This is supported by the precipitate size extracted using model

fitting.

5.4.3 Mechanical property characterisation

5.4.3.1 Microindentation hardness testing

Vickers hardness microindentation was completed using a DuraScan G5 on the model alloys of interest
identified during SAXS and SANS analysis in order to quantify the effect of the thermal ageing induced
precipitation on the hardness. Due to the similarity in precipitate properties between samples 6.1 and

6.2 TA found from small-angle scattering analysis, only one composition was chosen for hardness testing.
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The sample preparation method outlined in Section 3.2.1 was employed. The results were found using a
0.1 kgf load and have been averaged from a 8 x 8 grid of indents, as per the method outlined in Section

3.3.1.

The microindentation hardness testing results are shown in Table 5.17. The calculated errors are
statistical since these dominate over systematic errors, such as in the measurement of the indent

geometry, due to the variability of hardness across each indent in the grid.

Table 5.17: Calculated hardness with associated error for model alloy samples of interst.

Sample Ageing time [hr] Temperature [°C] Hardness [Hv] Error [Hv]

1.3 0 0 122.2 1.3
1.3 10 450 151.4 2.9
1.3 20.5 550 159.4 2.5
3 0 0 2224 4.2
3 20.5 550 245.8 3.2
3 120 450 286.4 4.1
6.2 0 0 298.9 3.2
6.2 120 450 291.6 4.3
7.2 0 0 152 1.6
7.2 10 450 169.3 2.5
7.2 20.5 550 192.4 3.0

5.5 Discussions

5.5.1 Precipitate shape and size distributions

The initial SAXS study presented in Section 5.4.1 was used to identify samples where thermal ageing
induced precipitation was successful. This can be linked back to each sample set that allows the effect

of each alloying element on precipitation to be investigated.

For example, the SAXS results on the FeCu samples only showed clear precipitation in the highest
containing Cu sample, FeCuj 3 (1.3 TA). This shows that longer ageing times are needed to investigate
the full effect of Cu on precipitate size, since previous literature studies have found that an increase in
Cu leads to an increase in precipitate size for the same ageing conditions [111, 157]. Whilst the effect
of Cu study was not conclusive for inducing comparative precipitation events, it is noted that binary

FeCu alloys are not fully representative of low alloy steels used in RPVs, and hence the role of Mn and
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Ni in the presence of Cu is more pertinent.

For the SAXS results on the effect of Cu on Ni precipitation, no precipitates were observed in the FeNis 19
sample (8 TA), and clear precipitation was observed in FeCuy 94Nis 19 (7.2 TA). This precipitation was
also confirmed using SANS. This finding is commensurate with the fact that the solid solubility of Ni in
Fe is much higher than Cu and hence requires longer times at elevated temperatures to precipitate out
of solution, as shown in previous studies [54, 140, 142]. This suggests that the precipitation of Ni in Fe
with a bulk Ni fraction below the solubility limit can be facilitated by elements with low solid solution
solubility, such as Cu, as found for samples 7.1 and 7.2 TA, where sites of Cu precipitation become
nucleation points for elements with lower solubility due to the reduction in energy. This is also reflected
by the SAXS findings for samples 5.1 TA and 5.2 TA where no precipitation was observed for FeMnNi
in the absence of Cu. Interestingly, a similar trend was observed in 2.1 TA and 4 TA (FeCuMnNi),
which suggests that for the same ageing time, an increase in Ni does not correlate to enough of an
increase in solubility to nucleate precipitates. This is likely to be because the fraction of Cu present
in these samples is not high enough to generate sufficient nucleation points in the ageing time. This is
in contrast to an irradiation study [48] where the presence of Mn/Ni was found to increase nucleation
of Cu. This shows a clear difference between the mechanisms of nucleation for irradiation and thermal
ageing induced precipitation. It would be interesting to study this phenomenon using longer ageing

times, or with varying levels of Cu, in future work.

In contrast, there were several model alloys where precipitation was observed using SAXS and then
further characterised using SANS. The precipitates were consistently found to be spherical in nature

with a log-normal size distribution through empirical model fitting.

For example, the effect of Ni on precipitation in the presence of Cu showed that for the same ageing
time, mean precipitates diameters are 6.06 £+ 0.04 nm and 6.07 & 0.02 nm for samples 1.3 FA (FeCuj 23)
and 7.2 FA (FeCuy 3Niy 19) respectively. This suggests that Cu plays a dominant role in the nucleation
and growth of precipitates in comparison to Ni, especially when the bulk fraction of Ni is lower than
the solubility limit in Fe. In addition, this precipitate size for high Cu samples 1.3 FA and 7.2 FA is
noticabley larger than for the other model alloys which suggests that overageing has occured. This is

consistent with a previous study where overaging was observed for FeCugg [164] after 30 hours.
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The effect of Ni and Mn on precipitation in the presence of Cu showed that precipitate growth is much
slower for FeCuj 24Mnj 33Ni; 76 (sample 3) in the presence of Mn and Ni compared to FeCuj o3 (sample
1.3) for the same ageing time. The mean precipitate size was 6.06 + 0.04 nm and 3.82 £+ 0.05 nm for
samples 1.3 FA and 3 FA respectively, found through model fitting. This is similar to trends observed
in [20] and [47]. The effect of ageing time on the precipitate size due to the presence of Mn and Ni was

confirmed using the in-situ ageing study (discussed further in Section 5.5.3).

The SANS study confirmed precipitation events in 6.1 TA (FeNiy g3Mng 46) and 6.2 TA (FeNiy 23Mns 47)
to understand the effect of Ni on Mn in the absence of Cu. These samples have Mn and Ni fractions
closer to the reported solubility limits in Fe (Section 5.2.1) than samples 5.1 TA and 5.2 TA. This in
itself indicates that a higher matrix Mn and Ni fraction for the same ageing time leads to increased
nucleation and growth of precipitates in the absence of Cu, which is consitent with a previous thermal
ageing study on high Ni RPV alloys [140]. Tt is noted that the the precipitates observed were very similar
in size and distribution, with mean radius 2.47 4+ 0.07 nm and 2.30 4+ 0.08 nm and polydispersity 0.442
+ 0.009 nm and 0.459 £+ 0.05 nm for 6.1 TA and 6.2 TA respectively. This indicates that whilst a
small increase in Cu can impact the induced precipitates as for 3 TA compared to 4 TA, a similar small
increase in Ni does not significantly impact the precipitation process in the presence of Mn and absence

of Cu. In the future this could be investigated by choosing a larger Ni difference.

The SANS study and in-situ ageing study allowed for the investigation of the role of Mn on precipitation
in the presence of Ni and Cu. For the same ageing time and temperature, larger precipitates were
observed in sample 7.2 FA (FeCuNi) compared to sample 3 FA (FeCuMnNi), with radii 6.30 £ 0.02
nm and 3.53 £ 0.07 nm respectively. This suggests that Mn suppresses the nucleation and growth of
precipitates, which is clearly visible from the in-situ results of precipitate radii as a function of ageing

time. This is discussed further in Section 5.5.3 .

The in-situ ageing study allowed for a direct comparison of allow composition on the precipitate size
as a function of ageing time. Again, these precipitates were found to be spherical in nature; whilst the
core shell structure in FeCuMnNi alloys has been previously reported in APT studies [21, 60], it was not
resolvable in this study in samples 3 FA and 7.2 FA. This could be because the incoherent background
at high q is damping out any high order I(q) oscillations which often indicate a shell with differing

composition to the precipitate core. In addition, the presence of the sample environment set a limit on
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the maximum achievable q value due to the furnace window angle cut off. This could be investigated

further in a separate SANS study that focusses on the high q range without a furnace present.

The change in precipitate size as a function of ageing time confirms the mechanism of precipitation
under thermal ageing, where the nucleation of precipitates is facilitated by diffusion of solute atoms
and growth is due to solute atoms clustering at nucleation points to reduce their energy. The observed

kinetics of precipitation is discussed in more detail in Section 5.5.3.

It is noted that for all samples apart from FeCu, the volume fraction extracted is a relative quantity
due to the multiplicative nature of volume fraction and contrast in the differential macroscopic cross
section equation. It is only possible to extract the absolute volume fraction of precipitates under the
assumption that they are non-magnetic and hence the scattering length density is explicitly known.
The volume fraction for sample 1.3 TA was found to be 3.94%. For the same sample composition, the

volume fraction was found to increase as a function of ageing time during the in-situ ageing study.

Induced precipitate size is directly linked to the mechanical properties of an in-service material. The
implications of this are discussed further in Section 5.5.4 where the precipitate hardening effect is
considered. This is important in the development of future nuclear materials where the structural

integrity is required to be maintained over their full lifecycles.

5.5.2 Precipitate composition

As mentioned, thermal ageing induced precipitation events have been observed in model alloys 1.3
TA/FA, 3 TA/FA, 6.1 TA, 6.2 TA and 7.2 TA/FA. A map of the model alloy A ratio values as a
function of increasing Ni fraction is shown in Figure 5.39. This is annotated with sample compositions

and thermal ageing parameters to aid comparison.
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Figure 5.39: Map of the A ratio for model RPV alloys as a function of increasing Ni composition.

Theoretical calculated A ratio values for different precipitate types are shown in Table 5.18. These are
not consistent with the extracted A ratio values from the raw data, indicating that there is more than

one alloying element that contributes to the precipitate composition.

Table 5.18: Theoretical A ratio values for given precipitate compositions in an example low alloy RPV steel
matrix.

Composition A ratio [arb.]

Pure Cu 16.195
Pure Mn 1.195
Pure Ni 14.160
Pure Fe 1.929

Pure vacancy  1.386

Samples with higher Cu content have higher A ratios, since the A ratio for pure Cu precipitates is the

highest of the alloying elements included in this study.

182



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

The A ratio of sample 3 TA is larger than 3 FA which can be attributed to its longer ageing time,
allowing for more Cu to precipitate out of the matrix as observed in [157]. The ageing time is the
driving force for the precipitation process since 3 TA was aged for longer but at a lower temperature
(450 °C) compared to 3 FA (550 °C) and more precipitation of Cu is seen in 3 TA. This is as expected
since at both ageing temperatures the Cu content is above the solubility limit in Fe. This trend is also
observed in 7.2 FA which has a longer ageing time than 7.2 TA. This is consistent with more nucleation
of Cu precipitates which is facilitated by the presence of Ni. This supports previous studies where Ni

has been found to enhance the nucleation process [48].

Interestingly, the A ratio values for samples 3 TA (FeCuj24Mnj 33Nij 76) and 7.2 TA (FeCuy.94Nis 19)
are similar. One may expect that since 3 TA has a longer ageing time than 7.2 TA, it would have a
higher fraction of Cu in the precipitates, however this is not clear here. This indicates that the presence
of Mn slows the nucleation process during thermal ageing, which is contrasted by irradiation studies
[46, 48, 136]. This highlights the differences in mechanisms between irradiation and thermal ageing
induced precipitation. This finding can also be explained by the presence of Mn in precipitates 3 TA
which acts to significantly reduce the A ratio. This trend is also apparent for the in-situ aged samples
(3 FA and 7.2 FA) where for the same ageing time there is a large difference in A ratio values. This
means that a shorter ageing time in sample 3 allows the presence of Mn to dominate the A ratio in

comparison to the presence of Cu.

The A ratio of samples 6.1 TA (FeNiyg3Mng46) and 6.2 TA (FeNiy93Mng 47) are considerably lower than
of the other model alloys. This is linked to the absence of Cu and the presence of Mn; low values of A
ratio indicate the presence of Mn due to the negative scattering length of Mn. It is noted that the A
ratio of 6.2 TA is slightly higher than 6.1 TA, which is indicative of the increased amount of Ni in the
matrix available for precipitation. This is consistent with [48] where the increasing Ni fraction in the

matrix increases the Ni fraction in the induced precipitates.

It is important to note that multiple combinations of precipitate composition can give the same A
ratio value. In addition to the alloying elements of interest, both Fe and vacancies have been observed
in thermally aged induced precipitates [24, 60, 155]. It is possible to map the A ratio for varying
compositions of different alloying elements in ternary diagrams and use this to identify precipitate

compositions that satisfy the measured experimental A ratios within the error range for each model
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RPV alloy. Since the magnetic scattering length of Ni is so small in comparison to Fe, precipitates
containing Ni have been assumed as non-magnetic and those containing Fe as magnetic. This is
reasonable considering the fraction of Fe in the matrix and the fact that the Fe magnetic scattering length
is significantly larger than the Ni magnetic scattering length. Hence, all ternary diagrams presented

below assume Ni is non-magnetic and that the magnetism arises solely from any Fe within the precipitate.

The FeCu binary system was selected first. Previous thermal ageing studies on FeCu suggest that
vacancies and self-solute Fe atoms can also be present in precipitates [24, 51, 53, 60]. Figure 5.40 shows
the ternary diagram for a system of Fe-Cu-vacancy precipitates in sample 1.3 FA, with the possible

precipitate compositions due to the experimental A ratio value highlighted by the blue circles.

A ratio

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Cu

Figure 5.40: Theoretical A ratio ternary diagram for any Fe:Cu:vacancy precipitate composition in a 1.3 FA
(FeCuy 23) matrix. Blue overlaid circles highlight compositions corresponding to experimental A ratio value of
5.584 + 0.035 for 1.3 FA.

If one assumes there are no vacancies in precipitates, then the closest combination of Fe and Cu fractions
that gives the experimental A ratio is 0.14Cu and 0.84Fe (A ratio = 5.61). This precipitate is majority
Fe which is not consistent with literature studies in [22, 72] that found Cu to be the majority fraction
of precipitates in an FeCu system. Hence, it can be concluded that there must be vacancies present in

the 1.3 FA precipitates. This is concurrent with the facilitation of diffusion of self solute atoms in low
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alloy RPV steels due to the presence of vacancies [23, 49, 155, 166].

For samples 3 TA and 3 FA, the relationship between Cu, Mn and Ni was investigated since these are
the dominant alloying elements in literature [20, 47, 63]. The resultant ternary diagram is shown in

Figure 5.41.
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Figure 5.41: Theoretical A ratio ternary diagram for any Ni:Cu:Mn precipitate composition in a 3 TA
(FeCuj 24Mnj 33Nij 73) matrix (also equivalent to 3 FA). Blue overlaid circles highlight compositions
corresponding to experimental A ratio value of 2.666 + 0.013 for 3 FA, and white overlaid circles highlight
compositions corresponding to experimental A ratio value of 3.363 + 0.009 for 3 TA.

For thermally aged FeMnNi systems, such as that studied in [140], the presence of vacancies in precipitates
has been considered due to their role in the diffusion of solute atoms at elevated temperatures. The
resultant Ni-Mn-vacancy ternary diagrams are shown in Figure 5.42 and Figure 5.43 for samples 6.1 TA

and 6.2 TA respectively.
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Figure 5.42: Theoretical A ratio ternary diagram for any Ni:Mn:Vac precipitate composition in a 6.1 TA
(FeMngs 46Nig 03) matrix. Blue overlaid circles highlight compositions corresponding to experimental A ratio
value of 1.621 £ 0.005 for 6.1 TA.

A ratio
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Figure 5.43: Theoretical A ratio ternary diagram for any Ni:Mn:Vac precipitate composition in a 6.2 TA

(FeMng 47Nig 23) matrix. Blue overlaid circles highlight compositions corresponding to experimental A ratio
value of 1.732 &+ 0.009 for 6.2 TA.
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For FeCulNi samples 7.2 TA and 7.2 FA, no theoretical A ratio values for precipitate combinations of
Ni-Cu-Fe were found to be in the same range as the experimentally obtained values. This suggests that
the precipitates in these samples do not contain Fe, which is supported by [24, 45]. Instead, a ternary
A ratio diagram for Ni-Cu-vacancy precipitates is shown in Figure 5.44, with the possible precipitate

compositions for samples 7.2 TA and 7.2 FA overlaid.
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Figure 5.44: Theoretical A ratio ternary diagram for any Ni:Cu:Vac precipitate composition in a 7.2 TA
(FeCuy 24Nig 19) matrix (also equivalent to 7.2 FA matrix). Blue overlaid circles highlight compositions
corresponding to experimental A ratio value of 5.212 4+ 0.025 for 7.2 FA. White overlaid circles highlight
compositions corresponding to experimental A ratio value of 3.473 4+ 0.039 for 7.2 TA.

It is clear that the presence of Cu, Ni and Mn in the matrix are also present in precipitates. This is
supported by several thermal ageing literature studies [47, 53, 62, 68]. The presence of Fe and vacancies
is more nuanced. Interestingly, the observed potential Fe fractions from the experimental A ratios in
this study are relatively low in comparison to the fractions of alloying elements. This suggests that the
amount of Fe present in precipitates is less than observed via APT measurements and in irradiation
induced precipitation studies in similar sample compositions where the presence of self interstitials of

Fe matrix damage plays an important role for nucleation of precipitates.

These findings show that alloy composition has a stronger effect on thermal ageing induced precipitation

than irradiation. Such variations in precipitate composition due to thermal ageing is in contrast to
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irradiation induced precipitation in studies with similar alloy compositions [50]. This can be described
by the different mechanisms of solute migration between the damage processes. It has also highlighted
the need for magnetism considerations in such precipitates in future studies. This detail is often omitted,
especially in SANS where the omission allows one to extract the apparent absolute volume fraction of
precipitates, when in fact it not likely to be representative of the true number density of precipitates in

a material.

5.5.3 Effect of alloy composition on precipitation kinetics

The kinetics of precipitation was investigated during the in-situ ageing SANS study in Section 5.4.2.1.
The effect of Ni on kinetics in the presence of Cu can be shown through comparison of samples 1.3 FA
and 7.2 FA. The effect of Mn on kinetics in the presence of Cu can be shown through comparison of
samples 1.3 FA, 3 FA and 7.2 FA. Precipitate size evolution as a fucntion of ageing time for the three

model alloys is shown in Figure 5.45.
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Figure 5.45: Graph comparing evolution of mean precipitate radius as a function of ageing time for samples
1.3 FA, 3 FA, and 7.2 FA.

For all samples, precipitate size changes as a function of ageing time. Nucleation of precipitates is
observed almost instantly (less than 1 hour), owing to the high Cu content of these model alloys.
Subsequent growth of precipitates is dependent on the alloying element solubility which leads to random
solute diffusion and a reduction in energy by clustering at nucleation sites. The growth rate depends

on alloying elements present.

Comparing the trends for samples 1.3 FA and 7.2 FA, Ni seems to have a minimal impact on precipitate
growth in the presence of Cu. The kinetics of Cu appears to dominate the thermal ageing induced
precipitation process, as also found in [167], showing a power law increase of precipitate radius as a
function of ageing time. There is no clear evidence of Ni aiding the nucleation process as observed
during an irradiation induced precipitation study in [48], however this is primarily due to the lack of

in-situ measurements for 7.2 FA at low ageing times as a result of an experimental error.
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A plateau period of no precipitate growth is observed between 100 and 400 minutes in sample 3 FA.
Whilst growth appears to restart around 400 minutes, the trend is noticeably different to the continuous
power law growth observed for the other two samples. This suggests that the presence of Mn within
the matrix causes a delay and subsequent suppression of precipitate growth. It would be an interesting
future study to understand the role of Mn in precipitate nucleation and growth in more detail. This
is particularly pertinent to current and future nuclear materials where Mn is alloyed due to its role in

increasing strength and ductility [168].

The polydispersity (width of size distribution of precipitates) changes as a function of ageing time for all
three model alloy compositions, as shown in Figure 5.46. This polydispersity evolution provides a more
detailed understanding of the precipitation kinetics than size evolution alone, allowing one to deconvolve
the nucleation and growth phases. For example, the nucleation process is visible in the first few data
points for samples 1.3 FA and 7.2 FA, where there is a noticeably large polydispersity, indicating a wide

range of precipitate sizes at low ageing times.
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Figure 5.46: Graph comparing evolution of precipitate polydispersity as a function of ageing time for

samples 1.3 FA, 3 FA, and 7.2 FA.

The polydispersity is in general much larger for increased alloying element fractions. For sample 3 FA,

there is an increase in polydispersity as a function of ageing time up until around 400 minutes. During

this time, the mean precipitate radius stays relatively similar in the previously identified plateau region

whilst the size distribution widens, suggesting simultaneous nucleation (small precipitates) and growth

(larger precipitates). This can be attributed to the presence of Mn.

Precipitate growth starts to

dominate after the plateau region, which is reflected by the narrowing of the size distribution, where

nucleation has slowed and precipitates continue to grow.

Differences due to the presence of Ni are not clear due to the lack of data for sample 7.2 FA, however

the trend observed is similar to sample 1.3 FA at higher ageing times.

The mean precipitate radius and size distribution evolution observed for sample 3 FA is the most ideal
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behaviour out of the model RPV alloys investigated. The presence of Mn in combination with Ni and
Cu in RPV steels acts to suppress the growth of thermal ageing induced precipitates, which will lead
to a relative suppression of precipitation induced hardening and embrittlement for in service low alloy

steels.

5.5.4 Effect of precipitation on mechanical properties

There is not a significant difference between precipitate hardening from irradiation and thermal ageing
damage mechanisms, since it is the precipitate structure that determines the degree of hardening [138,
169, 170]. The primary difference between such loading conditions is in the precipitate composition due
to the mechanisms of nucleation and growth. The precipitate structure has been found to be consistent
between irradiation and thermal ageing [19, 21, 40], where spherical nanoscale precipitates directly

impede dislocation motion.

Both irradiation and thermal ageing induced precipitation can lead to hardening and embrittlement of
materials. Whilst the mechanisms of inducing such damage may differ, the overall effect is the same; the
stress fields of nanoscale precipitates distributed in the material matrix act as a barrier to dislocation
movement and hence lead to hardening through impeding plastic flow [170]. During operation, there is
likely to be a flow of dislocations under plastic deformation, in addition to other extreme loading that
can lead to creep damage and fatigue failures. It is hence important for a reactor material (especially
irreplaceable structural components) to be able to withstand such operational conditions, including the
production of dislocation loops from interstitials and vacancies induced by interactions with radiation.
Hence, precipitate hardening poses a threat to the behaviour of such materials over their lifetime in a

reactor.

The overall hardness change measured for each model RPV alloy is shown in Table 5.19.
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Table 5.19: Change in hardness for model alloy samples of interst.

Sample Ageing time [hr] Temperature [°C] AHardness [Hv] Error [Hv]

1.3 10 450 29.2 4.1
20.5 250 37.2 3.8
3 20.5 550 23.4 7.4
120 450 64 8.2
6.2 120 450 -7.3 7.5
7.2 10 450 17.3 4.1
20.5 550 40.4 4.7

A map of hardness as a function of ageing time is shown in Figure 5.47. An overall hardness increase is
observed for most model alloy compositions as a function of ageing time, however the degree of hardness
change differs between samples, even for the same ageing time (for example, sample 3 compared to
sample 6.2 after 120 hours). This is also evident when comparing samples 1.3, 3 and 7.2 after ageing
for around 20 hours. This trend highlights the strong effect alloying composition has on precipitation

induced hardening.
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Figure 5.47: Map showing hardness as a function of ageing time for each model RPV alloy with confirmed
precipitation events.
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Sample 6.2 shows an apparent decrease in measured hardness from ageing for 120 hours at 450 °C
compared to its unaged counterpart. However, when accounting for the uncertainty in the microindentation
method, both hardness values overlap and so there is not a statistically significant hardness increase
for this sample. Moreover, a decrease in hardness with ageing time is not observed in other FeMnNi
thermal ageing studies and cannot be explained by precipitate hardening theories. The lack of detectable
hardness change in sample 6.2 may also be because the precipitates induced are too small to effectively

impede dislocations.

For the model alloys containing Cu, relatively large differences in hardness as a function of ageing time
are observed. For sample 7.2 (FeCuNi) and sample 3 (FeCuMnNi), the hardness change also increases
with ageing time. The reduction in magnitude of hardness change with ageing time for sample 1.3
(FeCu) compared to these higher order RPV alloys can be attributed to overageing of the induced
precipitates, as indicated by the large precipitate size compared to the other model alloys. This is
observed in literature [164], where for FeCug; peak hardness is observed after thermal ageing for 30
hours at 450 °C and the hardness change is then seen to decrease up to 120 hours. The lower Cu
content in [164] suggests that peak ageing will occur at shorter times in this study for sample 1.3, which
is consistent with the trend observed after 20 hours ageing for 1.3 FA. The presence of Ni in sample
7.2 increases the range of precipitate sizes in the sample with increasing ageing time compared to the
binary FeCu system, meaning there is likely a higher number density of smaller precipitates, hence why

the hardness does not begin to plateau off.

It is also noted that the hardness of sample 3 (FeCuMnNi) is much higher initially (and after ageing)
than the other counterparts. This is due to the presence of Mn which is alloyed in such RPV steels to
improve ductility and strength [168]. The increased initial hardness between sample 1.3 and 7.2 can be

explained by the presence of Ni, which is added to ferritic reactor steels to reduce the DBTT [171].

Sample 3 shows an overall hardness increase of 64.0 £ 8.2 Hv after 120 hours at 450 °C. The high Ni
RPV weld showed an increase of 80.0 + 4.4 Hv after 100 000 hours at 330 °C. Whilst these precipitate
induced hardness increases are similar, the slightly larger hardness increase for the weld is likely to be
because of the larger precipitates (2.01 £+ 0.06 nm compared to 1.89 4+ 0.01 nm) with larger associated

stress fields to disrupt dislocation motion.
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5.6 Conclusions

Precipitate damage was successfully induced in a series of low alloy model RPV steels using thermal
ageing. By varying the levels of alloying elements of interest from literature, in-situ material transitions
were studied to answer key questions on the role of Cu, Mn and Ni on the mechanisms of thermal ageing

induced precipitation and hardening.

The properties of induced precipitates were studied successfully using SAXS and SANS. These advanced
scattering techniques, in combination, allowed for the identification of precipitate events and the
quantification of their key properties, including shape, size distribution, volume fraction and composition.
SANS quantified the induced precipitates as a polydisperse system of spheres with a log-normal distribution

of radii, with radii ranging from 1.143 4+ 0.081 to 5.874 + 0.015 nm for the different alloy compositions.

An in-situ thermal ageing SANS study using a novel experimental setup was completed by taking
advantage of the properties of neutrons. This allowed for a study of the kinetics of precipitation in
unaged RPV model alloys to understand the effect of Mn and Ni on precipitate nucleation and growth
in the presence of Cu. The samples and experimental set up was chosen to explicitly allow for observation
of the real-time thermal ageing induced precipitation in order to understand both the nucleation and
growth mechanisms. Precipitates of mean radius 3.689 4 0.047 nm were induced after 20 hours at 550
°C in the FeCuMnNi sample. The kinetics of the nanoscale transitions were studied, and it was found

that Mn suppresses the growth of precipitates in the presence of Cu.

The selection of FeCu, FeCuMnNi, and FeCulNi model alloy compositions allowed for one to understand
how mechanisms of precipitation are coupled with the presence (or absence) of certain alloying elements.
A further magnetism study using SANS on the in-situ aged and other thermally aged samples was
employed to extract the ratio of magnetic to nucler scattering contributions. This so-called A ratio can
detail nuances in precipitate composition and the role of Fe and vacancies in the precipitation process
which is often contested in literature. Moreover, it allowed for the magnetic nature of the precipitates

to be studied.

The hardness was found to increase as a function of ageing time for all thermally aged model alloy

compositions, with the largest increase of 64 4+ 8.2 Hv observed for the FeCuMnNi system.
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There are several improvements and areas of interest that are outside of the scope of this work but that
could be investigated as a follow-on step in the future. For example, the RPV alloy compositions where
no thermal ageing induced precipitation was observed, such as FeCug o, could be aged for longer times

to increase the likelihood of precipitate formation.

The compositions used where precipitation was induced could be investigated further in a complementary
neutron irradiation study. This could be used to challenge the differences observed between precipitate
structural properties and compositions by the thermal ageing results in this work and previous irradiation
studies in literature on similar, but not exact, model alloy compositions, allowing for a direct comparison.
In addition, it would be particularly interesting to investigate effect of Mn in more detail by using a range
of FeCuMnNi samples with a varying range of Mn compositions, since this was observed as a driving force
for suppression of precipitate growth. To complement the advanced scattering and microindentation
results reported in this chapter, additional experimental techniques could be employed that could not be
completed during this work due to the activation of the samples induced during the neutron scattering
investigations. For structural and compositional information, APT or TEM could be completed on
samples, noting that APT is a destructive technique. In addition, the fabrication of larger samples in
the future could be useful to allow for mechanical property evolution measurements such as fracture
toughness and Charpy impact testing that were limited by sample size in this work. Such samples would
need to fabricated using an alternative route, such as a vacuum melting furnace, to ensure the alloys

are of sufficient size for investigation by multiple techniques.
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CHAPTER 6

[RRADIATION INDUCED PRECIPITATION IN PROT!
[RRADIATED TUNGSTEN

6.1 Introduction

The aim of this chapter is to highlight the versatility of small angle scattering techniques for the study

of irradiation damage mechanisms and nanoscale precipitation in polycrystalline nuclear materials.

The material system in this chapter has been chosen to contribute to current issues facing the nuclear
material systems required for future power generation, namely the search for reliable plasma facing
materials (PFMs) in fusion reactors. This chapter focusses on quantification of irradiation induced
damage in tungsten, analogous to the quantification of thermal ageing induced precipitation in reactor
pressure vessel steels presented previously. There is a particular focus on the synergy between precipitation
initiated by high temperature exposure (explored in depth in Chapters 4 and 5) and precipitation induced
by high energy radiation interactions, both relevant during high temperature irradiation, and so how

both can affect the overall material properties.

The work presented here will build on the concept of radiation damage presented in Chapter 2, with
a focus on fusion material systems. Specifically, it will discuss the micro-mechanical mechanisms of
irradiation damage in PFMs, how one can induce and simulate damage in samples of interest, and the
quantification of such irradiation induced microstructural changes. Tungsten and its alloys are feasible

candidates for divertor and first wall materials due to their high temperature properties, low sputtering
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and erosion, relatively low activation (half-lives short than 5 years), high thermal conductivity, and
high melting temperature. A study on irradiation induced precipitation in tungsten is presented in
this chapter to elucidate the effect of radiation damage on material properties. It includes a novel
irradiation configuration for inducing displacement damage, consideration of high energy transmutation

and activation reactions, and quantification of the irradiation induced microstructural changes in a

SANS study.

6.2 Radiation damage in plasma facing fusion materials: a

review

6.2.1 Plasma-facing material requirements

In the current social climate, there is a significant collaborative effort to move away from traditional
fossil-fuel based energy sources towards low carbon technologies. To fulfil the energy requirements of a
growing global population, multiple low carbon technologies must be combined. This has inspired
the field of fusion research over the last 40 years with the aim of developing reliable commercial
fusion reactors, which have lower regulatory burdens and generally better public perception than their

traditional fission reactor counterparts.

Fusion reactors pose minimal environmental hazards and risk of radiological release since there is no
fissile material present as in fission reactors. A particular attraction is the lack of intermediate and
high level radioactive waste generated, which reduces future requirements for geological waste disposal
facilities and long-term waste storage. The post-operational stage in the life cycle will hence have
reduced costs, space requirements and safety concerns compared to fission reactors. It should be noted
that some low level waste is inevitable due to the nature of the neutron environment which can still

lead to activation of materials.

Current operational fusion reactors are only on a research-scale and there has yet to be any commercial
fusion reactors in operation. A large issue here is the efficiency of the reactor system, with regards

to the balance between using energy to meet the operational requirements and harnessing the energy
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released during fusion reaction to generate electricity through turbine driven systems. As it stands, the
energy input to generate and maintain the fusion reaction is larger than the energy output. There is a
collaborative effort in the scaling up of fusion devices to eventually reach a stage where commercialisation
is possible; ITER and DEMO are examples of such efforts. These efforts have been clearly outlined in
the EU Roadmap to fusion commercialisation [7], which is currently focussing on material development
plans and increasing the understanding of irradiation induced damage in fusion materials that can be
documented in an engineering materials database that will store all material properties in response to a
fusion reactor environment [172, 173]. The validation of such material properties is an important design

consideration for future commercial fusion devices.

Fusion material challenges remain the biggest hurdle to overcome in terms of providing long term energy
solutions, largely due to the lack of operational experience on the scales required for commercialisation.
Whilst the specific environmental loading experienced by materials is dependent on reactor design, the
most onerous loadings that can contribute to material degradation during reactor operation considered

for magnetic confinement fusion devices, such as ITER [25], are:

e High energy fusion neutron bombardment, coupled with high neutron fluxes (up to 10'® n/cm?s

with E > 1 MeV)
e High temperature exposure (> 800 °C for plasma facing components)
e High heat fluxes (> 10 MW /m?)
e High magnetic field exposure to confine the fuel plasma (up to 11 T)

Neutrons are generated during the fusion reaction of the selected fuel type in the plasma of a fusion
reactor. Whilst there are many possible combinations of elements that can be used as fuel, the most
efficient combination is deuterium (*H) and tritium (*H). This is the fuel type selected for ITER and

future demonstration fusion reactors (e.g. DEMO) [25, 174]. The deuterium-tritium reaction is:

H+ H — *He (3.5 MeV) + n (14.1 MeV) (6.1)

The neutrons released in this reaction have an energy of 14.1 MeV, which is significantly higher than the

mean fission neutron energy (2 MeV) [175]. A comparison of a typical PWR neutron flux distribution
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and the DEMO first wall is shown in Figure 6.1.
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Figure 6.1: Graph showing comparison between the energy spectrum of neutrons for a PWR and the
DEMO first wall [175].

High energy neutron exposure can result in threshold transmutation reactions in different materials that
can lead to undesirable property changes, such as the production of hydrogen and helium that result
in embrittlement. Such effects must be considered in combination with traditional neutron irradiation

damage mechanisms.

The superconducting magnets responsible for confining the plasma are subject to a high fast neutron
flux. This exposure can result in displacement damage that induces defects in the superconductor
material which impacts the critical current and hence magnetic properties [176]. Initially the point
defects improve flux pinning, but after a certain damage accumulation the effect reverses [177] and

hence the critical current decreases and the stability of the magnet is compromised [178].

Due to the harsh environment, there are a unique set of PFM requirements that must be met so that
the environmental loading conditions have a relatively low impact on material properties and overall

performance through the life cycle of a fusion reactor.

All PFMs have similar requirements, mostly pertaining to their performance at high temperatures. The
primary requirement of the first wall material is to transfer away heat generated through fusion in
the fuelled plasma so that electricity can be generated through conventional turbine driven systems.

The divertor acts as an exhaust to the tokamak. As such, PFMs must have a high melting point and
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thermal conductivity to withstand the high plasma temperatures and heat fluxes, and efficiently remove
heat from the plasma. PFMs must be resistant to thermal shock and maintain their strength at high
temperatures to ensure integrity of the vacuum vessel. In addition, PFMs should have relatively low
neutron absorption cross sections to ensure that a sufficient flux of neutrons, generated from the fusion
reaction in the plasma, can pass through the first wall to the breeder blanket to allow the device to
maintain a tritium breeding ratio > 1. Since typical neutron fluxes are highest at the first wall location,
PFMs must have minimised activation and transmutation properties for safety and performance-based
considerations. PFMs must also be resistant to erosion and sputtering from interactions with the plasma

that can lead to the creation of dust within the vacuum vessel [179, 180].

There are several candidate PFMs that have been of interest over the history of tokamak design and
experiments, including beryllium, carbon-based materials, and tungsten. Historically, the first tokamak
devices used graphite as a first wall material, including the Joint European Torus (JET) [181]. This
was a short-lived choice since the generation of dust due to the low atomic number and hence low
erosion and sputtering resistance lead to challenges in safety, waste and decommissioning aspects. The
attractive irradiation resistance of carbon-based materials led to the use of carbon fibre composite (CFC)
as a divertor material in the JET device, which provided more resistance to sputtering than graphite.
The advantages of tungsten over beryllium include the lack of toxicity and the superior resistance of
higher heat fluxes, and so tungsten is often favoured as a divertor material. In the ITER like wall (ILW)
campaign at JET [182], a tungsten coating was added to the CFC divertor to mimic the plans for ITER,
where tungsten tiles are planned to be the initial plasma facing material of the first wall. Tungsten
is also a candidate PFM for the divertor which acts as an exhaust to the tokamak and experiences

extremely high heat fluxes (up to 20 MW /m?).

6.2.2 Transmutation reactions in tungsten

PFMs, such as tungsten, are susceptible to degradation of thermal and mechanical properties under
high neutron fluences, for example embrittlement and a decrease in thermal conductivity. Hence, the

lifetime of the PFCs is a key consideration.

In a fusion environment, pure tungsten has been found to release He as a product of transmutation
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reactions due to exposure to high energy neutrons [183]. At elevated temperatures, He nuclei can
migrate to regions such as grain boundaries or other lower energy defects, resulting in swelling which

can subsequently lead to embrittlement. To reduce this effect, tungsten can be alloyed [35, 38, 184].

The transmutation reactions expected in a pure tungsten PFM for ITER have been studied using the
Monte Carlo N-Particle (MCNP) transport code [184]. It was found that for 5 and 14 year exposures to
fast neutrons in ITER, rhenium, osmium and tantalum are the main elements that significantly increase
in concentration (Figure 6.2). The concentrations stated in this study contrast with previous work [28],
but the difference can be attributed to the fact that the earlier authors did not account for self-shielding

effects in the transmutation calculations.
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Figure 6.2: Calculated concentration of transmutation elements in pure tungsten, over 5 years, after
exposure to fast neutrons[184].

The overall composition of PFMs can change over time as a result of transmutation reactions, meaning
the material properties can also evolve. Such property changes as a result of high energy neutron
irradiation must be understood and quantified to ensure the PFMs remain reliable over their lifetime

in the reactor.
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6.2.3 Irradiation induced microstructural changes in tungsten

As discussed in Section 2.2, tungsten exhibits excellent high temperature thermomechanical properties
(e.g. high thermal conductivity, low ion sputtering, and low erosion) making it an attractive option for
use as a PFM in fusion reactors such as ITER or DEMO [184]. For example, it has been suggested to
be applied as a protective layer on top of some structural materials for the first wall or as the divertor

armour. In either case they prove most useful in regions of high heat flux [183, 185].

Chapter 2 discusses the mechanisms of irradiation damage through bombardment by neutrons. The
creation of secondary defects from the precipitation of vacancies and solute interstitials can impede
dislocation motion. Studies on transmutation show that production of elements such as rhenium and
osmium from the irradiated tungsten can lead to clustering of vacancies and interstitials, leading to
precipitate damage in the matrix. This has been explicitly found by [35, 58, 186, 187, 188]. Elucidating
the nature of such precipitates as a result of radiation damage is imperative for ensuring integrity of such
in-service materials. The current research is heavily focussed on studies on nucleation and growth; there
is limited data on the irradiation induced evolution of microstructure of such alloys detailing precipitate

size, distribution, shape, and stoichiometry.

For studies of the effects of these damage events, we are typically concerned with imitating damage from
fast neutrons (14.1 MeV), as opposed to thermal neutrons in fission irradiation studies. Such damage
can be induced using fast material test reactors, accelerator driven neutron irradiation systems, or by

using high energy protons, for example 16 MeV protons to induce 1 dpa [37].

Of particular interest from irradiated tungsten studies is the o precipitates that form when osmium
is present in the tungsten matrix [28, 189, 190]. These are introduced as ~10 nm plate or needle like
structures that lie along {110} planes in Wy, Os, (x < 0.05) and are thought to be the tetragonal o phase
from the equilibrium phase diagram [191]. The resultant microstructure is brittle which is attributed
by increased regions of localised strain in the lattice when tetragonal o is present in BCC tungsten [36].
By contrast, additional studies [185, 188] have found o precipitates to be equiared. Examples of the
microstructural changes and physical effects observed in WRe and WOs alloys are shown in Figures 6.3

and 6.4.
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Figure 6.3: Schematic diagram of microstructural features present in W and WRe for a variety of damage
levels [27].
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Figure 6.4: Hardness as a function of Os content in W;_4Os, for a variety of damage levels [189].

By inducing damage in pure tungsten, and aiming to transmute rhenium, one can study such irradiation

effects using SANS and quantify the effect on material properties using nanoindentation.
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6.2.4 Neutron vs proton irradiation

Neutron irradiation requires long irradiation times (~years) to reach the desired dose levels as either
part of surveillance programmes or in designated test reactor facilities. As a result, this can end up
being expensive and time consuming. By contrast, proton irradiation using ion accelerators can reach
desired doses on the order of hours, meaning it is a cheaper and faster surrogate. Moreover, proton
irradiation allows for the variation of irradiation parameters, such as temperature and pressure, that

aren’t feasible to alter in a reactor environment [31].

Whilst the irradiation damage mechanisms on the microstructural level are analogous between neutrons
and protons due to their equal masses, it is imperative to understand the difference in the damage
profiles between the two particles. The charged proton interacts with the electrons of atoms in the
irradiated material through the Coulomb interaction. The proton scattering cross section is inversely
proportional to velocity, so as the proton slows down the probability of interaction with the electrons
increases, which leads to a large deposition of energy as the proton comes to a stop that is described by
a characteristic Bragg peak. The uncharged neutron does not interact with the electrons and hence has
a long mean free path over which it deposits a constant amount of energy in the irradiated material.
As a result, the overall damage profile with penetration depth in the irradiated material is different
depending on the irradiation particle, as shown in Figure 6.5. As expected, the neutron damage profile
is relatively flat, whilst the proton damage profile is flat at the start of its interaction (plateau region)

and then peaks before the proton loses all of its energy over a short range (Bragg peak).
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Figure 6.5: Graph showing the comparison of neutron and proton damage profiles in irradiated Fe9%Cr
oxide dispersed steel from [192].

Since it is the final state of the material that contributes to its properties, the effects of neutron and
proton irradiation can be studied by direct comparison of the induced microstructural damage e.g.
dislocation loops, precipitates, segregation and vacancies. This means that, despite the differences
in displacement damage profiles, proton irradiation can act as a successful alternative to neutron
irradiation for such damage studies [11]. This is a well-established method for studying irradiation
damage mechanisms, as studied in [193] and [194], hence it was decided to use proton irradiation in this

study to induce damage in the tungsten samples.

The evolution of damage can be observed as a function of sample depth during proton irradiation.
Tungsten has been selected since it is a candidate PFM and its density means that higher energy
protons can be used during irradiation, making it easier to separate the different depth regimes. Through
comparison of behaviour at different depths, the evolution can then be used to establish which depth is
the most appropriate for simulating neutron damage. Such a question has been addressed for studying
irradiation damage in stainless steels [195], however this work will aim to produce a comprehensive
comparison of microstructural evolution and material properties for different damage levels in irradiated

tungsten.
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6.3 Materials and methods

6.3.1 Tungsten samples

To better understand the relationship between irradiation damage and mechanical properties, multiple
samples with different induced damage levels are required. Instead of individually irradiating tungsten
samples, a stack of 10 individual tungsten foils were used (see justification in Section 6.3.3). The benefit
of this approach for proton irradiated samples is that multiple depths along the damage profile (and
hence multiple damage levels) can be investigated whilst ensuring that the irradiation conditions are
constant for all samples. This is discussed in detail in Section 6.2.4. The ability to irradiate multiple
samples at the same time allows for a direct comparison between samples where the only difference is
the dpa induced. The foils are numbered as foils 1 to 10, with 1 being the foil closest to the proton

beam, and 10 being the foil farthest away.

The tungsten foils were cut into 2.5 cm x 2.5 ¢cm squares from a 50 pum thick as-rolled sheet obtained

from Goodfellow [196]. The sheet composition is detailed in Table 6.1.

Table 6.1: Tungsten foil details.

Element Fraction [%]

W > 99.95
Mo 0.015
Pb < 0.005
Si < 0.005
C 0.003
Sn < 0.003
O 0.002
Fe 0.002
Ca < 0.002
Cu < 0.002
Ni < 0.002
Ti < 0.002
N 0.001
Mg < 0.001
H 0.0006

An understanding of the general material properties of tungsten is required for activation, SANS and

nanoindentation analysis presented in this chapter. The properties of interest are summarised in Table
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6.2.

Table 6.2: Typical properties of high purity tungsten [105].

Property Value
Atomic mass 183.84 u
Density 19.3 g/cm?
Lattice constant 3.165 A
Crystal structure BCC
Melting temperature 3370 °C
Boiling temperature 5900 °C
Young’s Modulus 400 GPa
Poisson’s ratio 0.28

Yield strength 750 MPa
Emissivity @ 100 °C 0.15
Thermal conductivity (20°C, 200°C, 600°C, 1000°C) 163.3, 146, 128, 117 W/mK
Lattice displacement energy 90 eV [197]

6.3.2 Proton irradiation

In order to reflect the conditions that materials in a high dose environment experience, radiation damage

has been induced using the MC40 cyclotron at the University of Birmingham [198].

6.3.2.1 MC40 cyclotron

The MC40 cyclotron is a particle accelerator capable of accelerating a variety of different particles to a
range of energies, as shown in 6.3. This versatility means it has applications to many industry sectors

in addition to radiation damage studies in nuclear materials.

Table 6.3: Beam properties of the MC40 cyclotron [198].

Ion type Energy (N=2) [MeV] Energy (N=1) [MeV]

'H 3.7 to 10 10.8 to 40
’H 9.4 to 20 -

SHe 8 to 28 33 to 50
‘He 10.8 to 40 -

The initial ion beam is produced in the presence of an electromagnetic field. The behaviour of the ion
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beam in the cyclotron in the presence of a magnetic field can be described by the following equation

mu?

where m is ion mass, QQ is ion charge, r is the radius of the circle of motion, and B is the magnetic field
strength. Hence, the achievable ion beam energies is wholly dependent on the radius of the cyclotron
at which the ion beam exits, R, and strength of the electromagnetic field. The ion kinetic energy at
extraction is thus

(6.3)

In addition, an oscillating voltage is applied across two large electrodes known as ’dees’ that causes
acceleration of the ion beam as it reaches the gap between the dees. This acceleration frequency can
be altered between 14.2 and 28 MHz to achieve the desired beam energy. The harmonic number of the
oscillating voltage, N, can be set to 2 or 1 to alter the accelerating frequency and hence achieve the
lower and upper energy ranges respectively. The correct energy beam then leaves the system through
an ion guide and is lead to the irradiation chamber of interest. This is shown schematically in Figure

6.6. It is noted that the cyclotron is confined in a vacuum vessel to minimise energy losses.

Electromagnet
L] L]
Dees lon source

%" ym irradiation chamber
— /</
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lon trajectory

High frequency
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\—/+‘\

Electromagnet
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Figure 6.6: Schematic diagram of a cyclotron for ion beam production.
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6.3.2.2 Irradiation parameters and setup

In the case of a PFM in a typical fusion reactor, e.g. ITER/DEMO, the exposed temperature ranges
from 500 °C to 800 °C [12] and irradiation induced precipitation has been observed in tungsten alloys
at doses between 0.1 and 15 dpa [59, 188, 189]. These damage levels, alongside fusion energy neutrons,

are comfortably achievable within the operational boundaries of the MC40 cyclotron.

The materials irradiation vault at the MC40 cyclotron has a chamber (approximate diameter = 1 m)
under vacuum with a removable heater block that is used to mount the foil samples on. The chamber
allows for vacuum monitoring, temperature monitoring via thermocouples and an exclusive borosilicate
window that allows for mounting of a thermal camera, and a proton aperture for beam shape and size
selection. The use of mica washers combined with the presence of a ceramic backplate on the heater
block sample mount allows for the samples to be electrically isolated so that the charge deposited can be
directly measured (as a proxy for the amount of damage induced). The indium foil acts to increase the
efficiency of heat transfer between the heater block and the samples themselves. Schematic diagrams of
the irradiation chamber and sample mount are shown in Figures 6.7 and 6.8 respectively. Figures 6.9

and6.10 show photos of the exact setup for reference.
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Figure 6.7: Schematic diagram of cyclotron chamber setup.
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Figure 6.8: Schematic diagram of tungsten sample mount setup.

Figure 6.9: Photograph of the tungsten sample mount setup.
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Figure 6.10: Photograph of the cyclotron chamber setup.

The properties of the proton beam can be selected to allow for a specific amount of charge to be deposited
on the sample. The total charge accumulated on the sample can be measured since the samples are
completely electrically isolated from the mount (due to the use of mica washers and ceramic backplate).
The accumulated charge is measured by the charge collector probe which is placed between the front

plate and foil 1.

The thermocouple on the backing plate was placed in contact with the indium foil to increase the
thermal heat transfer coefficient so as to maximise the accuracy of the temperature readings. Since
each foil was placed with good thermal contact with its adjacent foils, the thermocouple data over
the entire irradiation period was averaged to give an overall estimation of the irradiation temperature.
The uncertainty bound on the irradiation temperature is equivalent to the standard deviation of the
temperature readings over the total irradiation time. The addition of a thermal camera allowed for
independent temperature monitoring of the top foil, which was calibrated to the thermal emissivity of

tungsten by the use of black paint.

A study on the simulation of neutron damage with multiple high energy proton beams in tungsten has
been investigated in [199]. It was found that there is a subtle offset between correlated neutron and
proton energies for inducing damage due to the charged nature of protons, and so the proton energy

chosen to best simulate 14.1 MeV neutron damage was 15 MeV.
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Table 6.4 shows the parameters used during the irradiation. The aperture used allowed for a rectangular
proton beam to be incident on the samples, and the exact location of the incident beam was found by
placing a fluorescent disc on the sample mount screws upstream of the foil stack; a photograph of the
resultant disc post irradiation is shown in Figure 6.11, where the area of the proton beam can be clearly

identified.

Table 6.4: Tungsten sample irradiation parameters.

Parameter Value

Date of irradiation 19.05.2019 and 21.05.2019
Total charge accumulated  0.203 C (1.268 x 10'® protons)
Energy of protons 15 MeV

Beam current 4.7 pA

Beam size 6 mm x 5 mm

Beam flux 1.04 x 10" cm™2st

Mean sample temperature 509.25 4+ 32.41 °C

Vacuum pressure 1.71 £ 0.77 x 10 Torr

Total irradiation time 9.4 hrs

Figure 6.11: Photograph showing the activated disc placed upstream of the sample mount during
irradiation. The area of the incident 6 mm x 5 mm proton beam is clearly shown by the dark markings.
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6.3.3 Damage calculations

In addition to the above, one must consider the dose needed to induce a certain amount of damage in
our samples and to know at which depth the Bragg peak occurs, both of which will be computed using

the Stopping Range of Tons in Matter (SRIM) software package [200].

SRIM is a Monte Carlo model of particle transfer and scattering, with the functionality of tracking
collision events as a function of depth in a material of choice. Alongside PKAs, SRIM considers target
and recoil atom energies, secondary knock-on atoms, and additional scattering phenomena such as

ionisation and phonon effects.

The displacement damage theory incorporated into SRIM has been discussed in depth in Section 2.2.1.
There are two main calculation options that incorporate the Kinchin and Pease damage model, but there
have been several shortcomings found in how SRIM estimates the number of stable defects produced
using this calculation method alone [201]. Hence, particular care should be taken when using the SRIM

outputs to calculate induced displacement damage.

The SRIM software allows for inputs of ion beam properties such as ion type and energy and material
properties such as composition, lattice binding energy, and displacement threshold energy. The lattice
binding energy is energy lost by recoiling target atoms when it leaves the lattice. The displacement
threshold energy is the minimum kinetic energy required to displace an atom from its lattice site by

more than one atomic spacing to form a stable vacancy-interstitial defect pair.

In the case of tungsten, the nominal density of 19.3 g/cm3 was used. The lattice binding energy
for tungsten was set at 0 eV [201] and the displacement threshold energy was set to be 90 eV, as
recommended by the American Society for Testing and Materials (ASTM) [197] and supported by
molecular dynamics simulations in [202]. The ion properties were set to H' ions (protons) with an

energy of 15 MeV to be consistent with the beam parameters used during irradiation.

The first step, prior to irradiation, is to establish the Bragg depth of 15 MeV protons in pure tungsten.
This was used to ensure that the Bragg peak would be captured in the stack of 50 um foils, allowing
for at least one foil where no protons would theoretically reach (essentially unirradiated) to allow for a

direct comparison to be made between samples.
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Figure 6.12 shows the dependence of the Bragg peak depth in pure tungsten with incident proton beam
energy. For 15 MeV protons the Bragg peak is at 328 pm. This has been used to justify the choice of 10
x 50 pm foil tungsten samples to ensure that the full damage profile is covered. The SRIM simulations
are hence tracked up to a depth of 500 pum to ensure that the damage in all samples can be calculated.
The simulations were ran for 1 x 10° protons in total.
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Figure 6.12: SRIM predicted Bragg peak depths in pure tungsten as a function of proton beam energy.

In order to calculate the induced damage via irradiation, the number of vacancies produced per ion

as a function of depth is required. This is a direct output of the SRIM simulations. An example of a

graphical output of this metric can be seen in Figure 6.13 for 3 MeV protons in a high Cu RPV steel.
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Figure 6.13: Example of simulated Bragg peak in a high Cu RPV steel [31].

The method of calculating the proton irradiation induced displacement damage from the SRIM vacancy

output as a function of depth is as follows:

1. SRIM outputs a vacancy.txt file that contains the number of vacancies created by ions and recoil
atoms as a function of the depth modelled over. This data can be summed to give the total
number of displacements (all vacancies are physical displacements by nature), X, produced by one

ion as a function of depth.

2. The total number of displacements per atom, dpa, in the irradiated material can be described by

dpa = % (6.4)

where X is the total output number of vacancies produced by one ion at a certain depth [displacements

ion!length™] and N is the atomic number density of the incident material [atoms volume™|, given

by
M

N (6.5)

where N, is Avogadro’s constant [6.022 x 10%* atoms mol™], M is the molar mass [¢ mol '], and p

is the material density [g volume™].
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3. ¢ is the fluence of the ion beam [ions area™'], described by

Q

6= 20 =

T
= (6.6)

where Q) is the amount of charge collected on the material [C], Q, is the charge of the proton [1.6
x 1071 C], T is the total number of protons deposited on the material [arb.], and A is the area of

the incident proton beam [areal.

4. Combining the above gives the total damage equation as

XT

5. This derivation can been confirmed using dimensional analysis of the units in the above equation

displacements  displacements ion"! length™! ion _ displacements length™*

= 6.8
atom atoms length™ length? atoms length ™! (6.8)

6.3.4 Activation and transmutation analysis

The main limitation in the irradiation process is the amount of damage that can feasibly be induced,
due to the requirement of transporting the irradiated samples to the ILL for SANS analysis. In order
to package as an excepted package the surface dose rate must not exceed 0.5uSv/hr [65] and there
are certain isotopes that carry activity restrictions, as outlined in transport of radioactive material
regulations set by the International Atomic Energy Agency (IAEA). It is hence very important to
understand the activation and transmutation properties of irradiated tungsten. This ensures that as
much damage can be induced as possible whilst not exceeding the regulatory limits, and at the very
least that there is enough time between irradiation and transportation to ensure adequate cooling of

the samples.

The possible 15 MeV proton induced activation reactions of tungsten have been considered in terms
of their cross sections as a function of proton energy. The transmutation reactions from the possible

activated isotopes have subsequently been considered, so as to indicate the probability of transmuting
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certain daughter decay products which may contribute to the overall activity of the irradiated samples

203)].

The predicted activation reactions of pure tungsten when incident with 15 MeV protons are shown in
Table 6.5. These have been found by considering the cross section for proton interactions with the
natural isotopes in pure tungsten (80W, 182\ 18W 18\ and '86W) and its possible transmuted
elements (Os, Re and Ta) from [204]. An example energy dependent cross section of W (p,2n)!81Re
shown in Figure 6.14. Proton interactions with a cross section greater than 1 x 10'° barns have been
considered as probable; all other cross sections have been regarded as negligible. The decay chain to
stability of each isotope has also been investigated to understand the transmutation reactions relevant
to irradiated tungsten. This has been completed using the National Nuclear Decay Chart database
[205] and transmutation properties of tungsten simulated using activation code FISPACT-II [206] and
TENDL-2015 [207]. The resultant transmutation reactions considered are presented in Table 6.6.

W182 (p,2n) lin-log
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JENDLUHE-2007
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Figure 6.14: Example of energy dependence of the cross section of '82W(p,2n)!®Re, from [204].
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Table 6.5: Predicted proton induced activation reactions of pure tungsten and its transmuted elements (Os
and Re) irradiated with 15 MeV protons.

Proton interaction Q value [keV] Cross section [barns]

B7W (p,20) ® Re 210530 15 x 107
16W (p,n)'®Re -1363 6 x 102
1B6W (p,d) W -4968 1x1072
186W (p,n+p)'®W 7192 1x 102
186V (p,2p) 5 Ta 8404 1x 10
1920s(p,n)12Ir -1829 6 x 102
87Re(p,d)'®Re -5135 1x 101
187Re(p,n+p)t*Re -7359 1x10*

Table 6.6: Predicted proton induced activation reactions of pure tungsten irradiated with 15 MeV protons.

Isotope Half life [time unit] Decay mode Probability [%] Daughter product

BIRe 19.9 hr EC 100 18w

18w 121.2d EC 100 181Ta, (stable)

185w 75.1d B 100 1%Re (stable)

8Re  3.7d 5 | EC 92.53 / 7.47 186y | 186y

186y >23x10¥y Double 3 100 1860g

1860 2x10P y a 100 I82W (stable)

185g 49.4 min °x 100 185y

1927y 73.8 d B/ EC 95.24 / 4.76 192P¢ (stable) / '20s (stable)

These predicted transmutations will be assessed in Section 6.4.1.

To ensure that each sample is safe for transportation, gamma spectroscopy is carried out using a
High Purity Germanium (HPGe) detector post irradiation to identify the isotopes contributing to the
activity and measure the dose rates. If the predicted transmutations and subsequent activity could
exceed transportation limits, the argument to use less energetic protons becomes valid, however not
ideal. This is a typical approach when irradiating RPV steels with protons, where the activity of Co-60
transmuted from Fe isotopes dominates the overall dose profiles and so transmutation of this is limited

by limiting the proton beam energy to 5 MeV [31].

The presence of a high purity germanium crystal with a large depletion volume allows for the creation of
electron-hole pairs when incident with a photon. The detection of charge is directly proportional to the
energy deposited within the crystal. The benefit of using such a detector over a scintillation counter,
such as a Nal, is the high energy resolution. The detector resolution and efficiency must be quantified

and accounted for during analysis of the measured spectra in order to obtain accurate quantification of
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active isotopes and overall dose rate.

The detector energy resolution, R, can be calculated as

 FWHM

. E

(6.9)

where FWHM is the full width at half maximum of the detected photopeak, and E is the energy of the

detected photopeak.

The detector efficiency accounts for the efficiency of the crystal to detect gamma rays. It is a function
of the detector properties and the energies of the incident gamma rays. Efficiency can be defined by

two metrics:

1. Intrinsic efficiency, €;,; - the ratio of the number of photons detected to the number of photons

incident on the detector, described by
—_— (6.10)

where A is the source activity and I is the branching ratio. N is the rate of gamma rays interacting

with the Ge crystal given by
N — Ny
=

N (6.11)

where N; is the total counts detected, Ny, is the background counts, and t; is the detector live

time. Omega is the solid angle between the source and detector face, given by

Q:2W(L—;7%ﬁ§) (6.12)

where d is the distance between the source and the detector face, and a is the radius of the detector

face.

2. Absolute efficiency, €4 - the ratio of the number of photons detected to the number of photons
emitted by the source, described by

Q
€abs = Eeint (613)
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The intrinsic efficiency accounts for the geometry of the detector setup, whilst the absolute efficiency
removes any geometric dependence. Hence, the absolute efficiency should be used so as to not underestimate

the total source activity.

The activity that each photopeak contributes to the total source activity, A, can be found using

N
A= (6.14)
€abs
The estimated dose rate, D, in uSv/hr can be found using
AFE,
= 6.15
612 (6.15)

where A is the activity in MBq, E, is the photopeak energy in MeV, and r is the distance from the
source in m. This method was primarily used to estimate the dose rate after certain periods of time
post-irradiation to successfully plan shipment of samples to the location of the SANS experiment.
The dose rate can also be explicitly measured using a hand held gamma dose meter. This was used

periodically to ensure the dose was reducing at an appropriate rate to allow for SANS analysis.

6.3.5 SANS

6.3.5.1 Experimental measurements

The SANS experiment was carried out on the D22 instrument at the ILL, Grenoble. This instrument

has been used in previous chapters for quantifying precipitation events in other nuclear materials.

Since tungsten is non-magnetic, the experimental setup is relatively standard in that no sample environment
is required. The individual foils from the irradiated foil stack were loaded into a 2D translatable sample
mount, as shown in Figure 6.15. The samples were removed from their shielding container and care was
taken to measure the contact and distance dose rates before handling of the samples, through liaising
with the dedicated Health Physics department. The contact dose rate was above the limit for handling,
so samples were manipulated using long tweezers and with an active effort to work quickly and efficiently

to limit exposure time.
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Figure 6.15: Sample space area of D22 SANS instrument with 2D translatable sample mount used to mount
the required tungsten and calibration samples.

Each position on the sample mount either contained an irradiated tungsten foil mounted between two
Al rings (including foil 10 at the back of the irradiation stack located beyond the Bragg peak), or the

required samples for data corrections. The SANS measurements taken were:
e Scattering through a HyO cell to calibrate the detector.
e Scattering through Cd to correct for electronic background.
e Scattering through an empty Al ring for transmission calculations.

e Scattering through each tungsten foil sample at two q ranges.
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The experimental setup parameters used to achieve two well-overlapped q ranges are presented in Table
6.7. The q ranges were selected to be able to observe scattering events on the nanoscale (1.58 nm < d

< 33.07 nm).

Table 6.7: Selected experimental conditions for forming two well-overlapped g-ranges.

Property [unit] Medium q High gq

q range [A~1] 0.019 to 0.118 0.053 to 0.397
Wavelength [A] 5.0 5.0
Sample-detector distance [m] 4.0 14
Collimation distance [m] 4.0 2.8

On some of the irradiated samples, there is surface oxidation present due to the combination of poor
vacuum conditions in the cyclotron chamber and elevated temperature exposure during irradiation. It
is imperative to distinguish between probing the surface oxide and probing the true bulk sample, since

it is difficult to deconvolve the individual contributions from the measured scattering intensity.

Due to the importance of probing the correct area of each sample, significant care was taken in the
alignment process to ensure that the correct sample area was chosen. To aid with alignment and to
ensure that only the irradiated part of each of the samples was probed, a laser was used during sample
alignment. In addition, the neutron beam size was selected to be smaller than the proton irradiation
beam size. The diameter of the neutron beam aperture was set as 5 mm, compared to the 6 mm square
proton beam aperture used during irradiation, allowing for the complete separation of induced damage

and the unirradiated sample matrix. This is shown schematically in Figure 6.16.
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Laser beam Surface oxidation

Neutron beam area
Proton beam area

Tungsten foil sample

Figure 6.16: Schematic of tungsten foil sample surface illuminated by neutron beam.

6.3.5.2 Data reduction and analysis

The standard data corrections discussed in Chapter 2 were applied to the raw scattering profiles for

each q range to obtain the total scattering intensity for each foil over the range 0.019 A=' t0 0.397 A—L.

As discussed, experimental care was taken to ensure that the neutron beam was smaller than the
irradiated area so that only irradiation damaged aspects of the samples were probed and to avoid
surface oxidation areas to prevent contamination in scattering profiles. Additional measurements of the
unirradiated region were obtained for each sample so as to distinguish the best option for extracting

precipitation-only damage in each foil.
There are three data reduction options to obtain such precipitation-only damage:

1. Subtraction of the scattering intensity from the unirradiated area of the foil from the overall

irradiated area scattering profile.

2. Fitting and subsequent subtraction of the Porod scattering contribution from the overall scattering

profile, removing grain boundary contributions.

3. Subtraction of the scattering intensity from the foil that lay beyond the Bragg damage peak that
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is essentially unirradiated (foil 9) from the overall irradiated area scattering profile.

The Porod scattering of the irradiated area is equivalent to the Porod scattering of the unirradiated
area in each foil sample. This is as expected since the Porod contribution in such metallurgical samples

arises from grain boundary scattering. As a result, options 1 and 2 above are analogous.

Figure 6.17 shows the Porod scattering contribution in foil 7 with the highest induced damage.
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Figure 6.17: I(q) total, Porod and Porod subtracted scattering of tungsten foil 7.

A comparison between the Porod scattering subtraction and the unirradiated foil subtraction is shown

for all samples in Figure 6.18.
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Figure 6.18: Comparison of subtraction methods to obtain precipitate-only scattering.

Whilst the two subtraction methods provide relatively similar results, it has been concluded that the
Porod scattering contribution should be subtracted from the overall scattering intensity for each foil to
obtain the precipitate-only scattering. This is preferred since it accounts for a direct deconvolution of
the scattering from precipitates and the scattering from grain boundaries within each foil. In addition,

the blanket subtraction of foil 9 scattering may mask any subtle variability between samples.

6.3.6 Nanoindentation hardness testing

Nanoindentation hardness testing has been used as a technique to complement SANS to quantify
mechanical property changes due to matrix damage and precipitation induced during irradiation. This
has been chosen over microindentation hardness testing where the indent depth is on the micron scale
due to the nature of the thin tungsten foils used in this work (50 um). Continuous stiffness measurements
have been used to extract the evolution of elastic modulus and hardness as a function of displacement
damage in the irradiated tungsten samples. The indenter tip used during the nanoindenter was a

Berkovich tip.

Due to the complexity of the indentation technique and small length scales involved, there are several

experimental factors that may contribute to uncertainty in the calculated projected contact areas and
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hence hardness and elastic modulus measurements. Some examples include:

e (Calibration of indenter position relative to the sample surface - since the modulus and hardness
measurements are directly related depth of the indent, a reference measurement of the vertical
position of indenter tip at the surface of the sample must be made using a small initial contact load.
This is one correction that must be made during data analysis to ensure that the small indentation

left behind after this initial load does not contribute to the depth of the final indentation.

e (Calibration of indenter deflection - the deflection of the nanoindentation instrument can be

determined through calibration measurements of indents in a known material, such as fused silica

208].

e Geometry of indenter tip - since the nanoindentation measurements are dependent on the area of
the indenter, any deviations from the expected tip geometry will affect the calculated hardness
and elastic modulus values. To account for this, the indenter tip is calibrated in a material where
the elastic modulus is known (e.g. fused silica) and an area function for the contact is obtained

that can be used during data analysis.

e Thermal drift - due to the small length scales involved, temperature fluctuations can play a role in
depth measurement results by causing differing amounts of thermal expansion in the nanoindenter
instrument. Whilst measuring the unloading cycle, the thermal drift of the indenter itself is

measured. The unloading curves are then corrected by the indenter drift when analysing the data.

e Pile ups and sink ins - depending on the material properties, two phenomena can often occur that
can either respectively overestimate or underestimate the true contact area of the indenter: pile

up and sink in. Such effects are shown schematically in Figure 6.19.

e Surface roughness - surface roughness will impact the indenter tip contact area within the sample
and can hence affect the measured hardness and elastic modulus. First and foremost, this can
be counteracted by ensuring samples are well polished prior to nanoindentation. Often, since
nanoindentation is designed for measuring small sample volumes, this is not feasible. In such
cases, the effects of surface roughness can be limited by choosing an indentation depth that is

significantly higher than the variation in surface height of the sample.
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e Indentation size effect - a common material phenomenon that can compromise the validity of
hardness measurements is that the hardness can change as a function of indent depth. This
indentation size effect can be attributed to the role of dislocations in response to the plastic flow
of the material under load, such that at low depths (few hundred nm) the material hardness
increases [209, 210, 211]. Hence, it is important to ensure that the hardness values are only

obtained at sufficient indent depths where hardness is independent of depth.

Sink in Pile up

Figure 6.19: Schematic diagram of sink in (red) and pile up (blue) phenomena compared to the expected
projected contact area of a Berkovich indenter (black) during nanoindentation.

The thin foil samples were mounted onto an aluminium stub using crystal bond glue. Since the elastic
response of the sample is measured during nanoindentation, the thickness of the crystal bond glue should
be minimised to avoid measuring the elastic response from the glue and aluminium stub. An initial
feasibility test was completed on an unirradiated foil to determine the effects of surface roughness and

probing of the underlying sample mount materials.

The appropriate indenter calibrations were completed to be used in the post-experimental analysis of
the nanoindentation data. This included calibration of the indenter tip using fused silica to obtain the
indenter deflection and tip contact area function, and obtaining the reference displacement where the

indenter tip is in contact with each sample.

A schematic diagram of the sample line dissection of indents is shown in Figure 6.20. Sampling in such a
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way allows for any between sample variability to be captured, since the the unirradiated and irradiated
parts of each sample can be studied. A photograph of the nanoindenter head and sample mount stage

is shown in Figure 6.21.

Nanoindentation
sample line

Indents

Unirradiated

Proton beam area

Tungsten foil sample

Figure 6.20: Schematic diagram of the measured area of interrest during the nanoindentation of each
tungsten sample. The irradiated and unirradiated regions are highlighted, along with an example indentation
sampling line.
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Figure 6.21: Photograph of nanoindenter sample stage showing the start (left) and end (right) of the
indentation measurement line in Foil 7. The illuminated area highlights the position of the Berkovich indenter

tip.

The sample was mounted to ensure there was enough clearance between the tip and sample to allow
for measurements to be taken. A microscope and 2D translatable sample mount table allowed for the

sampling line to be selected.

During measurements, the threshold drift rate of the indenter tip was set to 0.05 nm/s, meaning the
indentations will only start once the thermal drift rate has dropped below this value. It should be
noted that the instrument only waits a certain amount of time for the thermal drift to drop below the
threshold value before beginning the measurements anyway. As a result, particular care should be taken

during data analysis to check that the thermal drift is below the threshold value.

The indentation depth limit was set to 1 ym due to the thickness of the foils (50 pm). This was chosen
to ensure that the deformation upon unloading of the indenter tip is purely elastic, where the equation

3.4 for elastic modulus is valid.

The strain rate used was 0.5 st. The surface approach distance was 10 000 nm with an approach
velocity of 40 nm/s. The harmonic oscillation frequency of the indenter was set to 45 Hz and the depth

harmonic was 2 nm.
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The number of indents made across each sampling line was selected as a balance between enough indents
to have significant statistics and a large enough distance between each indent to ensure that there are
no overlaps of the plastic zones (step size > 50 um). The sampling details for each tungsten sample
are shown in Table 6.8. The parameters vary between foils to ensure that the indentation line fully
crosses the tarnished surface. The sample with the highest damage level (foil 7 due to the location of
the Bragg peak at 328 pm) has a large number of indents in the irradiated area to increase the statistics.
This was achieved by taking multiple passes of the sampling line. It is noted that foil 9 is a sample
with no induced displacement damage due to its location in the proton damage profile. Foil 10 was not
investigated since it is the same as foil 9 in terms of its exposure, i.e. no displacement damage since all

the protons have lost their energy by foil 8.

Table 6.8: Number and incremental distance of nanoindentation measurements taken for each tungsten
sample.

Foil Number of indents Distance between indents [ym] Sampling line length [mm)|

1 60 150 9.0
2 31 300 9.3
3 60 200 12.0
4 30 350 10.5
D 60 200 12.0
6 60 200 12.0
7 180 (3 passes of 60) 200 12.0
8 60 200 12.0
9 75 (5 passes of 15) 150 7.0

6.4 Results

6.4.1 Activation and transmutations

The transmutation and activation results presented here were used to inform imperative safety and
transport considerations for SANS and nanoindentation studies on the irradiated samples. They were
also used to calculate whether any Re or Os had been transmuted during irradiation, since this informs

the SANS analysis to understand whether Re/Os precipitates could form in the pure tungsten matrix.

From Table 6.6, the transmutation reactions identified to be induced during 15 MeV proton irradiation

were those with the highest expected cross sections as follows:
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° ISQW(p,QH)lise
° 186W(p,n)186Re
° 186W(p,d)185W

° 186W(p,n+p)185W

The isotopes of interest in irradiated tungsten with their associated activity limits, as set by the IAEA

transport of radioactive material regulations, are shown in Table 6.9.

Table 6.9: Activity limits of tantalum, tungsten and rhenium isotopes for the posting of solid radioactive
samples, as set by the TAEA.

Isotope Activity limit [TBq]

178Ta
179Ta
182Ta
178W
181W
185W
187W
188W
1841:{e
1861:{e
188Re
1891:{e

10
1000
10

)

30
0.8
0.6
0.3
10
1000
100
100

When the samples had sufficiently cooled post-irradiation, HPGe spectroscopy was performed using the

process outlined in Section 6.3.4. A live time of 600 s was used. The resultant spectrum for foil 7 with

subtracted background is presented in Figure 6.22.
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Figure 6.22: HPGE spectrum of counts as a function of energy in irradiated tungsten foil 7 with background
subtractions.

Each photopeak from the spectrum was fitted with a Gaussian function written in MATLAB to estimate
the centroid and FWHM energies and total area beneath each resolvable peak. An example of the
photopeak fitting process is shown in Figure 6.23. These fitted parameters were then used to calculate
the detector resolution and efficiency as a function of photopeak energy using equations 6.9 and 6.13,

as presented in Figure 6.24 and Figure 6.25 respectively.
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Figure 6.23: Example photopeak from HPGe spectrum of irradaited tungsten foil 7 with fitted Gaussian
function (red) and key parameters highlighted as: peak energy (black), FWHM (orange), area (pink) and
background (yellow).
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Figure 6.24: Calculated HPGe detector resolution as a function of photopeak energy.
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Figure 6.25: Calculated absolute HPGe detector efficiency as a function of photopeak energy.

Using the fitted photopeak parameters from the spectra, the activity contributions of each photopeak

were calculated using equation 6.14. The results are shown in Figure 6.26.
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Figure 6.26: Calculated activity as a function of photopeak energy for all irradiated tungsten samples.

Using this spectrum of photopeaks and the common transmutation reactions of tungsten, all of the
possible transmuted isotopes present in the irradiated samples were obtained. Through a process of
elimination, the most likely contributors to each photopeak were computed. There are several photopeak
energies that could be attributed to multiple transmuted isotopes and conversely, some isotopes have an
exclusive photopeak that is not present in the decay profiles of other isotopes. The resultant isotopes
found to be present in the irradiated tungsten samples are shown in Table 6.10. The low energy
photopeaks (below 100 keV) can be attributed to lead isotopes present from the HPGe shielding setup,
for example ¥Ph(IT).
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Table 6.10: Isotopes detected in irradiation tungsten samples using HPGe spectroscopy.

Isotope Decay mode Half life [time unit]

189Re o 24.3 hr
181Re EC 35.4 d
183Re EC 70.0 d
182Re Bt 14.4 hr
181Re E 19.9 hr
182y, o 114.7 d
183y, o 5.1d

Despite the high initial activity from rhenium isotopes, the majority of the detected photopeaks can be
attributed to threshold proton reactions that result in the stable isotope at the end of the decay chain
to be tungsten, such as '%2W(p,2n)!8'Re. This reaction has the highest proton induced cross section.
The only reaction identified with sufficient likelihood with 15 MeV protons that can transmute stable
rhenium is ®*°W 3 decay to ¥ Re with a half-life of 75.1 days. The unique characteristic photopeak of
this decay compared to the other possible decay pathways has an energy of 125.4 keV. Despite the errors
on fitted values and the known energy resolution of HPGe detector, no photopeaks of this energy were
detected, suggesting that the total proton charge accumulated during irradiation was not high enough
to induce significant transmutation of tungsten to rhenium. This can be tested explicitly using SANS

through the relationship between scattering intensity and elemental contrast.

The total activity and dose rates from all of the foils as a function of time post-irradiation were calculated

using equation 6.15. The corresponding results are presented in Figure 6.27 and Figure 6.28 respectively.
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Figure 6.27: Calculated total activity as a function of time post-irradiation for all irradiated tungsten
samples (blue) relative to the IAEA excepted package transportation activity limit for tungsten, tantalum and
rhenium isotopes (pink).
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Figure 6.28: Calculated total dose rate as a function of time post-irradiation for all irradiated tungsten
samples (yellow) relative to the TAEA excepted package transportation dose rate limit (red).

The total induced activity is below the transportation limit for the transmuted tungsten, tantalum and
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rhenium isotopes of interest outlined in Table 6.9. This allowed for the irradiated tungsten samples to
be sent as an excepted package to the ILL for SANS analysis as soon as the dose rate on the surface
of the package had reduced below the 5 pSv/hr limit. This was achieved by packing the samples into
a heavily shielded container made of tungsten. This container was then packed into a large cardboard
box filled with dense packing material. The dose rates on the surface of the package were measured to
ensure compliance with the regulations and the appropriate labelling was included. The consignment

package was sent to the ILL for SANS using a dedicated radioactive transport courier company.

6.4.2 Induced damage

The SRIM simulation results of 15 MeV protons in pure tungsten are presented here. The recoil atom

paths are shown in Figure 6.29.
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Figure 6.29: Simulated damage cascade in pure tungsten irradiated with 15 MeV protons showing the PKA
trajectories.
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The method of calculating induced displacement damage from Section 6.3.3 has been used. The SRIM
outputs of vacancy data from simulations with 1 x 106 15 MeV protons have been used to obtain dpa as
a function of depth into pure tungsten. The resultant damage profile with each foil depth is shown in
Figure 6.30. These results were then averaged over the foil depths to obtain the peak and mean induced

dpa in each sample during proton irradiation.
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Figure 6.30: 15 MeV proton irradiation induced displacement damage as a function of depth in tungsten,
with each foil sample overlaid. Key irradiation parameters are noted.

Table 6.11 shows the peak and mean displacement damage induced by proton irradiation of the tungsten

samples. The average damage is used as a parameter for the remainder of this chapter since it is the

most representative metric of the damage induced in each foil.
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Table 6.11: Calculated peak and average displacement damage induced in each tungsten foil sample during
irradiation.

Foil Peak induced damage [dpa] Average induced damage [dpa]

1 0.083 0.073
2 0.094 0.082
3 0.100 0.091
4 0.118 0.108
) 0.166 0.143
6 0.296 0.228
7 0.815 0.414
8 0.003 0.003
9 0 0

10 0 0

6.4.3 SANS

6.4.3.1 Empirical model fitting

The experimental methodology discussed in Section 6.3.5.1 highlights the challenges with obtaining
reliable results on irradiated foil samples. Particular care was taken to ensure that the neutron beam
was smaller than the irradiated area so that only irradiation damaged aspects of the samples were
probed, and to avoid surface oxidation areas to prevent contamination in scattering profiles. Additional
measurements of the unirradiated region were obtained for each sample so as to distinguish the best

option for extracting precipitation-only damage in each foil.

The resultant precipitate-only scattering intensity distributions for each foil after the appropriate data
reduction methods (calibration, transmission correction, background subtraction, and Porod subtraction)

are shown in Figure 6.31.
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Figure 6.31: I(q) precipitate-only scattering from each W foil over the Bragg peak damage range.
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The fitting process utilised is analogous to that discussed in Section 4.4.2.2 and in analyses of other

nuclear material systems.

The tungsten system is relatively straight forward compared to the RPV alloy steels studied using SANS
in Chapters 4 and 5 since it has a single phase matrix with other elements only present as impurities.
The initial unirradiated material composition is presented in Table 6.1, however the impurity levels
are so low that their contribution to the overall neutron scattering intensity is likely to be negligible
in comparison to the background scattering. As a result, it has been assumed that the unirradiated

sample matrix is pure tungsten.

Section 6.4.1 presents the transmutation calculation results. It has been assumed that due to the
damage levels induced during irradiation (peak of 0.820 dpa) that the level of rhenium and osmium
transmutation is not high enough to produce significant quantities of either in the matrix to precipitate

out. This is supported by TEM studies that only observe rhenium precipitation in irradiated pure
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tungsten with 4 at% Re transmuted in the matrix [27, 36, 37, 189], or at induced damage levels greater
than 5 dpa [35].

This hypothesis has been tested by assuming the presence of rhenium precipitates within the tungsten
matrix during the fitting process, with p, calculated as 6.2541 x 10 A2 and p,, = 3.0805 x 106 A2,
It was found that the contrast from such rhenium precipitates does not fit the data well and supports
the assumption that there is not enough transmuted rhenium to form precipitates at the damage levels

induced in this study. As a result, the irradiated sample matrix should be modelled as pure tungsten.

Previous irradiation damage studies in tungsten only observe self or solute interstitial precipitation
events at damage levels greater than 1 dpa. All matrix damage at levels below this has been shown
to be as vacancy clustering (analogous to interstitial clustering to form precipitates) which produces

nanometre scale voids.

Overall, the best estimate scenario for the irradiated samples is to model the matrix composition of
pure tungsten and the detected scattering objects as voids. In this case, the absolute volume fraction

of the induced voids can be extracted since the scattering contrast is known.

Recapping equation 2.21 from Chapter 2, the nuclear scattering length density for a system can be
calculated using the elemental number densities and bound coherent scattering lengths. The scattering
length densities of the components of interest are presented in Table 6.12. These scattering lengths will

be held constant during the model fitting process since they are known parameters.

Table 6.12: Nuclear scattering lengths [79] and calculated scattering length densities for the modelled
elements of interest.

Element Scattering length [fm] Scattering length density [10% A-2]
Tungsten 4.860 3.073
Vacancy 0 0

The incoherent macroscopic scattering cross section of the scattering system scan be calculated to check

that the data has been correctly reduced and is as expected using equation 2.44 derived in Section 2.6.2.

For pure tungsten with ¢, = 1.63 barns and V,,, = 1.58 x 102 ¢cm?/mol, the measured incoherent

1

differential cross section is equal to 0.008204 ¢m™. This is in agreement with the total background

scattering intensity in Figure 6.32 (no separation of void and grain boundary scattering). It is also
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clear from Figure 6.32 that the incoherent scattering background is consistent across all samples, which

supports the conclusion that no rhenium is present in the matrix.
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Figure 6.32: 1(q) total scattering from each W foil over the Bragg peak damage range.

It is clear from Figure 6.30 that the sample with a depth beyond the Bragg peak received no irradiation
damage, as expected. This is reflected by the purely Porod-like scattered intensity, which arises from
grain boundaries within the sample, and the fact that there is no visible contrast from any scattering
objects. The fitted parameters of the Porod scattering to the sample with no induced irradiation damage
is shown in Table 6.13. Going forward, the void-only scattering will be modelled for the 8 samples over

the damage range 0.003 to 0.414 dpa.
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Table 6.13: Table of fitted power law model parameters for the tungsten foil with no induced irradiation
damage (0 dpa).

Model parameter [unit] Value (uncertainty)

Coefficient [arb.] 3.16 (0.25) x 108
Power [arb.] 3.77 (0.31)
Background [cm™] 0.009 (0.001)

A variety of scattering object form factors were used to obtain the best structural representation of the

voids in each sample:

e Log-normal distribution of spheres, as observed in TEM literature at the damage levels achieved

[27]
e Normally distributed monodisperse spheres
e Monodisperse ellipsoids
e Polydisperse ellipsoids
e Cylinders

Each model was fitted to foil 7 with the highest peak in scattering intensity for the comparative form

factor modelling.

The log-normal sphere model shows best form factor fit for all tungsten foils to the void-only scattering

profiles, as shown in Figure 6.33.
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Figure 6.33: I(q) void-only scattering (circles) fitted with log-normal sphere form factors (solid lines) for
each tungsten foil over the Bragg peak damage range.

Recapping from Section 4.4.2.2; the mean radius of spherical scatterers with a log-normal distribution
can be calculated from the medius radius and polydispersity of the distribution (equation 3.21).
The overall fitted log-normal sphere void parameters for each foil are presented in Table 6.14.

Table 6.14: Table of fitted log-normal sphere parameters for each tungsten foil with associated errors in

brackets. The fits were completed by holding the calculated contrast values pyoq = 0 A2 and Pmatrix = 3.0725
x 106 A-2 constant.

Sample Volume fraction [arb.] Median radius [A] Polydispersity [arb.] 2

Foil 1 0.0010 (0.0002) 10.999 (0.679) 0.306 (0.498) 0.57
Foil 2 0.0011 (0.0002) 13.392 (2.278) 0.252 (0.059) 0.74
Foil 3 0.0012 (0.0002) 12.611 (1.953) 0.289 (0.047) 0.73
Foil 4 0.0011 (0.0001) 13.191 (0.438) 0.324 (0.462) 0.57
Foil 5 0.0011 (0.0004) 14.322 (2.494) 0.298 (0.137) 0.49
( ) (0.469) (0.117)
( ) (1.016) (0.020)
( ) 2 (0.465)

Foil 6 0.0013 (0.0001 14.824 (0.469 0.343 (0.117 1.40
Foil 7 0.0019 (0.0001 17.563 (1.016 0.275 (0.020 1.05
Foil 8 0.0011 (0.0021 7.038 (2.730) 0.348 (0.465 1.38

247



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

The mean void radius and its associated uncertainty for each sample can be calculated from the fitted
model parameters using the log-normal sphere form factor equation. Recapping from equation 3.21, the

mean void radius is a function of the median radius and the polydispersity as

2

Ropoun = €XD (u + %) (6.16)

where 1 = In(Rypeq)-

The uncertainty on the mean void radius can be calculated by propagating the uncertainty associated
by the fitted Rpedian, €xp(p), and polydispersity, o, values using the general uncertainty propagation

equation. This gives the uncertainty as

In ( Rmedian)

Rmedian

2 2 2
R = (o o Boion) )+ (R 5 905 (6.17)

noting that the uncertainty of a parameter is denoted by o(parameter).

Table 6.15: Table of calculated mean void radii and uncertainties for each tungsten foil.

Mean foil damage [dpa] Mean void radius [A] Uncertainty [A]

0 0 0

0.003 7.479 3.144
0.073 11.525 1.899
0.082 13.824 2.360
0.091 13.148 2.045
0.108 13.884 2.269
0.143 14.971 2.678
0.228 15.723 0.805
0.414 18.241 1.060

As displacement damage increases, the size of voids induced in the tungsten samples increases, as shown
in Figure 6.34. The average damage per foil has been used in this comparison instead of the peak damage

due to the bulk probing properties of neutrons.
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Figure 6.34: Mean radius of voids as a function of induced damage in irradiated tungsten.

The volume fraction of the voids as a function of damage is shown in Figure 6.35.
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Figure 6.35: Volume fraction of voids as a function of induced damage in irradiated tungsten.
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6.4.4 Nanoindentation

The necessary corrections discussed in Section 6.3.6 were applied to the data, including the geometry
correction factor, initial contact indent depth, thermal drift of indenter, area function of indenter tip,
and indenter deflection. Then, equations 3.6 to 3.8 were used to calculate the elastic modulus and

hardness values for each sample.

From analysing the experimental data, measurements from foils 2, 3, 4, 6 and 8 were deemed to have
large uncertainties, despite corrections, due to surface roughness effects and thermal drifts higher than
the threshold values. As a result, they have not been included in the final nanoindentation results.
Despite this, useful indentation data from the remaining foils (1, 5, 7 and 9) is still sufficient to cover
the areas of interest across the Bragg peak damage profile - two samples from plateau region, one from
the peak and one with no induced damage. Load-depth curves for foils 5 and 7 are presented in Figure
6.36.
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Figure 6.36: Comparison of applied load as a function of indent depth in the irradiated regions of foil 5 and
foil 7.
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The hardness and elastic modulus for each foil was calculated from the load-depth indentation profiles
between depths of 700 nm to 900 nm. Choosing these depths ensured that purely elastic behaviour
was probed during unloading to be able to reliably extract the elastic moduli. It also ensured that the
indentation size effect would not contribute uncertainty to the calculated hardness values, since at these

length scales the hardness was found to be independent of indent depth, as shown in Figure 6.37.
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Figure 6.37: Calculated hardness as a function of indent depth in unirradiated tungsten. The indentation
size effect can be seen at low tip depths, where hardness is not independent of indent depth.

Despite the initial feasibility test, it was found that the thickness of the crystal bond glue varied between
samples due to the thin nature of the foils. In addition, it was found that in some samples the modulus

of the underlying glue and aluminium stub were being probed in addition to the sample modulus.

To avoid overestimation of hardness values between samples due to such uncertainties, the data analysis
must be qualitative only. This approach considers the change in hardness due to irradiation induced

damage in each sample by comparing hardness values in the unirradiated and irradiated regions of each
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individual foil, rather than a comparison between the absolute hardness values in each foil. Hence,
the hardness as a function of sampling line distance across each sample has been presented for such a
qualitative comparison. Interestingly, this highlights the useful nature of the sampling line approach to
obtaining the indentation data. It also removes potential within-sample variabilities due to irradiation
temperature differences. The resultant hardness as a function of distance across the sample for the foils

of interest are presented in Figure 6.38. It is noted that the absolute values presented should not be

considered due to the aforementioned uncertainties.
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Figure 6.38: Hardness as a function of distance probed across sample for samples with varying induced
displacement damage.
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The hardness obtained as a function of sampling distance during nanoindentation is superimposed with
the illuminated area during proton irradiation in Figure 6.39. The peak-shaped behaviour can be
attributed to the rastering of the proton beam during irradiation, such that the proton flux is highest in
the centre of the beam. The hardness values in the irradiated and unirradiated regions are respectively
averaged to provide a mean irradiated and unirradiated hardness for each foil. The implications of

hardness change as a function of damage are presented in the discussion section.
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Figure 6.39: Hardness as a function of distance across sampling line in foil 7, with proton beam area
superimposed (yellow).

6.5 Discussions

6.5.1 Transmutation and activation of tungsten

From damage simulations and calculations in Section 6.4.2, the maximum displacement damage induced
in the tungsten samples was found to be 0.820 dpa. Using the calculated activity spectrum from the
samples in Section 6.4.1, it was concluded that there was not enough damage induced for significant

quantities of transmuted rhenium to favour precipitation of rhenium in the tungsten matrix. [35]
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induced displacement damage in tungsten and tungsten rhenium alloys up to 30 dpa. They noted that
in pure tungsten, sufficient levels of rhenium to influence the precipitation process are only transmuted
at damage levels over 5 dpa. The level of rhenium at which such precipitation events are observed has

been found to be 4 wt%.

Unfortunately, the damages achieved in this study were primarily limited by beamtime requirements
and the international transport of radioactive materials. In both these cases, the timescales were the

predominant factor in the effective inducing of displacement damage in the tungsten samples.

Interestingly, despite the relatively low damage levels, the tungsten samples remained above the excepted
package transportation limits for almost one year. This can be attributed to the high cross sections
of proton induced reactions such as 2W(p,2n)'®'Re which, through their decay pathways, generate
isotopes that have relatively long half lives (months) compared to the order of hours of other threshold
reactions. Hence, transmuted unstable isotopes *3Re,'®*Re and !*2Ta contributed most to the overall
post-irradiation sample activity. This is an important consideration for any future proton irradiation
studies in tungsten and its alloys, since it imposes practical limitations on the irradiated sample

properties.

6.5.2 Effect of damage level on precipitate shape and size distributions

Through analysis of the precipitate-only scattering profiles, it has been concluded that the unirradiated
sample matrix remains as pure tungsten. This is supported by the initial purity of the as-received
samples, where the impurity concentrations are so low that their contribution to the total neutron
scattering intensity is likely to be negligible compared to the level of incoherent background scattering

arising from the tungsten atoms.

Previous TEM studies on irradiated tungsten have observed rhenium precipitation in samples induced
with damage greater than 5 dpa [27, 35]; in contrast, the damage levels achieved during irradiation
in this work only reached a peak value of 0.82 dpa. In combination with the findings presented in
Section 6.5.1, calculation of the scattering length density and incoherent background of the scattering
objects has shown that the scattering objects are voids rather than self or solute interstitial precipitates.

The formation of such microstructural features during irradiation arises from matrix damage from the

254



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

primary knock-on atom, with subsequent vacancy channelling and clustering to form larger coherent

void structures.

Neutron damage is likely to not differ across the sample due to the bulk penetrating nature of the
radiation. Hence, it is imperative that, if proton irradiation is being used as a comparison to the
observed results from [27, 36, 35, 37, 58, 189] using neutron irradiation, one is able to fully separate
the damage in each region of the Bragg peak. The method of proton irradiation adopted during this
work has allowed for a direct deconvolution between the nature of damage at different proton depths
within samples. As such, the void properties as a function of damage can be explicitly obtained in
a shorter period, with more control over other environmental loading conditions such as pressure and
temperature, compared to more traditional neutron irradiation techniques. The discussions presented
here assume that a qualitative comparison can be made between the microstructural state of irradiated

tungsten samples in previous TEM studies and the information obtained through SANS analysis.

The form factor of the void scatterers has been investigated through empirical model fitting of the SANS
scattering intensity, I(q), data. The fitting of several form factor models found the most consistent form
factor with the lowest y? value to be the log-normal sphere model. All other models used either produced
unphysical void parameters or had large uncertainties in the fit. It has been judged that a log-normal
size distribution of spherical scatterers is the most likely representation of the shape of the voids within
the irradiated tungsten. This is wholly consistent with the form factors of such voids observed in TEM

studies at similar damage levels [27, 193].

The observed voids in tungsten have been found to increase in radius and volume as a function of
increasing irradiation damage, as shown in Figure 6.34 and Figure 6.35 respectively. This is wholly
consistent with the fundamental understanding of damage mechanisms in polycrystalline metals exposed
to radiation, where the channelling of vacancies can lead to clustering and precipitation into larger void
structures to reduce the free energy of the system. Such void structures are of particular interest in this
work since the elevated temperatures achieved during irradiation favour increased mobility of defects in

the atomic lattice.

A proton irradiation study in pure W and W-5wt%Ta observed void formation at high temperatures

(800 °C and 1000 °C); the voids in pure tungsten continue to grow in size past 0.2 dpa with a mean
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radius of 5.7 £ 0.6 pm at 0.5 dpa [193]. [189] found that at higher damage levels than achieved in this
work (up to 1.5 dpa), the void radius trend saturates, with a declining growth rate, and to minimise the
free energy further a void lattice structure is generated. Past this damage level, void shrinkage begins to
occur as the transmutation of the tungsten matrix into rhenium and osmium isotopes favours nanoscale

precipitation events with needle like structures.

Since small-angle scattering allows for probing of bulk material properties on the nanoscale, it can
provide a more reliable picture of the microstructual state compared to volume limited techniques such
as TEM. The conclusion that at the damage levels achieved in the study the scattering objects are a
distribution of voids, the volume fraction of such voids can be found explicitly. This is a large benefit

of using SANS to study such a binary system where the scattering contrast is definitive.

The observed volume fraction increase of voids with increasing damage level can be attributed to the
increased density of vacancy matrix damage induced by the primary knock on atoms. This is also
seen consistently in other irradiation induced damage studies in tungsten [27, 36, 37, 58, 186]. In
addition, it was found that the whole distribution of voids increased in size for increasing displacement
damage levels, reflected by the relatively constant void polydispersity across each sample from the fitted

scattering intensity form factors (Table 6.14).

6.5.3 Induced hardening and embrittlement

As discussed in Section 6.4.4, nanoindentation itself can induce dislocations in the material due to

plastic flow.

During nanoindentation of polycrystalline metals with a Berkovich indenter, the initial contact is elastic
and behaves in a Hertzian manner. At a certain depth, the mateiral will experience an elastic-plastic
transition at the onset of plasticity. This transition can lead to a sudden increase in displacement of
the indenter with no change in load and is known as the pop-in phenomenon [212, 213, 214]. Pop-in is
a direct result of nucleation of dislocations; in an unirradiated material the nucleation is homogenous
and occurs at shear stresses close to the material strength, whilst in irradiated materials the nucleation
is heterogenous due to the presence of secondary lattice defects. Since the number of secondary defects,

such as voids, increases with induced irradiation damage, the pop-in phenomenon is more prevalent for

256



PhD Thesis Advanced scattering for the study of radiation-induced damage in nuclear materials

materials subject to high doses [215].

Inspection of the irradiated tungsten nanoindentation data shows clear pop-in events for all damage

levels. Figure 6.40 shows such phenomena in the load-depth curves for several irradiated samples.
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Figure 6.40: Applied load as a function of indent depth at low depths in irradiated samples showing pop-in
phenomena.

The presence of void structures induced during irradiation leads to an increase in dislocation density due
to mismatches in the underlying crystal structure. The implications of this is an increase in hardness

as a direct response to exposure to high energy protons.

Through analysis of the raw nanoindentation data, the hardness and Young’s modulus of each irradiated
sample was obtained (Section 6.4.4). A qualitative change in both material properties provides information

on the mechanisms of irradiation damage in tungsten and how it may affect performance.

The measured, uncorrected elastic moduli were lower than the expected tungsten Young’s modulus
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(400 GPa from [105]). This suggests that the elastic moduli of the underlying substrate materials of
the sample mount are being probed, such as the crystal bond glue and aluminium stub. Whilst this
is significant for the elastic modulus calculations, the validity of the hardness results is not affected.
The indenter depth was set as 1 pum so that the fraction of the sample thickness probed is less than 10
percent. From this, it is reasonable to assume that there is a minimal effect of the substrate hardness

on the hardness measurements [216].

The surface effects have been considered during the nanoindentation analysis, leading to exclusion of
certain foils from the final dataset due to erroneous behaviour that has been attributed to the presence
of oxide on the sample surface. In addition, surface roughness must be accounted for. Large surface
roughness means that the indenter tip is not in full contact with a flat surface and so the calculated
projected area may be larger than the true contact area with the sample. If the indent depth is
comparably larger than the surface roughness parameter, such surface roughness effects can be overcome
[104]. As such, a relatively large indent depth was employed during the nanoindentation of the tungsten

foils, due to the feasibility issues with polishing active samples.

The majority of the challenges associated with ion-irradiated nanoindentation is that the damage is
concentrated near the surface in the form of a Bragg peak due to the mean free path of the ion in the
material of choice [217]. Examples of such challenges are shown schematically in Figure 6.41. Previous
nanoindentation studies on ion irradiated Fe-9%Cr oxide dispersed steels by [218] faced significant

challenges when selecting an appropriate indenter depth that was
e Shallow enough to avoid probing of the unirradiated bulk that can underestimate hardness.

e Deep enough to overcome the indentation size effect and the surface roughness attributed to

surface sputtering during irradiation, both of which can overestimate hardness.
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Figure 6.41: Schematic of the various effects to consider during nanoindentation of ion irradiated metallic
samples. Adapted from [217].

Such challenges were overcome in this study through the irradiation setup of a stack of tungsten samples,
where each thin foil represents a specific region of the Bragg damage peak. Since nanoindentation results
are depth sensitive, the indenter depths required to probe hardness in the elastic zone and where surface
roughness is negligible can be offset by a drastically changing damage profile as a function of sample
depth, leading to large uncertainty in obtained results and even possibly probing the unirradiated bulk
instead. A specific advantage of the irradiation setup in this study is that damage is induced across
the full depth of each foil and so there is no unirradiated region that can be probed by large indenter

depths. As a result, the indenter depth chosen in this study was such that the surface roughness impact

and indenter size effect is negligible.
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Figure 6.42: Change in hardness as a function as a function of induced damage in irradiated tungsten.

Figure 6.42 shows the irradiation hardening observed in tungsten as a function of damage. This can be
fully attributed to hardening caused by the matrix damage itself rather than any indentation size effect
hardening. It is clear that the largest irradiation induced hardness change is observed for the sample
with the most induced damage. This is supported by the relatively large volume fraction and radii
of induced void damage present in comparison to tungsten samples with lower induced damage levels
obtained through SANS. The void size increase with damage follows the same trend as the hardness;
both have a saturating exponential growth rate with increasing damage. These trends are consistent

with other literature studies on nanoindentation of irradiated polycrystalline metals [215].

Mechanistically, the void distribution induced by the primary knock-on atoms and consequential damage
cascade through the tungsten matrix provides significant barriers to dislocation motion. This has been
observed in [219] and [220], where the void number density and size significantly increased following

irradiation, leading to an irradiation hardening effect quantified using nanoindentation. In addition,
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[189] found an approximate increase in hardness of 200 Hv for pure tungsten irradiated to damage
levels below 1 dpa, with the hardness change increasing to 400 Hv for damage up to 1.5 dpa. This
is consistent with the findings of this study, where for tungsten with 0.4 dpa of induced damage, the
hardness increase was found to be 1.03 GPa (104.6 Hv). Such irradiation induced hardening in tungsten
poses several challenges to the lifetime of tungsten as a plasma facing component in a fusion reactor,

namely those associated with ensuring sufficient structural integrity and thermal shock resistance.

6.6 Conclusions

The development of reliable PFMs in the international endeavour of fusion reactor commercialisation
for energy output has been a considerable research effort over the last 30 years. Tungsten has been
considered as a potential first wall and/or divertor material to meet the onerous requirements of a
plasma facing material within the fusion device. Such requirements include maintenance of structural
integrity over its lifetime in the reactor (~10 years), minimal transmutation, low activation, low tritium
retention, low erosion and sputtering, thermal shock resistance, and the ability to maintain its thermal

and mechanical properties at high temperatures.

Exposure to the plasma, high magnetic fields, high temperatures and a high flux of high energy neutrons
can provoke material property evolution over the lifetime of a PFM such as tungsten. It is imperative for
the development of reliable PFMs that the property evolution of tungsten is understood across all of the
loading conditions experienced over its lifetime. The current state of literature surrounding irradiated
tungsten presents several gaps surrounding induced Re and Os transmutation events, quantification of
irradiation damage using bulk techniques as a complementary tool, and the effect of irradiation induced

defects on mechanical properties.

The work presented in this chapter has focussed on how the exposure to a harsh radiation environment
can impact the microstructural evolution of tungsten and induce irradiation hardening and embrittlement.
The nature of the induced secondary defects was identified, and the macroscopic effect of induced

secondary defects on mechanical properties such as hardness was also assessed.

A custom proton irradiation setup was designed to obtain a range of samples with varying levels of
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damage in a single irradiation run. Such a setup ensures consistent environmental conditions for each
sample where the only difference is the induced damage. This is a specific advantage of using proton
irradiation over neutron irradiation to study such damage in PFMs since the parameters can be more
closely controlled. Using this setup, pure tungsten was successfully irradiated for 9.4 hours using 15
MeV neutrons at 509.25 + 32.41 °C to average damage levels ranging from 0 to 0.414 dpa (peak of 0 to

0.815 dpa) to simulate the expected peak neutron energy from the 2H + 3H fusion reaction (14.1 MeV).

The majority of irradiation induced damage studies in tungsten have used TEM as a method of
quantifying the precipitation events, which is limited by its ability to only probe a specific sample
area. The work presented in this chapter presents a novel small-angle neutron scattering study on
irradiated tungsten. It demonstrates the robust nature of using such analysis techniques to quantify

bulk irradiation damage.

Evidence has been obtained that suggests that the level of induced damage leads to the generation
of vacancies and voids within the tungsten matrix. This is supported by TEM studies on irradiated
tungsten. The presence of voids are of particular interest when considering interactions of the first wall
or divertor materials with the plasma itself. Ideally the PFM would have low sputtering properties to
minimise erosion, co-deposition and dust production within the tokamak. The presence of voids can lead
to embrittlement, but can also act as tritium trap concentration sites that favour tritium permeation

and retention in the component [221, 222, 223].

At damages up to 0.414 dpa, the voids were found to have a spherical shape with a log normal size
distribution. Alongside void shape, SANS has allowed for quantification of the effect of displacement
damage on void size and volume fraction, with radii and volume fraction ranging from 0.748 nm to

1.824 nm and 0.10 % to 0.19 % respectively with increasing damage.

The change in hardness was obtained as a function of damage using continuous stiffness nanoindentation.

The custom irradiation setup was invaluable for such quantification where:

1. More common lower energy proton irradiation in different material systems results in surface level
damage only. The high energy protons allowed for increased penetration within the tungsten to

obtainable nanoindentation depths.

2. The tungsten foil sample stack allowed for different regions of the Bragg peak to be investigated,
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with each foil having a full irradiated bulk.

It was found that the irradiation induced hardening effect increased with increasing damage levels, with

the largest increase measured as 104.6 Hv for 0.414 dpa.

Despite the aforementioned successes, there are some shortcomings in this work that can act as areas
to be improved upon for future work. For example, the damage levels achieved in this study were
primarily limited by beamtime requirements and the international transport of radioactive materials. In
both of these cases, the timescales were the predominant factor in the effective inducing of displacement
damage in the tungsten samples. Inducing higher levels of damage (> 5 dpa) may lead to significant
transmutation of rhenium in tungsten, which ultimately will initiate solute interstitial precipitation
events in the matrix rather than void precipitation. If such high damage levels are unfeasible, then a
variety of unirradiated W,Re;_ alloys could be used as a starting point. For these future studies, TEM
or APT could be used in combination with SANS as such techniques were not feasible in this work due

to the very high activity and long half-lives of the transmuted elements in the tungsten samples.

If a similar irradiation setup is adopted in the future, there is the potential to use slightly thicker samples.
This can be balanced by using W,Re;_ alloys or altering the energy of the proton beam. It should be
noted a balance must be struck between samples remaining thin enough to allow for different parts of the
Bragg damage peak to be available through the irradiation stack, but thick enough to not have issues of
probing elastic moduli of underlying sample mount materials. Increasing the thickness sufficiently could
allow for a comparison of absolute values between foils rather than within-foil comparisons of hardness
between irradiated and unirradiated foil regions. It would also be interesting to vary the irradiation
parameters used, for example the temperature to understand the thermodynamics of the precipitation
process, or the proton energy to investigate the nuances of using proton irradiation to emulate the

in-service neutron irradiation of PFMs.

The tungsten samples could have been polished to reduce effects of surface roughness in nanoindentation,
allowing for more accurate results; this was limited by the sample activity in this study. Moreover, the
pile-up effect could be examined in more detail using SEM techniques, noting that this will likely be
required to be carried out at a dedicated facility such as the MRF that can handle radioactive samples.

Moreover, the completion of TEM on the active samples at such a facility could be an interesting
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extension of this work. Due to the nature of the tungsten samples, this was unfortunately outside of

the scope of this thesis.

There are several other candidate PFM systems aside from tungsten that could be investigated in the
same way as this study. For example, similar principles could be applied to tantalum or vanadium alloy

systems to investigate their property evolution under irradiation.

Finally, there is a large field of research dedicated to neutron-induced transmutation and bubble
formation in PFMs. SANS is a robust tool that could be used to study the coupling of induced void
or precipitate damage with hydrogen and helium transmutation in material systems of interest. This
is of particular importance when considering trap concentrations for tritium migration and retention in

PFMs that can lead to fuel management and waste issues.
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CHAPTER 7

CONCLUSIONS

This work contributes to the current knowledge gaps surrounding irradiation and thermal ageing induced
precipitation damage in various nuclear materials. It demonstrates how advanced scattering techniques
can be combined to provide vital insight into nanoscale material transitions, which is essential in the

research and design of reliable nuclear materials.

A study of precipitation in a high Ni RPV weld thermally aged for 100 000 hours at 330 °C was presented
to show how advanced scattering techniques can be used to add value to data obtained from other
investigative techniques. Thermal ageing induced precipitation damage was confirmed using SANS.
The extracted structural properties were found to be consistent with the APT results: a distribution
of polydisperse spherical precipitates with a mean radius of 2.006 + 0.059 A confirmed through a
variety of scattering analysis techniques. The core-shell structure suggested by the APT study was
investigated in a dedicated high-q SANS experiment but was not explicitly identified. The magnetic
nature of neutrons and the use of anomalous x-ray dispersions in the vicinity of elemental absorption
edges allowed for additional insight into the disputed role of Fe and vacancies in precipitates and the
magnetic nature of the induced precipitates. The precipitates were found to have an A ratio of 2.705 +
0.012 and an average composition of 0.03Fe-0.17Ni-0.44Cu-0.13Mn-0.03Si-0.19Vac, in contrast to APT
studies that often overestimate the Fe fraction and SANS studies that disregard precipitate magnetism.
Microindentation testing quantified an increase in hardness of 80.0 + 4.4 Hv attributed to the thermal

ageing induced precipitation damage.

An advanced scattering study of thermal ageing induced precipitation damage in a series of model
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low alloy RPV steels was completed to investigate in-situ material transitions and to test the current
understanding of the role of Cu, Mn and Ni on the mechanisms of thermal ageing induced precipitation
and hardening. A series of model low alloy RPV steels were fabricated and thermally aged. SAXS was
used to compare the as-made and thermally aged samples; the thermal ageing process was found to
have varying levels of success owing to the effect of solubility and thermodynamic stability of certain
alloying elements in a Fe matrix. A first-of-its-kind ASAXS investigation was carried out to provide a
comprehensive study of the induced precipitate compositions. Due to the relatively low alloy fractions
in comparison to the predominantly Fe matrix, the observed contrast changes as a function of energy
at the elemental absorption edges of Cu, Ni and Mn in the model RPV samples were not significant.
The anomalous dispersions were so small that accurate compositional information could not be resolved.
SANS was used to extract the magnetic to nuclear scattering ratio, and whilst a single average precipitate
composition was not distinguishable, it provided a down-selection of possible precipitate compositions
for each model alloy. SANS also quantified the induced precipitates as a polydisperse system of spheres
with a log-normal distribution of radii, with radii ranging from 1.143 4+ 0.081 to 5.874 + 0.015 nm for

the different alloy compositions.

A novel in-situ ageing SANS study on FeCu, FeCuNi and FeCuMnNi used the long-range nature of
neutrons to understand the effect of Mn and Ni on precipitate nucleation and growth in the presence
of Cu. Precipitates of mean radius 3.689 + 0.047 nm were induced after 20 hours at 550 °C in the
FeCuMnNi sample. The kinetics of the nanoscale transitions were studied, and it was found that Mn

suppresses the growth of precipitates in the presence of Cu.

The hardness was found to increase as a function of ageing time for all thermally aged model alloy
compositions, with the largest increase of 64 + 8.2 Hv observed for the FeCuMnNi system. The results
of this study allowed for a comparison to previous thermal ageing and irradiation damage studies on

precipitation mechanisms in similar low alloy RPV steels.

A novel irradiation setup was designed to induce varying levels of displacement damage and transmutation
in a set of thin high purity tungsten foils. The tungsten was successfully irradiated for 9.4 hours using
15 MeV neutrons at 509.25 £ 32.41 °C to average damage levels ranging from 0 to 0.414 dpa (peak of 0
to 0.815 dpa) to simulate the expected peak neutron energy from the deuterium-tritium fusion reaction

(14.1 MeV). High purity gamma spectroscopy and the physics of radioactivity were used to obtain
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the induced transmutation and activation within the irradiated samples to allow for safe transport for

analysis. The key transmuted elements identified were 8!Re, ®3Re, %*Re and '#2Ta.

The majority of irradiation induced damage studies in tungsten have used TEM as the investigative
technique. The first ever SANS investigation on irradiated tungsten was completed during this work to
provide bulk quantification of precipitation events. The damage induced was identified as a system of
polydisperse spherical voids with a log-normal size distribution, owing to the matrix damage mechanisms
and the lack of significant transmutation of Re to favour Re-rich precipitates. The radii and volume
fraction of voids were found to increase from 0.748 nm to 1.824 nm and 0.10 % to 0.19 % respectively as
a function of displacement damage. Nanoindentation was used to quantify the irradiation induced
hardening effect, where the largest hardness increase was observed for the peak irradiated sample

(AHOA dpa — 104.6 HV)

The irradiation induced precipitation study in high purity tungsten shows the versatility of SANS for
the investigation of any type of precipitation events. This is key for understanding irradiation and
thermal ageing induced damage as it provides a single technique that can study precipitation regardless
of its initiating mechanisms and allows for comparisons to be drawn between the two. Both damage
mechanisms are key for nuclear materials research due to the onerous reactor operating environment.
Moreover, this understanding is valid across the whole nuclear industry, with the simultaneous importance
of operational safety justifications, life extension, qualification of materials for use in future reactor
designs, and even the development of novel materials that are more resistant to precipitation induced

hardening and embrittlement.

The findings of this thesis provide invaluable contributions to the understanding of nanoscale induced
microstructural changes that occur in nuclear fission and fusion materials subject to harsh temperature
and radiation environments. The evolution, and hence degradation, of mechanical properties with
thermal ageing and irradiation induced precipitation damage has been quantified, with a fundamental
mechanistic understanding of the precipitate damage process provided by advanced scattering investigations.
Overall, this work has shown how precipitation damage in a variety of nuclear material systems can be
investigated using advanced scattering techniques. Key nuclear materials challenges across all stages of
the material lifecycle have been addressed, including life extension considerations for reactor pressure

vessel steels in generation IIT and ITI+ light water reactors, the development of degradation-resistant
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materials for advanced fission reactors, and the qualification of materials for the design, and eventual

commercialisation, of fusion reactors.
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CHAPTER 8

FUTURE WORK

This work has identified several areas of interest that are outside of the scope of this thesis, but that

would nonetheless be exciting to investigate in further studies.

In Chapter 4, a long thermally aged high Ni RPV weld was studied and the structural and compositional
information of the induced precipitates was extracted using SANS and ASAXS. Whilst this forms a
direct contribution to understanding of precipitation in the welds that could not be obtained through
APT, there are additional studies that could be carried out. For example, due to the activity of the
samples after neutron and x-ray exposure, TEM was not possible. In the future, TEM could be used
to quantify any additional induced microstructural changes. It would also be interesting to perform
an irradiation study on this alloy composition to investigate the interplay between thermal ageing and

irradiation induced precipitation for representative in-service conditions.

For the thermal ageing of RPV model alloys presented in Chapter 5, there were several RPV alloy
compositions where no thermal ageing induced precipitation was observed. For such samples, longer
ageing times could be used to increase the likelihood of precipitate formation and hence form additional
conclusions on the role of Cu, Mn and Ni on thermal ageing induced precipitation. In addition, the
in-situ ageing SANS study could be repeated for other alloys of interest, and for longer ageing times.
A high-q focussed SANS experiment could be used to study the potential core-shell nature of the

precipitate systems, which was limited by the experimental configuration used in this work.

As for the RPV weld, it would be interesting to investigate the model RPV alloy compositions used where

precipitation was induced further in a complementary SANS study on neutron (or proton) irradiation
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samples. The effect of annealing on such irradiation induced precipitates could also be investigated
using SAS. It was found that Mn has a particularly strong influence on the precipitation process, which
could be studied in more detail by using a range of model RPV alloys with varying fractions of Mn to

quantify the impact on the precipitation kinetics and structural properties.

The damage levels induced in tungsten in Chapter 6 were limited by the requirement to transport
the samples to international facilities for scattering analysis. Whilst some transmuted rhenium was
identified after irradiation, the amount was not significant to induce rhenium dominant precipitates,
and the damage level was not high enough to induce significant self solute precipitation of tungsten.
Instead, at the peak level of 0.414 dpa the induced damage observed was a network of voids. Inducing
higher levels of damage (> 5 dpa) may lead to more significant transmutation of rhenium in tungsten,
which ultimately will initiate solute interstitial precipitation events in the matrix rather than void
precipitation. If such high damage levels are unfeasible, then a variety of unirradiated W,Re;_, alloys
could be used as a starting point. It would also be interesting to vary the irradiation temperatures to
understand the thermodynamics of the precipitation process, or perhaps irradiate using a range of proton
energies to better understand how proton irradiation can act as a surrogate for neutron irradiation of

PFMs.

There are several other candidate PFM systems aside form tungsten that could be investigated in the
same way as this study. For example, similar principles could be applied to tantalum or vanadium alloy

systems to investigate their property evolution under irradiation.

Complementary investigative techniques such as TEM or APT may be completed to provide additional
compositional and structural information on both irradiation and thermal ageing induced precipitates
for each nuclear material system. It is noted that such techniques were not possible during this work
due to the high activation of samples post neutron and x-ray scattering, and the destructive nature of

APT which would limit any further investigation on samples in the future.

This work has quantified the irradiation and thermal ageing induced precipitate hardening, to show
the embrittlement effect of such damage mechanisms in nuclear material systems. Micro and nano
indentation techniques were employed to study such effects due to the limitations sample sizes required

for SAS and irradiation volume limited by the proton beam size. In the future, larger samples could be
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used in precipitation damage studies to allow for additional mechanical property evolution measurements
and macroscopic testing such as fracture toughness, Charpy impact testing, and even strength tests.
Neutron irradiation could be used on larger samples to combat the proton beam size limitation,
although it is noted that this is expensive and time consuming by comparison. Moreover, the precise
environmental conditions cannot be controlled without the use of specialised holding cells, loading
matrices, and test specifications. This research is typically funded by commercial nuclear organisations,
including private ventures that are often outside of the bounds of academia due to the costs of such

irradiation programmes.

This thesis has presented several experimental methods for the investigation of radiation damage using
advanced scattering. In general, it has shown that SAS can be applied to a variety of nuclear materials
for both fission and fusion applications, and that it is a versatile tool for studying irradiation and thermal
ageing induced precipitation. The in-situ thermal ageing SANS technique and the use of ASAXS to
study the composition of induced precipitates could be applied to different nuclear material systems of
interest in the future. For example, ASAXS could be employed to investigate the effect of high energy

radiation interactions on transmutation in other candidate plasma facing fusion materials.
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