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Abstract

Nuclear fission power is a reliable and zero carbon­dioxide emitting energy source

and nuclear fusion is regarded as the ultimate terrestrial energy source. Both pro­

cesses require radiation resistant structural reactor core materials. Atom probe

tomography, nanoindentation, and electron microscopy were used to investigate

a) radiation­induced precipitation of nanosized Mn­Ni­Si precipitates (MNSP) and

nanosized copper­rich precipitates (CRP), and radiation­induced solute segregation

to dislocations in neutron and ion irradiated T91 ferritic­martensitic steel and b) the ef­

fect of yttrium­titanium­oxygen (Y­Ti­O) nanosize precipitates on the grain structure

and mechanical properties of Fe­14Cr­3W­0.25Ti­0.25Y2O3 (14YWT (wt%)) oxide

dispersion strengthened steel. Two neutron irradiated T91 steel conditions were in­

vestigated: 2.14 dpa at 327 ◦C and 8.82 dpa at 377 ◦C. The MNSP compositions fell

near the MnSi(Ni) phase field, which is distinctly different than the typically cited

‘G­phase’ (Mn6Ni16Si7). MNSPs appeared as a co­precipitated appendage to CRPs.

CRP­MNSP number densities, radii, and volume fractions agreed well with litera­

ture cluster dynamics model. Parallels were drawn between the limited database on

MNSPs in neutron irradiated Fe­Cr alloy systems with the extensive literature on pre­

cipitate evolution in reactor pressure vessel steels. T91 was Fe4+ irradiated from 0.12

dpa to 4.1 dpa at ∼ 300 ◦C with the characterisation of MNSP and their impact on

mechanical properties were discussed. 14YWT Y­Ti­O (7 – 15 nm diameter; num­

ber density 1023− 1024 #/m3) particles had a small effect on the hardness, suggesting

that the dominant hardening mechanism was related to the grain boundary refinement

rather than the dislocation pinning on the oxides.
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Chapter 1

The Role of Nuclear Power in a

Changing Climate

Human activity is attributed to be the major cause of recent climate change, as con­

cluded with 95% certainty in the special report titled ‘Global Warming of 1.5 ◦C’ by

The Intergovernmental Panel on Climate Change [1]. This conclusion is shared by

97.1% of scientific papers published on climate change [2]. Carbon dioxide (CO2)

levels have risen with the global temperature over the last 800,000 years [3], as

shown in figure 1.0.1 through the measurement of trapped gasses within the Antarc­

tica ice. Since the industrial revolution (1850s), the production of CO2 compared

to pre­industrial times has risen significantly. This is the fundamental scientific evi­

dence that the climate change community uses as the basis for the concept that human

activity is the leading cause of a changing climate [4–6].

The Paris Agreement was signed by the 195 ‘United Nations Framework Conven­

tion on Climate Change’ member countries on 12 December 2015. The agreement

commits all nations to undertake ambitious efforts for the first time to combat climate

change. The United Kingdom (UK) Government enacted an amendment to the Cli­

mate Change Act 2008 in 2019 [7] that requires the UK to lower all greenhouse gas

emissions (this includes CO2 as one of these gases) to net zero by 2050. Thus, the

1
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Figure 1.0.1: The measurements of CO2 and temperature difference are achieved by
monitoring the concentrations of various trapped gases in Antarctica’s ice. Repro­
duced with permission from T.P. Davis [3].

current strategy for the world population is to meet these requirements and to reduce

carbon emissions, whilst still improving the standard of living, is through a diverse,

advanced and efficient portfolio of energy options, such as through the use of renew­

able, carbon capture, and nuclear power [8, 9], whilst still improving the standard of

living.

The expansion of nuclear fission energy to tackle climate change is considered

as a key stepping­stone to meet the Paris Agreement signed in December 2015, but

its success will require increased governmental and public support [3]. This claim

echoes statements made by the International Energy Agency [10], Bill Gates [11],

the Intergovernmental Panel on Climate Change [1], and the MIT Energy Initiative

[12].
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Nuclear power has proven to be a reliable, safe and scalable energy source through

its extensive operational history [3]. The drive to improve the reliability, safety, and

scalability of future reactor designs by way of ‘Generations’ has lead to the ‘Gener­

ation IV’ type fission reactors [13]. In addition, nuclear fusion energy, which fuses

atoms together rather than splitting them, has been in development since the 1960s

and has been touted to become the ultimate terrestrial energy source [14].

1.1 Nuclear Fission Energy

1.1.1 The Fission Process

A nuclear engineer’s endeavour is to employ radiation, radioactivity and the nuclear

processes for the benefit of humankind. The basic function of any nuclear fission

reactor is driven by the nuclear fission process; fission is the splitting of one atom

into two, or more, lighter nuclei, called fission products. Fission generates: a) heat by

the energy deposition from the fission products, b) gamma­rays emitted from decay­

ing fission products, c) neutrons which induce further fission, and d) anti­electron­

neutrinos. The easiest element to fission is Uranium­235 (235U), which has 92 protons

and 143 neutrons. A typical fission of this isotope is as follows:

235
92 U+1

0 n →236
92 U →92

36 Kr+
142
56 Ba+ 210n (1.1.1)

This nuclear reaction produces a plethora of products known as fission product

yields. The emission of two neutrons (or more), as shown in eq. 1.1.1, generally

induces an additional event process (and so on), which creates a fission chain reac­

tion, as shown in Fig. 1.1.1. Neutrons are emitted isotropically. Two fundamental

principles characterise the control and operation of any nuclear reactor and these are

as follows:

Principle 1: Control the neutron population. Neutron absorbing materials are
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used to remove the neutron population from the system either by control rods,

a coolant, and/or structural materials.

Principle 2: Remove the heat. This can be achieved by cooling the reactor core

sufficiently.

However, neutrons do leak out of the reactor core because a) the neutron is neu­

trally charged, b) the interaction is a function of statistical mechanics and c) the fuel

assembly is not infinite in size. The neutrons that do not interact with the fuel impinge

on every single structural material that surrounds the reactor core.

Figure 1.1.1: A schematic of the most common fission process, the fissioning of 235U.
The maximum probability of a neutron capture causing fission of 235U is when the
neutron’s energy is thermalised. The fission products listed are examples.

Neutrons that interact with the structural materials can damage the materials’ mi­

crostructure, which has detrimental consequences on the structural integrity of the

fuel and core [9]. These consequences could affect the ability to maintain the two

aforementioned principles to control a reactor core. Therefore, there has been a sig­

nificant degree of scientific research, industrial development and governmental as­

sistance to understand radiation damage of materials [9, 15–17].
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1.1.2 Generation to Generation

The development of nuclear fission power has focused around six main factors:

safety, security, non­proliferation, cost­effectiveness, commercialisation, and fuel

cycle management. The development cycle can be categorised into ‘generations’

where each successive generation represents a significant improvement in one or

more of the six main factors [17, 18]. A detailed history of the Generation I to III

reactors can be found in reference [19]. Briefly, the four generations are:

• Generation I: the prototype power reactors that initiated the civil nuclear in­

dustry in the 1950s with the final reactor decommissioned in December 2012

(two Magnox reactors located at the Wylfa site in Wales, UK). These reactors

were, in effect, ‘proof­of­concept’ for the commercialisation of nuclear energy.

• Generation II: the 400+ operational commercial reactors around the globe

with a designed lifetime of 40 years (without extensions granted1). The reac­

tor technologies that dominate Generation II include pressure water reactors

(PWR), boiling water reactors (BWR), and advanced­gas reactors (AGR). The

reactor technologies rely on active safety systems (which requires human in­

teraction), are designed for large electrical grid systems, and have an open fuel

cycle (the waste is not reprocessed or recycled).

• Generation III/III+: an evolutionary design from Generation II that focuses

on a 60­year initial operational lifetime, improving the thermal efficiency, us­

ing passive (rather than active) safety systems, and improving on fuel tech­

nology. However, the fuel cycle remains open. These PWR designs are un­

der construction today and such vendors are Rosatom (Russia), EDF Energy

(France), and China General Nuclear (China).
1It should be noted that the US Nuclear Regulatory Commission has granted a lifetime extension

of the Peach Bottom PWRs located in Pennsylvania (US) from 40 to 80 years. These PWRs will now
close in 2054 [20]
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• Generation IV: these have been in development since the 1950s, but under

the ‘advanced’ reactor design term. The Generation IV term was defined in

2001 by the Generation IV International Forum (GIF) [13]. The term ‘fast

reactor technology’ is sometimes used as a reference to Generation IV nuclear

reactors. The aim of Generation IV reactors is to provide solutions for nuclear

waste challenges [21], to improve safety [21], to decrease risk of proliferation

[22], to optimise fuel utilisation [23], to widen the scope to include hydrogen

production [24], enable heat production [25], and to increase the long­term

operational lifetimes [17]. Recent research has evaluated how these reactors

may be used to substantiate geopolitical influence [26]. There have been six

proposed generation IV reactor types that have been categorised by technology.

These are: [18]:

– Very high temperature reactor (VHTR);

– Molten­salt reactor (MSR);

– Supercritical water cooled reactor (SWCR);

– Gas­cooled fast reactor (GFR);

– Sodium­cooled fast reactor (SFR);

– Lead­cooled fast reactor (LFR).

It should be noted that 99% of all the commercial nuclear reactors that are under

construction in 2020 fall within the Generation III/III+ classification. However, the

recent advancements in Generation IV nuclear reactors have enabled privately funded

Western corporations, such as Moltex Energy Ltd [27], Terrestrial Energy Inc [28]

and Advanced Reactor Concepts, LLC [29], to develop credible reactor designs for

eventual deployment in the 2030s and beyond. These reactors appear to address the

shortcomings of Generation I, II and III/III+ technology, as well as providing possible

credible solutions to the world’s long­term energy supply [3], whilst emitting zero
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CO2. It is important to note that these companies, and the others that have not been

listed, have yet to demonstrate the engineering feasibility, reliability, and economics

advantages of using such technologies.

For the six Generation IV designs, SFR technology has the longest operational

history [30]; therefore, the SFR reactor design will be the focus within this thesis.

1.1.3 Sodium­cooled Fast Reactors

SFRs have already operated in the UK, the United States, France, Russia and Japan

with the power output ranging from 1.1 MW(th) to 3000 MW(th). A general layout

of the reactor design is displayed in figure 1.1.2. The main advantages of using SFR

technology are:

• The sodium coolant operates at atmosphere pressures, which reduces the over­

all system stresses;

• Utilisation of 235U, 238U, 239Pu and 241Pu as fuel;

• Able to transmute actinides, such as neptunium and americium [18];

• The liquid­metal sodium coolant flows through the core and has an effective

heat transfer coefficient that is ∼ 100 times greater than water;

• The coolant is near transparent to neutrons (i.e. it does not thermalise them, as

discussed below);

• The reactor can operate at high temperatures (> 500 ◦C),which increases ther­

mal efficiencies of the reactor.

• The reactor core operates at atmospheric conditions and natural circulation can

be sufficient to remove heat from the core under accident conditions [18].

The major disadvantage of the SFR design is that sodium explodes when in con­

tact with water and burns in oxygen. However, these chemical reactions are severely
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Figure 1.1.2: A typical schematic of a pool­type SFR. The reactor core is submerged
in liquid­metal sodium (primary coolant) which is pumped to increase cooling effi­
ciencies. A primary heat exchanger is submerged into the pool of primary coolant.
This heat exchanger increases the temperature of a secondary liquid­metal coolant
(which is isolated from the primary coolant so no radioactivity is transferred), where
it goes to a secondary heat exchanger with water. The secondary heat exchanger
converts the water into steam, which drives the turbines to generate electricity. Re­
produced with permission from GIF [13].

mitigated in reactor designs and experience gained from operating such reactors (such

as the BN­series SFR in Russia). SFR fission is based on utilising the fast neutron

(1 MeV energy on average) rather than thermal neutron (E < 10−8 MeV, or < 0.025

eV, where E is the neutron’s energy) energy spectrum. The utilisation of 235U, 238U,
239Pu and 241Pu as fuel is key to the technology and is summarised below.

• To use 235U (0.3 % natural abundance) the neutrons are required to have a

thermal energy spectrum, as shown in figure 1.1.3’s low energy portion ( E <

10−8 MeV). This can be achieved by passing the neutrons through water or
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graphite, which moderates the neutron’s energy (i.e. slows it down);

• The 238U (99.7 % natural abundance) is not used (generally) as nuclear fuel in

Generation III reactors due to the lack of high energy neutrons (E < 1 MeV)

within the system, thus the interaction probability is just too low to maintain a

fission chain reaction, as shown figure 1.1.3;

• SFR reactors have a greater portion of high energy neutrons (E < 1 MeV)

and can now transmute 238U to 239Pu. The 239Pu can now fission, as shown in

figure 1.1.3.

Figure 1.1.3: The neutron fission cross­section (the probability of a neutron inducing
fission) as a function of the incoming neutron energy for 235U, 238U, 239Pu and 241Pu.
The cross­section data is from the ENDF/B­VIII.0 nuclear database [31].

This latter point describes the potential of using up to 99.7 % world’s supply of

uranium as fuel [3, 18], which could improve the longevity of uranium supply.

The operating temperatures of SFRs have been shown to go to 550 ◦C [18]. In­

tense neutron irradiation [9] and liquid­metal sodium offers extra challenges when
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considering the corrosion performance of materials [32]. The structural materials se­

lection (such as fuel cladding and assembly) is vital to the safety and economics of

any Generation IV design. The desirable characteristics for the selection are:

• Acceptable radiation damage resistance under the expected intense neutron

damage and helium embrittlement [33];

• Sufficient mechanical properties before and after neutron exposure;

• Excellent dimensional stability (against irradiation creep; [34], void swelling

[35] and thermal creep [9]);

• High resistance to irradiation­assisted stress corrosion cracking (IASCC) [36].

For SFR reactors (Prototype Fast Reactor in the UK, BN­series in Russia, Ex­

perimental Breeder Reactor II and Fast Flux Test Facility in USA, for example),

the primary reactor core materials were based on ferritic­martensitic high chromium

(9­12 % Cr) steels [37]; these steels have high temperature strength, high creep re­

sistance, high strength and high resistance to irradiation induced swelling [38–40].

However, future reactor designs are increasing the fuel cladding’s operating temper­

ature to 650 ◦C to increase the efficiency and, hence, improve the economical outputs

[41]. Ferritic­martensitic steels are unable to meet these demands [42], therefore, a

new branch of steels, called Oxide Dispersion Strengthened (ODS) steels, are in de­

velopment [41, 43–45], which could meet the structural demands of Generation IV

nuclear reactors [44].

1.2 Nuclear Fusion Energy

For long­term (>2050) electricity production, it is widely perceived that nuclear fu­

sion energy could be the ultimate terrestrial energy source [14]. Fusion has the poten­

tial of producing non­CO2 emitting, near­limitless energy from the abundance of fuel

with minimal radioactivity [46]. However, to achieve fusion the conditions required
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to overcome the electrostatic repulsion of nuclei is on the order of millions of degrees

Celsius [47]. As of today, there are two main fusion methods currently being pur­

sued: Magnetic Confinement Fusion (MCF) and Inertial Confinement Fusion (ICF).

MCF uses strong magnetic fields to confine a hot plasma, creating the conditions for

fusion to occur, and ICF heats a fuel target via ultra­high­powered lasers to produce

conditions for the fuel to fuse together [48].

MCF has received the most research and development. The тороидальная ка­

мера с аксиальным магнитным полем (toroidal’naya kamera s aksial’nym mag­

nitnym polem (toroidal chamber with axial magnetic field)), or commonly known

as ‘tokamak’, fusion reactor concept has been the most successful at containing and

controlling fusion plasmas [48]. The Eurofusion program [49, 50], the US ‘National

Strategic Plan for US PlasmaResearch’ programme [51], the Japanese fusion research

activities [52], the UK Atomic Energy Authority Spherical Tokamak for Energy Pro­

duction (STEP) programme [53], and the Chinese fusion research activities [54] have

all decided that the tokamak device configuration is the way forward. Due to the sig­

nificant investment by Governments, industry, universities and national laboratories,

the tokamak­based fusion reactor will be considered within this thesis. A consensus

has been made surrounding the need for demonstration fusion power [55]. However,

discussions have been ongoing since the 1980s regarding the feasibility and overhype

nature of fusion energy [55–58];

1.2.1 Principles of Controlled Nuclear Fusion

The controlled fusion energy relies on the fundamental process of fusing two isotopes

of hydrogen: deuterium (21H) and tritium (31H). The principal nuclear reaction is [59]:

2
1H+3

1 H →1
0 n+4

2 α + 17.6 MeV (1.2.1)

where the neutron’s, n, kinetic energy is 14.1 MeV and α’s kinetic energy is 3.4 MeV.
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To achieve fusion of 21H and 3
1H , the nuclei must overcome the electrostatic Coulomb

barrier, which is on the order of 109 ◦C [14]. The break­even parameter that is used to

describe the performance of a fusion reactor is called the Q­value, and this is defined

as:

Q =
Efusion

Eheat­in
(1.2.2)

where Efusion is the energy provided from the fusion reaction and Eheat­in is the energy

provided by the equipment to heat the plasma. For scientific break­even, Q = 1, and

for ignition (where the reaction is self­sustaining) Q → ∞ as Eheat­in → 0.
3
1H is radioactive and has a half­life of 12.32 years [60], which indicates that

there is little available in the world. 3
1H decays at a rate of 5.5 percent per year so

half of the fuel (50% 3
1H and 50% 2

1H) for fusion reactors must either be bred in

nuclear fission reactors (through the use of tritium­producing burnable absorber rods

(TPBARs) [61] or as a by­product with transmutation of deuterium in the Canadian

heavy water reactor’s coolant [62] (the former has been explored to supply fusion

energy temporarily [62]). The most common 3
1H production reaction is :

6Li+ n →3
1 H+ α (1.2.3)

with the relative abundance of 6Li making up 7.4% of the natural Li [14]. Lithium

extracted from land­based supplies could supply future fusion power plants for ap­

proximately 1000 years. Moreover, Li could be extracted from sea­water with the

latest reserves estimated to last approximately 6 million years [46].

1.2.2 ITER Fusion Reactor

In the south of France, 35 nations are collaborating to build the latest tokamak fu­

sion reactor, called ITER 2. The goal for ITER is to produce 500 MW(th) power, to
2ITER used to be an abbreviation of International Thermonuclear Experimental Reactor, however,

this name was dropped for ‘Iter’, which means ‘the way’ in Latin.
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achieve Q > 5, to demonstrate the feasibility and effectiveness of breeder blanket

technology, and to demonstrate the feasibility of all the fusion technologies working

in unison. It will be the first fusion device to produce net energy (i.e. Q > 1) for up

to 500 seconds per fusion pulse. It should be noted that ITER will not be a materials

test reactor for fusion power stations but rather a technology demonstrator. The Inter­

national Fusion Materials Irradiation Facility (IFMIF) is the facility that is currently

under construction with a mission to test materials in fusion­like neutron damage en­

vironments [63]. For further details on the ITER project, refer to Ref. [47]. Figure

1.2.1 is a 2D model of the reactor, and figures 1.2.2 and 1.2.3 are the latest aerial

construction and base of the cryostat photos, respectively.

1.2.3 DEMO Fusion Reactor

The European Fusion Development Agreement (EFDA) outlines the roadmap for

demonstration, and eventual commercialisation, of fusion energy [49]. The Euro­

pean strategy is to build DEMO, a demonstration fusion power station, by 2050. The

DEMO concept will meet the goal of generating electricity from fusion energy with

construction starting in the 2030s. ITER will provide the physics, engineering and

technology basis for DEMO. However, the transition from ITER to DEMO provides

two major technical challenges to overcome:

• DEMO will need to breed its own tritium supply [62];

• DEMO will need suitable structural and functional materials that can resist the

damage caused by the neutron flux [44, 49, 64].

The implications and consequences of the DEMO design strategy have been re­

viewed [65] and will be discussed in Chapter 2. The social­economical impact of the

DEMO design strategy has been reviewed in context of renewable energy systems,

radioactivematerial generation consequences, and discusses policy implications [58].
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Figure 1.2.1: A 2D model of the ITER design with various components labelled.
Reproduced with permission from [66].
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Figure 1.2.2: An ITER construction site photo in the south of France. This photo was
taken in February 2020. Reproduced with permission from [67].

Figure 1.2.3: The cryostat base being moved into place at the Tokamak pit’s bottom.
This photo was taken on 28 May 2020. Reproduced with permission from [68].
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1.3 Summary

Nuclear power is a reliable, non­CO2 emitting, and sustainable energy source, and is

part of the world’s strategy to combat climate change. Generation IV nuclear reactors

are under development, which could provide improvements for the safety, security,

non­proliferation, cost­effectiveness, commercialisation, and fuel cycle management

of nuclear energy, and should be deployable during the 2030s [3]. Nuclear fusion

energy is widely perceived to be the ultimate terrestrial energy source. Fusion holds

the potential for producing non­CO2 emitting, near­limitless energy from the abun­

dance of fuel with minimal radioactivity. However, common engineering challenges

remain for both energy systems and these need to be solved before commercialisa­

tion can occur such as the development of suitable structural materials for the reactor

cores [9, 17, 18, 65] and, for fusion specifically, the demonstration of net gain energy

(i.e Q > 1).

One such challenge is selecting suitable structural materials. This selection is

vital to the operation, safety and economics of any future nuclear fission or fusion

reactor. It is the job of nuclear engineers and material scientists to develop, select

and demonstrate the feasibility of structural materials to maintain the integrity of the

reactor core. Assessing the integrity of structural materials in a nuclear reactor core

is a critical aspect of the regulator’s efforts in maintaining public safety. Structural

materials that are exposed to neutron irradiation alters the mechanical, thermome­

chanical, and microstructure of the material [9]. Safe reactor operation relies on the

understanding of unirradiated properties (such as creep, fatigue, creep­fatigue, load­

ing, and corrosion) and neutron irradiated properties (such as swelling, embrittlement,

induced activation, and transmutation) during operation [42].

The major structural material candidates for both fission and fusion systems is

based on steel. In particular, ferritic­martensitic 9 (weight %) chromium­based steels,

such as T91 ferritic­martensitic steel, are generally selected for structure of the reac­
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tor cores due to the materials good mechanical and thermal properties, and estab­

lished manufacturing routes [38, 42]. However, this steel’s properties are affected

by neutron irradiation and these properties range from the nanoscale to macroscale

[64]. Nanoscale solute precipitation is accelerated by neutron irradiation and has been

shown to affect the mechanical properties of this steel [38, 69, 70]. Understanding the

precipitation nature in steels used in nuclear reactors is of interest within this thesis.

1.4 Thesis Organisation

The thesis is organised as follows:

• Chapter 2 provides a literature review into the major challenges for structural

steels of Generation IV fission and DEMO­type fusion environments.

• Chapter 3 discusses the experimental methods used within this thesis research.

• Chapter 4 discusses the first research study on the effect of neutron irradiation

on T91 ferritic­martensitic steel;

• Chapter 5 discusses the second research study on the effect of ion irradiation

on T91 ferritic­martensitic steel;

• Chapter 6 discusses the third and final research study on the microstructure

inhomogeneity of oxide dispersion strengthened steels, a replacement of T91

ferritic­martensitic steels.

• Chapter 7 provides an overall contribution to science and future work sugges­

tions.
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Chapter 2

Reactor Core Structural Materials

2.1 Introduction

The selection of structural materials for nuclear engineering poses many challenges;

a material that meets the combinational requirements of chemical, mechanical and

nuclear properties must be found. Engineers often use material property maps when

selecting a suitable material for the application [71]. Nuclear regulators require that

reactor operators must understand the effect of radiation on the materials’ properties

at operating and accidental conditions [72, 73] .

The core conditions of SFRs could limit the use of structural materials due to the

effect of radiation damage, liquid­metal corrosion and high temperature creep rup­

ture [17, 38]. DEMO fusion reactors increase the degree of radiation damage, high

temperature creep rupture and liquid­metal corrosion (if used) compared to SFRs;

and in addition, due to the high neutron energy spectrum of fusion, the rate of he­

lium production significantly impacts the materials’ performance [44]. Steels have

been used for all reactor core configurations [17, 18] due to the engineering maturity

(i.e. deep understanding and extensive experience of fabrication routes), compat­

ibility with coolants, and reasonable radiation resistance in PWR technology [64].

Therefore, this chapter will review the current literature on steels for use as a fuel
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cladding material in SFRs and structural steels for the in­vessel components of fusion

reactors. The chapter will begin with a review of the radiation damage mechanisms

and candidate structural steels.

2.2 Radiation Materials Science

Radiation materials science is the study of how radiation interacts with matter and its

effects on the material’s microstructure and mechanical properties. Ions, neutrons,

photons, and electrons all have the potential to displace an atom from its lattice site.

Neutrons are emitted by the fission or fusion reactions, which bombard the surround­

ing materials and displace atoms from their lattice sites. The lattice atom that is dis­

placed from its site is called the Primary Knock­on Atom (PKA) and (if the PKA has

enough energy) it will continue to displace neighbouring atoms producing a damage

cascade.

The displacement of atoms is the fundamental process driving microstructural

change in metallic materials [69]. The displaced atom leaves an empty lattice site

called a vacancy and once the displaced atom comes to rest, it becomes a self­

interstitial [74]. In addition, neutron irradiation can lead to activation and transmu­

tation of elements within the material [9, 75–77]. The most common effects from

neutron irradiation are: the change of shape (swelling) [78, 79], increase in hardness

[80, 81], radiation induced creep [79], radiation­induced segregation of alloying el­

ements [82–86], severe reduction in ductility, embrittlement [87–89], and increased

susceptibility to cracking from the environment [82, 84, 90].

2.2.1 The Damage Event

The PKA event occurs over ∼ 10−11 s [74]. This PKA creates a vacancy and inter­

stitial, and together these are called a Frenkel Pair. For most incoming particles, the

energy is generally orders of magnitude higher than the required energy to displace a
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lattice atom [74]. Thus, the PKA has enough energy to displace further lattice atoms

producing a damage cascade over 5­10 ps, as displayed in figure 2.2.1. The average

fusion neutron energy is 14.1 MeV and provides an indication that the PKA atom will

have enough energy to displace multiple atoms from their lattice site. This event is

called a damage cascade or ‘heat spike’. The concept was proposed by Brinkman

(1954) [91] and is now established [92]. Most of these Frenkel Pairs will recombine,

but a small concentration will remain as shown in figure 2.2.2, and it is these that lead

to radiation damage [69, 74].

0 1 2 3 4 5 6 7
0

200

400

600

800

1000

1200

Simulation Time (ps)

T
o

ta
l N

u
m

b
er

 o
f 

V
ac

an
ci

es

 

 

0.5keV
0.6keV
0.7keV
0.8keV
0.9keV
1.0keV

Figure 2.2.1: The number of vacancies
produced from a single PKA cascade from
neutron irradiation using molecular dy­
namics simulations. Reproduced with per­
mission from Davis et al. (2015) [93].
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2.2.2 Displacement Threshold Energy

The displacement threshold energy, Ed, is defined as the minimum energy that must

be transferred to the lattice atom for it to be displaced from the site. The threshold

energies range between 10 – 90 eV [95, 96] and are dependent on the atomic weight.

The parameter is generally considered to be fixed and independent of crystallography,
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temperature, and velocity vector. ASTM E521 [97] recommends 40 eV should be

the Ed value for iron. Contrary to this, the threshold energy has been shown to be

heavily dependent on crystallography [95, 98] and the thermal state at the atomic

scale [98]. It should be noted that there are inconsistencies in the standard threshold

energy supplied by ASTM E521 to literature [99]. However, the standard is useful as

provides a simplification for calculating the damage caused by radiation.

2.2.3 Kinchin and Pease Model

Kinchin and Pease (1955) [100] developed a model (now called the Kinchin­Pease

model) that calculates the number of displacements produced per PKA. The authors

assumed that the damage collisions were independent, and the displacements pro­

duced were linearly proportional to the PKA energy. This model calculated the av­

erage displacement of atoms per incident ion. The model was modified by Norgett,

Robinson and Torrens (NRT) in 1975 [94] and is now part of the ASTM E521 [97]

standard. Thismodification used binary collision approximation simulations and con­

sidered the possibility of ballistic process recombination. The full NRT equation is

as follows:

ν(T ) =


0 , Td < Ed

1 , Ed < Td <
2Ed

0.8

0.8Td

2Ed
, 2Ed

0.8
< Td < ∞

 (2.2.1)

where Td is the energy available for damage production, ν(T ) as the displacements

of atoms per incident particle, Ed is the threshold displacement energy, and 0.8 factor

was result of the NRT modification. Equation 2.2.1 can be used to calculate the

number of displaced atoms in any material, given that Ed and Td is known.

For neutron irradiation, the particle transport code Monte­Carlo N­Particle

(MCNP) [101, 102] utilises the NRT model to calculate the energy transferred to

lattice atoms by incident neutrons. For ion irradiation, the Stopping and Range of

Ions in Materials (SRIM) Monte­Carlo code [103] simulates materials exposure to
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ion radiation and calculates ν(T ) through implementation of the NRT model.

2.2.4 Displacements per Atom (dpa) Unit

The ASTM E521­96 [97] states that the standard measurement unit of radiation dam­

age is the displacement per atom (dpa). It represents the number of displacements for

each atom from their original lattice sites. If the volume of material is known then the

number of displacements in this volume can be calculated by normalising the num­

ber of displacements to the atomic density, which yields the dpa value. For example,

1 dpa is a representation which signifies that every atom within the lattice has been

displaced at least once on average. The dose dpa unit can be used to compare with

different radiation damage by radiation modes (neutron, proton, and ion) as the unit

is independent of ion type. The determination of dpa in as follows:

R = N

∫ Emax

Emin

ϕ(Ei)σD(Ei)dEi (2.2.2)

dpa =
∫ t

0

R

N
dt (2.2.3)

where R is the displacement rate per volume, Emax and Emin are the maximum and

minimum energy of the incoming particle, respectively, N is the atom number den­

sity, ϕ(Ei) is the energy dependent displacement cross­section, σD(Ei) is the energy

dependent displacement cross section and t the irradiation time [16, 97]. An alterna­

tive view of the dpa value can be:

dpa =
number of displaced atoms in a unit volume

number of (material) atoms in the same volume
(2.2.4)

The limitations of using the dpa value are:

• It uses averaged damage values across the whole irradiation experiment;

• It does not account for transmutation effects (a neutron is removed from the
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system, thus this now­removed neutron cannot induce further damage);

• It does not consider the material’s crystallographic structure;

• It does not consider the defects already present in the material (such as grain

boundaries);

• It does not consider the incident radiation type;

• It does not consider the incident radiation directional angle.

Charged particles, photons, and neutrons cause radiation damage in materials.

Neutrons are not charged, whereas ions are charged. For neutron irradiation dpa cal­

culations, ASTM E693 [104] should be followed. To calculate dpa for ion (which

includes proton) irradiation, the number of displacements per incident ion must be

calculated. SRIM is the most used Monte Carlo code to calculate this displacements

per incident ion [103, 105]. However, it is still not standard practice in the literature

to find full descriptions of the explicit calculation of dpa using SRIM. It is important

to know how the authors have calculated dpa, as the value is useful to compare with

other irradiation studies.

Stoller et al. (2013) [99] investigated the use of SRIM for computing the radiation

damage exposure. It has been known that the ‘Detailed Calculation with full Damage

Cascade’ option in SRIM yields approximately twice the number of displacements

produced per Angstrom per ion compared to the ‘Ion Distribution and Quick Calcu­

lation of Damage’ mode. From this discrepancy, the authors recommended the use of

the standard NRT model and ASTM E521 [97] standards on the displacement thresh­

old energy to calculate the number of displacements per ion. This is to provide a

standard method for researchers to calculate dpa and to provide a comparison against

other ion irradiation studies. Comparisons between neutron and ion dose should be

taken with caution due to the difference in dose rates (neutron dpa/s ranges from

10−6 − 10−8 and ion dpa/s ranges from 10−2 − 10−5), charge deposition, nuclear

reactions/transmutation rates, and penetration depth [106].

23



T. P. DAVIS CHAPTER 2

When literature reports describe neutron dpa results, the authors usually do not

provide detailed calculation information, such as which model they used (Kinchin­

Pease, half­Nelson, NRT and French model). Each of these models produce slightly

different dpa values that will affect the interpretation of data when comparing between

different spectra [107, 108]. The neutron energy spectrum should also be quoted, as

outlined by Gilbert et al [76, 77, 109], transmutation rates are highly dependent on

the energy spectrum of the incident radiation. A list of expected dose (dpa) values

and temperature for nuclear reactors are listed in Table 2.2.1.

Table 2.2.1: Common radiation damage values and temperatures of fission and fusion
reactors. DEMO values are highly dependent on the design and are subject to change.

Component Temperature (◦C) Radiation damage (dpa) Ref
Reactor Pressure Vessel steel (40 years) 230 0.1 – 0.4 [110]
Fuel cladding in a light­water reactor (2­5 years) 320 20 – 30 [18]
Fuel cladding in a SFR (2­5 years) 550 – 650 50 – 100 [17, 18]
Joint European Torus (JET) divertor tile 1000 – 1200 <0.001 [111]
ITER W divertor tile 800 – 1100 0.1 [112]
ITER first wall Be tile 600 – 1000 1 [113]
EU­DEMO1 first wall steel structure 400 – 500 ∼50 – 100 [114]
EU­DEMO1 W first wall 1000 – 1500 ∼30 – 80 [114]
EU­DEMO1 W divertor 1000 – 1500 ∼30 – 50 [114]
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2.2.5 Radiation Damage Dependence on Temperature

The survived point defects that are produced by the displacement cascade will diffuse

though the atomic microstructure. The effects of point defects are highly dependent

on operating temperature and can be generally categorised into these main types:

• Below 0.3–0.4 TM (where TM is the melting temperature of the material)

radiation­induced defect clusters form, called radiation­induced precipitation

(RIP), segregation of solute atoms or trace impurities [74]. These defects re­

sist dislocation movement, increasing the hardness and yield strength of the

material (as initially predicted by Makin et al. (1965) [115]). This occurs with

a damage dose between 0.001 to 0.1 dpa [9, 44].

• Between 0.3–0.6 TM there are three main mechanisms that become dominant:

radiation­induced segregation (RIS) and RIP [40], void swelling [69], and

radiation­induced creep [116, 117].

• At high temperatures, > 0.5 TM, and applied mechanical stress, helium trans­

mutation products migrate towards the grain boundaries, which can cause in­

tergranular fracturing [9, 118]. These stages are represented in figure 2.2.3

compiled by Zinkle et al. (2017) [44]. In addition, at these temperatures creep

rupture is a likely failure mechanism [34].

These temperatures may differ between material systems (such as nickel­based,

refractory­based etc.) but the generalisation provides a useful insight into radia­

tion damage of materials. Radiation damage is a complex, multifaceted phenomena

that occurs from the nanometer to millimetre length scales and from picoseconds to

decades timescale.
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Figure 2.2.3: An example of irradiation damage as a function of temperature us­
ing transmission electron microscopy. The stages listed are determined by: Stage I,
initiation of long­range self­interstitial migration; Stage III, monovacancy migration
initiation; Stage V, thermal dissolution of small vacancy clusters. Reproduced with
permission from Zinkle et al. [30].

2.2.6 Radiation­Induced Swelling

Radiation­induced swelling is a volume change mechanism and is shown in figure

2.2.4 for austenitic stainless steel. Radiation damage produces vacancies which clus­

ter to form voids within the material at temperature ranges between 0.3 − 0.6TM.

Helium is produced by the (n, α) reaction, and it is these helium ions that stabilise

the voids [35]. The most common source of α particles in materials is from the trans­

mutation of 58Ni by:

58Ni(n, γ) →59 Ni(n, α)56Fe (2.2.5)

where α is a helium nucleus. The α stabilises the voids and forms bubbles with an

associated internal pressure. This pressure expands the lattice producing a volume
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change. Under constant irradiation and temperature, these voids start to grow and

causes swelling. There are two main methods that reduce the swelling of a material:

• Remove the main source of alpha particles (i.e. remove nickel);

• Include a large dislocation density network to absorb the vacancies produced

by radiation damage;

Radiation­induced swelling can can be a showstopper within a nuclear environ­

ment which experiences high flux neutrons (such as fast spectrum fission reactors and

fusion reactors). The rates of swelling, as shown in figure 2.2.4, observed for certain

materials are not possible to engineer out. The definition of a showstopper can be

considered as the engineering elimination of a material based on swelling rates due

to radiation [42].

2.2.7 Helium Embrittlement

As described in section 2.2.6, helium is generated by theX(n, α)Y nuclear reaction.

Helium embrittlement is temperature dependent: if the temperature is >0.5 TM, the

helium diffuses towards the grain boundaries and embrittles them; if the temperature

is <0.5 TM, the helium forms bubbles and induces the swelling effect.

Helium embrittlement of grain boundaries is one of the major showstoppers in

Generation IV nuclear reactor core materials [33, 119] and fusion structural steels

[64, 120]. This type of embrittlement can cause the material to catastrophically fail

[44].

Expanding on the nuclear reaction discussed in section 2.2.6 for the source of

helium, the typical reactions for structural materials are: 10B(n,α)7Li, 58Ni(n,γ)

→59Ni(n,α)56Fe and 58Ni(n,α)55Fe. The reactions are dependent on the neutron en­

ergy spectrum, as shown in figure 2.2.5. The 58Ni(n,γ) →59Ni(n,α)56Fe reaction is

the most common reaction in structural materials, such as steels and nickel, due to the

presence of nickel in the alloys. Furthermore, the reaction occurs across the entire
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Figure 2.2.4: Comparison of the volumetric swelling behaviour of stainless steels
(304L SS, CW 316SS, D9 Ti­mod SS; CW (coldwork), SS (stainless steel)) and
ferritic­martensitic (FM) 9­12Cr Steels following fast neutron irradiation between
400­550 ◦C temperature in Phénix. This is a good example of the severity of the
radiation­induced swelling experienced by austenitic steels compared to the swelling
experienced by FM steel. Figure reproduced from Ref. [64].

neutron energy spectrum indicating that helium generation should be expected in all

nuclear reactors.

The high neutron energies associated with fusion reactions generate, on average,

50 to 100 times the quantity of He per dpa in materials compared to the levels found

in fission reactors, as shown in figure 2.2.6. The levels of helium embrittlement

predicted in fusion structural materials are significantly higher than fission. Helium

embrittlement is difficult to investigate because the He generation is dependent on

the neutron energy spectrum dependence, as shown in figure 2.2.5.
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10B(n,α)7Li

59Ni(n,α)56Fe 

58Ni(n,γ)59Ni

58Ni(n,α)55Fe

Figure 2.2.5: The neutron cross­section for the common helium generation reactions
(10B, 58Ni and 59Ni) as a function of neutron energy. The data is from the ENDF/B­
VIII.0 nuclear database [121].

2.2.8 Simulating Neutron Irradiation

The motivation to use ion irradiation to study the effects of neutron irradiation began

as a result of the fast breeder and fusion reactor programmes that occurred during

the 1970s [97, 122]. Neutron irradiation experiments are time consuming (months to

years), expensive and induce radioactivity. Thus, the main advantages of using ions

to simulate neutron irradiation damage are as follows:

• It avoids a highly radioactive environment;

• There are a limited number of neutron irradiation facilities;

• It is economically advantageous to use ion irradiation over neutron irradiation;

• Ions can be accelerated with high currents achieving low irradiation times to

reach the same damage dose (dpa) [123].
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over a pulse of several minutes, the divertor receives ∼10 MW/m2 in this time frame, and the
anticipated short-term disruptions are twice that power level. ITER materials selection has also
been driven by expediency, or the need to field nuclear-qualified components in the near term.
Unfortunately, although these materials and components are anticipated to perform satisfactorily
in the ITER environment, they are entirely unsuitable for the DEMO environment in part due to
the irradiation instability of all these materials at the higher doses relevant for DEMO and violation
of the low-activation criteria in the case of type 316 stainless steel and Cu. Specifically, Be suffers
from a low melting temperature, severe irradiation embrittlement, and transmutation such that it
is not suitable for DEMO (36, 39). W, the current leading option for beyond-ITER applications
(40, 41), is notoriously difficult to manufacture and shares the very low dose embrittlement issue
with Be, rendering it an essentially nonstructural material. Moreover, in a D-T fusion neutron
first-wall environment, the W transmutation rate to Re and Os is ∼0.25 at%/dpa (∼1.4 at%/year),
with unknown consequences (42).

A significant gap in the current understanding is the behavior of materials under the high neu-
tron doses and transmutant H and He levels that are prototypical of fusion reactor first-wall and
blanket structures (10, 43–45). The high neutron energy associated with the D-T fusion reaction
(Equation 1) generates approximately 50- to 100-times-higher He/dpa in materials such as ferritic
steels than does fission reactor irradiation. Figure 3 summarizes current experimental He and
displacement damage regimes investigated for neutron-irradiated RAFM steels compared with
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Figure 3
Summary of the RAFM steels experimental database in terms of transmutant He versus displacement
damage in actual (RTNS-II, fission reactors), under construction (ITER), and proposed (SNS/SINQ, MTS,
IFMIF) temperature-controlled facilities compared with the anticipated operating conditions in a
demonstration fusion reactor. Abbreviations: IFMIF, proposed D-Li International Fusion Materials
Irradiation Facility; MTS, proposed Materials Test Station spallation source at Los Alamos National
Laboratory; RTNS, Rotating Target Neutron Source, previously at Lawrence Livermore National
Laboratory; SINQ, the Swiss Spallation Source at Paul Scherrer Laboratory; SNS, Spallation Neutron
Source at Oak Ridge National Laboratory.
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Figure 2.2.6: A summary of the dpa and He (appm) for structural steels in fusion
reactors compared to fission reactors. IFMIF (International Fusion Materials Irra­
diation Facility); MTS (Materials Test Station) spallation source; RTNS (Rotating
Target Neutron Source); SINQ (Swiss Spallation Neutron Source); SNS (Spallation
Neutron Source). Reproduced with permission from Ref. [30].

There are four fundamental differences between ion and neutron irradiation.

Firstly, the spectrum of energies for ions is mono­energetic as they are produced

by accelerators, whereas neutron irradiation energies can occur over several orders

of magnitudes [124], as shown in figure 2.2.7. Secondly, ions can only penetrate a

limited depth into the target as they readily lose energy due to the Coulomb repulsion

[103, 125], as shown in figure 2.2.8. This gives rise to non­uniform energy deposition

throughout this penetration depth with most of the damage induced at the Bragg peak

of energy deposition. It is impossible to extract any useful macroscopic mechanical

properties from the ion or proton irradiated depths for design purposes [125]. The

third difference is the transmutation rates and products are different. The fourth dif­

ference is the damage dose rate is on orders of magnitude. (neutron dpa/s ranges from
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10−6 − 10−8 and ion dpa/s ranges from 10−2 − 10−5).

Protons are extensively used in materials development as a surrogate for neutron

damage [40, 83, 126–131] with limited success [106, 127, 131]. It has been shown

that neutron PKA energy is clearly higher than proton PKA [132], which dictates the

formation of damage cascades. Souidi et al. (2011) [133] have shown that cluster size

distribution at 0.1 dpa (low dose) was virtually independent of the cascade energy.

This suggests that the energy­dependent phenomena, such as sub­cascade formation,

spatial extension, radial pair correlation functions do not influence the long­term clus­

ter evolution. Therefore, it is these studies that have provided the basis for exploring

whether proton irradiation could become a surrogate for neutron irradiation.
548 11 Simulation of Neutron Irradiation Effects with Ions

Fig. 11.1. Energy spectra of incident ions in a monoenergetic ion beam, and neutrons from
a variety of reactor types (from [7])

very large distances and produce spatially flat damage profiles over many millime-
ters of material.

As discussed in Chap. 2, the total number of displacements per atom is given by
the K–P [8] or NRT [9] models. This quantity provides an adequate measure of the
number of displacements created by the incoming particle irrespective of the mass
of the particle. In addition to dpa, the primary recoil spectrum describes the relative
number of collisions in which an energy between T and T + dT is transferred from
the primary recoil atom to other target atoms. The fraction of recoils between the
displacement energy Ed, and T is, from Eq. (3.11):

P(Ei,T ) =
1
N

∫ T

Ed

σ(Ei,T ′)dT ′ (11.1)

where N is the total number of primary recoils and σ(Ei,T ) is the differential cross
section for a particle of energy Ei to create a recoil of energy T , and Ed is the
displacement energy. The recoil fraction is shown in Fig. 3.5, which reveals only
a small difference between ions of very different masses.

But there is a substantial difference in the damage morphology between parti-
cles of different mass. Light ions such as electrons and protons will produce damage
as isolated Frenkel pairs or in small clusters while heavy ions and neutrons produce

Figure 2.2.7: The energy spectra of neu­
trons from various reactor types and spec­
tra of a mono­energetic proton beam Re­
produced with permission from Ref. [16].

564 11 Simulation of Neutron Irradiation Effects with Ions

compared to that near the damage peak. As shown in Fig. 11.13b, the Ni++ ions
come to rest at a position just beyond the peak damage range. So even though the
peak damage rate is about 3× that at the surface, swelling at that location is sup-
pressed by about a factor of 5 compared to the surface [17]. The reason is that the
bombarding Ni++ ions constitute interstitials and the surplus of interstitials near the
damage peak results in a reduction of the void growth rate [18, 19]. In the dose rate-
temperature regime where recombination is the dominant point defect loss mecha-
nism, interstitials injected by Ni++ ion bombardment may never recombine since
there is no corresponding vacancy production. Therefore, injected interstitials com-
prise a larger fraction of the point defects absorbed at sinks whenever the fraction
of point defects recombining is large, such as in the peak swelling regime.

11.4.3 Protons

In many ways, proton irradiation overcomes the drawbacks of electron and neutron
irradiation. At only a few MeV, the penetration depth can exceed 40µm and the
damage profile is relatively flat such that the dose rate varies by less than a factor
of 2 over several tens of µm. Further, the depth of penetration is sufficient to assess
such properties as irradiation hardening through microhardness measurements, and
stress corrosion cracking through crack initiation tests such as the slow strain rate
test. Figure 11.14 (and Fig. 2.25) shows schematics of 3.2MeV proton and 5MeV

Fig. 11.14. Damage profiles for 1MeV neutrons, 3.2MeV protons and 5MeV Ni++ ions in
stainless steel (from [12])Figure 2.2.8: The damage profile of 1
MeV neutrons, 5 MeV Ni++ and 3.2 MeV
protons in stainless steel. The Bragg peak
for proton irradiation can be seen at the end
of the penetration path (∼ 40 µm). There
is a superimposed 10 µm grain structure
to give a sense of scale. Reproduced with
permission from Ref. [124].

Heavy ions (normally self­ions, which, for example, would be Fe ions for a Fe

matrix) are used to minimise chemical and compositional changes, high dose rates,

and high damage in an efficient amount of time. Heavy ions have typical energies

within the MeV range, which have been shown to have similar damage cascades with
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neutrons [134]. However, the penetration depth is very shallow (typically between

200 nm – 2 µm, as shown in figure 2.2.8), which limits the volume of the effective

damaged region. A significant consequence of high dose rates is that they produce a

large temperature and dose rate shift along the penetration depth. It has been shown

that void swelling has been suppressed at the Bragg peak and not at the initial damage

dose near the surface [131, 135]. This is highlighted clearly in figure 2.2.10. The

injected interstitials are in excess compared to vacancy production [135].

Was et al. (2002) [127] thoroughly investigated whether proton irradiation can

actually emulate neutron irradiation effects, such as RIS. The authors showed direct

comparisons between the same alloy heats (i.e neutron irradiation at 275◦C and proton

irradiation at 360◦C); this is important to note on alloys, as it eliminates potential

sources of discrepancy between heats. The shift in temperature was used to increase

diffusion of solute elements. Dislocation loop size distributions and number density

were in agreement with both irradiation types on 304 and 316 austenitic stainless

steels. Grain boundary segregation (Cr, Ni, Si, andMo) agreedwell for both distances

and percentage trends, as shown in figure 2.2.9.

Nonetheless, ion irradiation cannot emulate transmutation effects, especially

within fusion reactors [76, 77, 109, 137], which is critical for the plasma­facing com­

ponents [138–140]. Furthermore, ion irradiation cannot produce in­situ gas produc­

tion, such as alpha emission from neutron capture, thus researchers have irradiated

materials with ion and helium beams to simulate these effects [141]. It is evident that

modelling neutron irradiation with ions will not be sufficient to provide realistic data

in material properties and, more importantly, provide solid evidence to the nuclear

regulators, which they ultimately determine whether the material could be safely used

in a nuclear environment. Despite this, ion irradiation can provide a valuable insight

and screening process for newmaterials (i.e. if they perform unsatisfactorily once ion

irradiated, it can be safely assumed that the material will not perform satisfactorily

under neutron irradiation [142]).
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Figure 2.2.9: A direct comparison of
radiation­induced segregation in Cr, Ni
and Si in 316 stainless steel following an
irradiation of 1.0 dpa with both protons
and neutrons. Reproduced with permis­
sion from Ref. [127].

Figure 2.2.10: The swelling as a function
of depth for Fe­15Cr­35Ni steel irradiated
with Ni ions at 625 ◦C. The dotted profile
is the dpa damage as a function of depth for
comparison. It is clear that void formation
is suppressed with heavy ions beyond the
surface layer to the Bragg peak [136].

The use of ions to study radiation damage has received a significant amount of

attention since the 1990s [142]. The main reason behind this was due to the US

and UK shutting down their fast breeder test reactors so access to neutron sources

was hard to come by. The academic debate for using ions as a surrogate for neutron

irradiation has yet to be resolved [106, 122, 142]. To­date, no strong evidence has

been provided which suggests that neutron irradiation could be replaced by any other

technique [142].

2.3 Structural Materials Selection for Reactor Cores

The structural materials selection must not only consider the material properties, but

also the overall system parameters of reactor cores [42, 71]. These parameters could
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impact the acceptability and performance limits of the material (e.g. materials sur­

pass the acceptable limit for radioactivity after use [109, 137]). Advanced materials

can improve reactor performance via increased safety margins and design flexibil­

ity, in particular by increasing the tensile strength [64, 73], thermal creep resistance

[64, 143], and superior neutron radiation damage resistance [44]. A balance must be

obtained between the maturity of the material (standardisations, history etc.), safety

margins, functionality, material properties, and consideration of the knowledge gaps

[42].

Nuclear structural materials have both general and nuclear properties. These

properties are:

• General Properties: factors such as mechanical strength, ductility, dimen­

sional stability, fabricability, fracture toughness, cost, availability, heat trans­

fer, etc.

• Nuclear Properties: factors such as neutron absorption, moderation and re­

flectivity characteristics, susceptibility to induced radioactivity, resistance to

radiation damage, helium embrittlement, swelling etc.

Further the selection must also include specific parameters for fusion (if applica­

ble):

• Tritium breeding performance [62];

• Neutron multiplier performance [54];

• Plasma facing, such as sputtering properties [138];

• Ferromagnetic behaviour for MCF [144];

• Residual activation [109, 137, 145].
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This selection criteria does not consider every component; however, it provides a

clear list of requirements that need to be considered when selecting a material in both

Generation IV fission and fusion reactors.

In addition, there are two main nuclear design codes for Generation IV fission

and fusion that will used for the construction of components for nuclear power plants.

These are:

• American Society of Mechanical Engineers (ASME) Boiler and Pressure Ves­

sel Code (BPVC) Section III Division 5 ’High Temperature Reactors’ [73] de­

sign code for Generation IV fission reactors, and is discussed in section 2.4.2.

• ASME BPVC Section III Division 4 ’Fusion Energy Devices’ [146] is under

development.

• AFCEN (French) RCC­MRx ’Design and Construction Rules for Mechanical

Components in high­temperature structures, experimental reactors and fusion

reactors’ nuclear design code [147].

The purpose of these codes is to establish national or international standards that

consist of a set of rules based on state­of­the­art knowledge, experience and experi­

mental feedback from nuclear facilities. The codes provide the bridge between dif­

ferent suppliers, participants, researchers, designers, manufacturers and regulators.

For a nuclear environment, steels can be segregated into two strands:

• Austenitic steels, which have a face­centred cubic (fcc) crystal structure at op­

erating temperatures.

• Ferritic­martensitic steels, which have a body­centred cubic (bcc) crystal struc­

ture at operating temperatures.
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2.3.1 Austenitic Stainless Steels

For any nuclear environment, steels are the chosen material for the pipework, reactor

core structure, reactor pressure vessel (RPV) and all other major components [64].

For a fusion environment, steels are the primary candidate for the structural compo­

nents (divertor, first wall, breeder blankets), cryostat, auxiliary systems, and robotics

[148].

The major disadvantage when using austenitic stainless steels is that they are in­

herently susceptible to radiation­induced swelling, as discussed in section 2.2.6. The

swelling of austenitic stainless steels is a showstopper (within the 450 – 600 ◦ [149])

when considering them as structural components for use within Generation IV fission

and fusion reactors as these reactors will experience radiation damage beyond 30 dpa

[38]. These factors indicates that these austenitic stainless steels life­limiting factor

to be swelling.

2.3.2 Ferritic­Martensitic Steels

Ferritic­martensitic steels are based on 9­12 wt% Cr and were developed in the 1930s

for use in the petrochemical industry, later gas turbines, and conventional fossil fuel

plants [38]. After the discovery of radiation­induced swelling in the 1960s [34],

ferritic­martensitic steels were chosen to replace austenitic stainless steel in the US

fast breeder programme in the 1970s [150].

Ferritic­martensitic 9–12%Cr steels have been shown to have excellent resistance

to void swelling [34], high thermal conductivity [73], and high fracture toughness

[42]. It is these properties which enable the material to become prime candidates for

fuel cladding, reactor core internals, and pipework for lead­cooled fast reactors, SFRs

and molten salt reactors [32, 38], and structural materials for fusion reactors [148].

As mentioned in Chapter 1 Section 1.1.3, novel SFR concepts are designed to op­

erate at elevated temperatures (> 600 – 650 ◦C). During the 1970s, SFR fuel cladding
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was generally constructed out of austenitic stainless steels [37], however these steels

are prone to void swelling. For the US SRF programme (namely the Fast Flux Test

Reactor (FFTF)), the fuel cladding and surrounding reactor core materials was cho­

sen to be Sandvik HT9 ferritic 12Cr % steel [38] (see Table 2.3.1 for composition

comparisons).

HT9 steel was designed for the petrochemical industry in the 1960s with a maxi­

mum operating temperature of 550 ◦C and is considered to be a first­generation struc­

tural steels. However, the reactor conditions (>450 – 500◦C, 10 – 50 dpa, 100 – 150

MPa internal pressure due to fission gas products) require the cladding to be thicker or

the gas plenum enlarged (to lower the internal pressure [119]). These are undesirables

as they reduce neutron population within the core and therefore a larger enrichment

of the fuel is required.

The desire to increase operating temperatures paved the way for second genera­

tion structural steels to be produced and codified against ASTM standards [151, 152].

The most developed steel in this category is the Grade 91 ferritic­martensitic steel.

This steel was developed as part of the advanced creep resistant alloys for the US fast

breeder program [153]. Niobium was added to produce strong carbides and nitrides

to increase the creep rupture life at 600 ◦C to 100 MPa from 60 MPa [38].

In addition to this steel, low­activation steels are being developed for fusion en­

ergy. The overarching goal for low­activation steels is to build fusion energy with

materials that either do not activate or, if activated, produce low­level radioactivity

that can be handled after 100 years of a reactor shutting down [109, 145, 154]. EU­

ROFER is being developed by the Eurofusion programme [155, 156] and F82H [156]

is the equivalent low­activation steel undergoing development in Japan. The compo­

sitions are listed in table 2.3.1. However, recent neutronic activation studies have

revealed that these low­activation steels might not meet the low­activation criteria

[137].

The creep rupture lifetimes of these steels are displayed in figure 2.3.1. It is
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Table 2.3.1: Comparison between the compositions of structural steels for use in
Generation IV and fusion reactors in wt%. T91 is also known as ASTM A213 or
Mod 9Cr­1Mo.

COMPOSITION (wt%)
Steel C Si Mn Cr Ni Mo W V Nb B N Other
HT9 0.2 0.4 0.6 12.0 0.5 1.0 0.5 0.25 – – – –
T91 0.1 0.4 0.4 9.0 0.1 1.0 – 0.2 0.08 0.07 –
T92 (NF616) 0.07 0.06 0.45 9.0 0.25 0.5 1.8 0.2 0.05 0.004 0.06 –
EUROFER 0.11 0.05 0.5 8.5 – – 1.0 0.25 – 0.005 – 0.08 Ta
F82H 0.1 0.2 0.5 8.0 – – 2.0 0.2 – 0.003 – 0.04 Ta

clear that T91 (Mod 9Cr­1Mo) has better mechanical properties at 650 ◦C compared

to the fusion steels and HT9. Further, figure 2.3.2 provides a comparison of creep

rupture strength at 100,000 hrs. It should be noted that a Generation III structural

material called NF616 (also known as T92) with improved high temperature strength

and increased creep rupture times [38], however, the candidacy as a Generation IV

structural material has been curtailed somewhat due to the addition of boron (neutron

absorber).

Figure 2.3.1: A direct comparison be­
tween creep rupture curves at 650 ◦C of
EUROFER, F82H, HT9 and T91 (Mod
9Cr­1Mo). Reproduced with permission
from Klueh et al. (2007) [38].

Figure 2.3.2: A direct comparison of the
100,000 hr rupture strengths between EU­
ROFER,HT9, F82H, T91 (Mod 9Cr­1Mo)
and NF616 (T92). Reproduced with per­
mission from Klueh et al. (2007) [38].
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2.4 Grade 91 (T91) Ferritic­Martensitic Steel

Grade 91 steel is a ferritic­martensitic steel with excellent high temperature strength,

good thermal conductivity, and low thermal expansion. The ASTMGrade 91 ferritic­

martensitic steel is commonly known by its form names: T91 [151], F91 [152], P91

[157], where T, F, and P indicate tube, forge and pipe form, respectively, or Grade

91 for pressure vessel steel. The differences between these forms is manufacturing

method only (composition is the same). Other names that have been used are Mod

9Cr­1Mo (United States), 9Cr­1Mo­1V within the ASME BPVC code and 1.4903

X10CrMoVNb9­1 (Europe).

Grade 91 (referred to hereafter as T91) steel is a candidate for major structural

component material of sodium [42], lead/lead­bismuth [158] and molten­salt cooled

reactors, and could be a candidate for structural components (first­wall, divertor and

breeder blanket structural supports) for fusion power reactors [148]. The attractive

properties of T91 steel for these applications are: a) excellent swelling resistance

[34, 38]; b) high thermal conductivity; c) existing supply chain due to the steels use

in boiler tubes, heat exchangers and piping [159] and; d) both ASME BPVC Sec­

tion III Division 5 [73] and French RCC­MRx nuclear code qualified [147]. T91

steel could become a suitable candidate for fusion reactors, as it possesses the re­

quired mechanical properties for the breeder blanket and divertor, neutron irradiation

history [34, 42, 160–166], nuclear code qualification, and exhibits superior high tem­

perature creep resistance ( 105 hr creep rupture strength is 160MPa at 550 ◦ C) when

compared to EUROFER97 ( 105 hr creep rupture strength is 125 MPa at 550 ◦C)

and F82H ( 105 hr creep rupture strength is 140 MPa at 550 ◦C) reduced­activation

ferritic­martensitic steels [44]. However, T91 does not meet a ‘reduced­activation’

criterion [145] because the long­lived isotopes that are generated by the transmutation

of niobium, molybdenum and nitrogen alloying additions [109, 137].

T91 steel was originally designed for the Clinch River Breeder Reactor Project
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in the 1970s. The development was between Combustion Engineering Inc. and Oak

Ridge National Laboratory [167]. Its mechanical and thermal properties make it an

excellent potential material for sodium heat exchangers, and it is one of the most

intensively studied steels in boiler service [168]. The material is considered as the

‘Generation II’ ferritic­martensitic steel [38].

2.4.1 ASTM T91 Standard

For the steel to be legally called T91 steel, it must meet the composition, manufac­

turing and form factors defined within the ASTM International A213 standard [151].

If the material does not meet this standard, it will not be considered nuclear­grade or

nuclear code qualified. The size requirements are as follows: 3.2 mm< d < 127 mm

and 0.4 mm < t < 12.7 mm; where d is the diameter and t is thickness of the tube.

The manufacturing route is as follows and it must meet the conditions listed:

• The steel is fully austenitised between 1040 – 1080 °C and allows for vanadium

and niobium carbides/nitrides to form.

• The steel is then air­cooled below 204 °C to transform it to martensite.

• The steel is reheated between 730 – 800 °C to allow for the formation of large

M23C6 precipitates. These type of steels are over aged to allow the steels to

operate for long times at high temperatures.

• The steel is then air cooled to room temperature.

The composition must be within the range defined in the ASTM International A213

standard [151], as defined in Table 2.3.1.

2.4.2 ASME BPVC Section III Division 5

T91/F91/P91/Grade 91 steel is nuclear code qualified in the ASME BPVC Section

III Division 5 ‘High Temperature Reactors’ [73] and the French RCC­MRx design
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code [147]. The ASME BPVC nuclear code has seen the most development for T91

steel and has a mandatory use within the USA and Canada [169]. Section III Division

5 applies to nuclear installations when a ferritic­martensitic steel is at or above 370
◦C. A Class A component is defined as any component within the reactor pressure

boundary and a Class B component is defined as any component outside the reactor

pressure boundary. It should be noted that the US Nuclear Regulatory Commission

require the use of ASME nuclear design code for any nuclear reactor construction on

US soil [170].

2.4.3 General Microstructure Properties of T91 Steel

The microstructure of T91 steel underpins the performance of the material at high

temperatures. Thus, it is important to understand the basic ferritic­martensitic mi­

crostructure that this steel possesses. The following features of the microstructure

enable T91 steel to have good high temperature properties and are as follows:

• A high number density of M23C6 carbides, ‘M’ stands for Cr and/or Mo. These

carbides are ∼ 200 nm in diameter [130].

• A high number density of MX particles, where ‘M’ stands for V or Nb and ‘X’

stands for C or N. These MX particles are ∼30 – 50 nm in diameter [38].

A schematic of the ferritic­martensitic microstructure can be found in figure 2.4.1.
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Figure 2.4.1: A schematic of the ferritic­martensitic microstructure. Reproducedwith
permission from Abe (2006) [171]

2.4.4 Neutron Irradiated T91 Steel

It should be noted that the author of this thesis provided scientific advice on the use of

T91 steel for use in a nuclear reactor core to the UK’s Office for Nuclear Regulation,

and has been published in Ref. [42]. This section will provide an overview of the

published work.

As outlined in section 2.2, high energy neutrons generated in a fast reactor will

displace the lattice atoms within the structural materials. Interstitials and vacancies

form, which is represented in the dpa term that affects the microstructure andmechan­

ical properties. The properties change due to the agglomeration of these vacancies

and interstitials, which ultimately embrittle and swell materials. In addition, these

point defects enhance alloying element diffusion creating radiation­induced segrega­

tion and precipitation.

T91 steel has yet to be used as a component within nuclear reactor cores, thus the

operational experience is limited. The majority of T91 steel irradiation experience

is due to it being irradiated in the BOR­60, FFTF, ATR, and EBR­II reactors as test

specimens [34, 42, 85, 86, 130, 160–166]. T. P. Davis’ (2018) [42] Office for Nuclear

Regulation report summaries the neutron irradiation properties of T91 steel for use
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as a SFR fuel cladding material. This section will briefly cover the effect of neutron

and ion irradiation on T91 steel properties. However, detailed microstructure changes

will be discussed in research Chapters 4 and 5.

2.4.4.1 Mechanical Properties

T91 exhibits typical mechanical properties for a ferritic­martensitic steel in the unir­

radiated conditions. These typical values are as follows: the tensile strength is a

minimum of 585 MPa, the yield strength is a minimum of 415 MPa, the elongation

at 50 mm is 20%, and the hardness should be around 265 HV, as specified by the

ASTM A213 standard [151]. Under irradiation, the yield strength increases due to

radiation induced hardening [164] and ductility decreases due to radiation­induced

microstructural changes [160] as a function of irradiation temperature [172].

Neutron irradiation produces point defects within the material’s lattice, as dis­

cussed in section 2.2. These point defects form dislocation loops and voids as a func­

tion of temperature. All steels embrittle below ∼ 450◦C due to the precipitation

of nanoclusters and segregation of alloying (or trace) elements [16]. The embrittle­

ment is a result of the microstructure dislocations becoming pinned on the radiation­

induced features, such as Mn­Ni­Si precipitates (MNSP) [164, 165, 173–179] (often

described as ‘G­phase’ – Mn6Ni16Si7 [180]). However, above 500 ◦C the nanoclus­

ters generally dissolve back into the matrix [181] and vacancies have the energy to

diffuse and annihilate with interstitial atoms. This is called radiation­softening in T91

steel [38]. Charpy impact testing is used to determine the shift in ductile­to­brittle

transition temperature (DBTT) [182, 183]. The DBTT is important as the component

could become brittle under the operating conditions.

The change in yield stress, DBTT, fracture toughness and swelling are found in

figures 2.4.2, 2.4.3, 2.4.4 and 2.4.5, respectively.
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Figure 2.4.2: The yield stress (tensile
stress) as a function of irradiation temper­
ature for T91 steel. Below 450 ◦C, steels
are known to embrittle, whereas above this
temperature the alloy tends to soften. Col­
lection of data presented in Ref. [42].

Figure 2.4.3: The shift in DBTT temper­
ature for T91 steel as a function of irradi­
ation dose. The red data points show lit­
tle or no shift in DBTT. Collection of data
presented in Ref. [42].

Figure 2.4.4: The fracture toughness of
T91 steel as a function of irradiation dose
and temperature. Collection of data pre­
sented in Ref. [42].

Figure 2.4.5: The swelling (%) of T91
steel (9Cr­1Mo) as a hoop stress tested at
400 °C and up to 208 dpa in the FFTF re­
actor. Reproduced with permission from
Toloczko et al. (1994) [34].

2.4.4.2 Radiation­Induced Segregation

RIS of solute additions (Si, Mn, Ni, Cr, Cu, P) in ferritic­martensitic steels is an ex­

pected feature of radiation damage [9, 30, 44, 173, 178, 179, 184]. It is well known

that chromium (Cr) segregates under heavy irradiation doses [130, 177, 185–187]

which enriches the level of Cr above the solubility of Cr in Fe producing the α′ phase
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(face­centred­cubic (fcc)) [187, 188]. Further, many studies have reported the ob­

servation of G­phase [130], M6C [189], and χ [164] phases as a result of neutron

irradiation [177, 190].

Lu et al. [184] compiled and reviewed the literature on RIS and found conflict­

ing results on the segregation of Cr under irradiating conditions; out of the total 15

experiments, 8 of which displayed grain boundary Cr enrichment and 7 displayed Cr

depletion. The major discrepancy between these 15 studies derives from wide rang­

ing the irradiation conditions (dose, dose rate, temperature, and ion), in fact no two

data points were taken under the same conditions. It is clear that a systematic study

of irradiation damage is required to understand and ultimately predict the effect of

irradiation.

Wharry et al. [70] pursued this by producing a systematic RIS study in T91 steel.

The authors studied 2 MeV proton irradiated T91 steel at 400 ◦C and 500 ◦C with a

dose rate of 1.3 ×10−5 dpa/s. RIS at prior austenite grain boundaries (PAGB) was

analysed with both TEM and APT. Cr, Ni and Si segregated to PAGBs and was found

to saturate above 3 dpa, which is consistent with neutron irradiated ferritic­martensitic

steels [191]. It was found that radiation induced hardening was primarily caused by

the formation of MNSP. This is one of the first systematic approaches to determin­

ing the effect of RIS however, no attempt was made to compare it against neutron

irradiation experiments.

Below 500 ◦C, Cr is known to segregate beyond the solid solution in Fe and

precipitates to form a Cr­rich α′ phase under irradiation [130, 185–187, 192]. α′ has

been observed under neutron irradiation where the dose rate is low (10−7 dpa/s). This

phase is known to embrittle these steels [193]. Tissot et al (2017) [188] first claimed to

observe α′ formation after heavy ion irradiation. The injected interstitials could play

a role in suppressing the formation of α′ phase. Further, the authors determined that

multi­step ion irradiation to reach high doses is not recommended as the technique

suppresses α′ formation.
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It has also been shown that the carbides (M23C6) and MX particles coarsen at

both high temperatures and under irradiating conditions [38, 130]. Further literature

review and research conducted on RIS and RIP can be found in Chapter 4 and Chapter

5.

2.4.5 Summary of T91 Steel

T91 steel is a candidate for the SFR’s fuel cladding material but there are outstanding

knowledge gaps that inhibit the use today [42]. T91 steel has physical limitations due

to the ferritic­martensitic matrix, which are:

• Above > 700 ◦C, the material will fail due to plastic deformation at low stresses

of 10 MPa in under 1000 hours [38, 73]. This is due to the failure of the iron

ferritic­martensitic matrix.

• When T91 steel is exposed to low temperatures (<100 ◦C), it could fail by brittle

fracture when damaged by neutrons [42]. At these temperatures, the structural

integrity of the fuel cladding will no longer meet the safety requirements of the

reactor.

These intrinsic limitations present the need for a new type of steel to meet the

demands of SFRs. These steels need to withstand very high doses (>100 dpa) at

high temperatures (550 – 700 ◦C) and produce an insignificant degree of swelling.

The most promising approach is based on using powder metallurgy to produce high

strength, radiation resistant oxide dispersion strengthened (ODS) steels [44]. The

next section will discuss this new branch of steels.
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2.5 Oxide Dispersion Strengthened Steels

It should be noted that the author provided scientific advice on the use of ODS steels

in nuclear reactor cores to the UK’s Office for Nuclear Regulation, and has been

published in Ref. [42]. This section will provide an overview of the published work.

The very first design procedure to reduce the effect of radiation damage on mate­

rials was to introduce cold­work in type 304 stainless steel to reduce swelling in the

1970s [194]. The process of cold­work introduces large dislocation densities com­

pared to the annealed condition that provides increased trapping sites which delays the

onset of void swelling. However, after approximately 1 dpa the dislocation densities

in cold­worked austenitic steels generally relax and tend towards the void swelling

values observed in non­cold­worked conditions [195]. Thus, cold­work addition to

the treatment provides only a temporary engineered radiation resistance rather than

a permanent solution to the challenging phenomenon. The main approach to design

radiation­resistant materials is by engineering in high sink strength properties with

the introduction of high density recombination centres for point defects (i.e. point

defect sinks, such as grain boundaries and stable nanosized precipitation) [44].

It is the third approach that ODS steels use to resist radiation damage by promoting

a high density recombination centres through the creation of nm­scale precipitates that

are stable under high temperatures and neutron irradiation [41, 196–199]. The most

common nm­scale precipitates include the elements Y, Ti, and O [199].

2.5.1 Introduction

ODS steels that contain 12­16 %wt Cr typically have high tensile strength, high creep

resistance, and high fatigue strengths over a large operational temperature range

[200]. They also have long­term thermal stability up to 900 ◦C [201] and high ra­

diation damage tolerance (such as resistance to helium embrittlement [202]). The

maximum operating temperatures are limited to the Cr concentration [41] within the
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alloy; ODS steels that have 14% Cr are considered to operate between 650­850 ◦C,

whereas 9% Cr is considered to operate between 550­650 ◦C. The increase in Cr

provides a higher density of M23C6 carbides, which improve the high temperature

operation window.

These properties generally derive from the inclusion of a small volume fraction

(between 0.25–0.5%) of Y2O3, which has an extremely high number density (5×1023

m−3) with an average diameter between 2–8 nm [45, 196, 198, 203, 204]. These

nanoscale particles are generally yttrium­titanium­oxygen (Y2Ti2O7) pyrochlores.

These Y­Ti­O nanoclusters are highly stable under extreme operating conditions, are

chemically inert and resistant up to 900 ◦C [45], and oxide particles act as recombi­

nation points for the vacancies and interstitials generated by irradiation [44]. These

steels have been described as radiation resistant [44, 45, 205].

ODS steels are the prime candidates for being the fuel cladding of SFRs and fu­

sion structural materials [30, 41]. However, fabrication of these steels is extremely

difficult due to yttrium being virtually insoluble in iron [206] (indicating that the tra­

ditional melting and forging processes are incompatible). Therefore, the only method

at present to manufacture these steels is by powder processing and either by hot iso­

static pressing (HIP) or through the field assisted sintering technique (FAST) (which

is also known as Spark Plasma Sintering (SPS)) [207–209].

The challenges of developing ODS steels remain significant [210]. The chal­

lenges arise in the technological areas of joining, welding, uniformity, fabricability

and scaling it up to the industrial production scale [42, 45, 199].

2.5.2 ODS Steel Fabrication Methods

Benjamin (1971) [211] first developed the process ofmechanically alloyingmaterials.

Originally, the method added Ti, Mo and Y [210, 212] to increase the yield strength.

The US breeder reactor program accelerated the development of these steels. It was

found by adding titanium to the powder that it produced finer Y­Ti­O particles [213],
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and Hf and Zr were found to further refine the size [214]. Due to the immiscibil­

ity of yttrium in iron [206], it is not possible to produce yttrium­containing steels

via the traditional manufacturing routes so instead Y is mechanically introduced to

the iron matrix. A typical ODS steels composition is found in Table 2.5.1, with W

added for solid solution strengthening, Mn, Al and Si are impurities introduced by

the mechanical milling process, and C is provided for Ti carbide formation.

The typical manufacturing method of ODS is as follows [203, 212]:

1. Produce the base alloy material in the form of a fine powder [210];

2. Mechanically mix yttrium oxide (Y2O3) powder with the fine alloying powder.

Generally ball mill the combined powder up to 40 hr reduce the average particle

size. This milling process is conducted under an inert atmosphere to reduce

internal oxidation. Mechanically milling provides plastic deformation into the

powder. Recent research indicates the atmosphere optimal composition should

be either He or H [215];

3. ‘Can’ the powder and degas in a vacuum chamber;

4. HIP the can between 900 – 1300 ◦C and 100 – 200 MPa for 4 hours [210, 216].

HIPing is the most common method to produce ODS steel [210]. However, there

aremajor scalability due to the small mechanically milled batch (≈ kg) scale and high

cost issues along with only producing simple geometries [44, 45] and thus possible

unsuitability for industrialisation. Secondly, there is a current lack of industrial part­

ners that could help speed up the process of manufacturing. Zoz Group in Germany

have started a research project that investigates the scale­up of ODS steel manufac­

turing to the tonnage level [217]. Indira Gandhi Centre for Atomic Research, India,

has also been developing the upscale of ODS steels [218].

FAST is an upcoming alternative method to manufacture ODS steel. The advan­

tage is that sintering only takes 4 – 5 minutes rather than 4 hours at a high temperature
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using the HIPing method (less time indicates a quicker batch process and possibly

cheaper). The base alloy powder is gas atomised with pure Y. A sacrificial oxide,

normally Fe3O4, is mechanically milled with the gas­atomised powder. It should be

noted that vanadium oxide has proven to have advantages over Fe3O4 [219]. The

powder is then packed into a graphite die. The die is then held under uniaxial pres­

sure with a 1000 – 5000 A (electrical current) passed through the sample [208, 220].

The ohmic heating is enough to fully sinter the powder into a solid body within 5

minutes. The typical cooling rates are 2000 ◦C/min to achieve theoretical density

[220].

Table 2.5.1: A typical ODS Steel composition, 14YWT (where Y, W and T reference
yttrium, tungsten and titanium, with 14 referring to the Cr wt%). Composition taken
from ref. [221].

COMPOSITION (wt%)
Alloy Cr Mn C Ti W Y2O3 Al Si Fe
14YWT 13.34 0.33 0.09 0.21 2.66 0.3 0.11 0.18 Bal.

Producing ODS in raw billet form will be costly [45] and no single steel manufac­

turer in the world is producing this steel on a tonnage scale. The applications for this

steel could expand into non­nuclear sectors, such as envisioning it being used as heat

exchanger tubes in the petrochemical industry so they can run at higher temperatures

to improve efficiencies. The manufacture scale up of this steel is possible and does

produce a promising outlook [45] but does require further research and development.

2.5.3 Characterisation of the Microstructure

ODS steels are categorised by the amount of Cr: martensitic (body centre tetragonal

(bct)) microstructure with 7­9 wt%Cr and fully ferritic bcc structure with 12­16 wt%

Cr. By providing sufficient amounts of O and Ti during sintering, the Y2O3 will react

and produce 2–8 nm diameter Y2Ti2O7 pryochlore, Y2TiO5, or YTiO3 [199, 204, 210,

216]. These Y­Ti­O particles have a fcc structure that is incoherent with the matrix,
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as shown in figure 2.5.1. There is evidence that these Y­Ti­O particles have a core­

shell of normally Cr [204]. The interfaces (see figure 2.5.1(d)) are coherent with the

matrix and produce a significant amount of strain on the lattice.

The milling process introduces ultra­high dislocation densities. During sinter­

ing the pressure produced on the grain boundaries exceeds Zener pinning before the

Y­Ti­O particles have fully consolidated. Thus, the grains which exceed the pinning

force grow significantly and grains which are pinned grow insignificantly [222]. This

scenario produces a bimodal grain structure, as shown in the 14YWT (Fe­14Cr­3W­

0.2Ti­0.25Y2O3) electron backscatter detection (EBSD) map figure 2.5.2. The bi­

modality could become a drawback at high temperatures in terms of creep resistance.

The non­uniformity of grains in ODS steels have been attributed to three effects:

1. By the non­uniform distribution of nano oxide Y­Ti­O particles [223];

2. By the inhomogeneous temperature distribution across the sample during sin­

tering [207];

3. By the inhomogeneous dislocation density distribution across the powder after

mechanically alloying it [224].

The consolidated Y­Ti­O particles produce high defect trap­sink strength, enhanc­

ing vacancy and interstitial diffusion, thus increasing the likelihood of recombination

[30]. Y­Ti­O particles also stabilise the grain boundaries and trap helium nuclei (via

transmutation). These features impact the mechanical properties of these steels al­

lowing them to operate at higher temperatures, stresses, and dose (dpa) levels [45].

2.5.4 Mechanical properties

In general, ODS steels have a higher yield stress, higher creep resistance strength,

poorer fracture toughness, reduced elongation properties, and a higher DBTT value

compared to 9­12 % Cr ferritic­martensitic steels. In particular, ODS steels have
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Figure 2.5.1: a) Transmission electronmicroscopy (TEM)micrograph of theY2Ti2O7

particles in a Fe­Cr matrix; b) Scanning TEM (STEM) showing the elemental distri­
bution of these Y­Ti­O particles; c) pyrochlore structure shown using exit wave focal
series images; d) description of the orientational relationship between the matrix and
precipitate; e) actual and f) processed STEM images showing the dimensions of a py­
rochlore; g) 3D representation of the STEM image f). Reproduced with permission
from Wu et al. (2016) [204].
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Figure 2.5.2: EBSD map of 14YWT (Fe­14Cr­3W­0.2Ti­0.25Y2O3) ODS alloy. The
grain structure is bimodal. Reproduced with permission from C. Jones [221].

outperformed ferritic­martensitic steels by lasting longer (in hrs) at the same creep

rupture stress (in MPa), as shown in figure 2.5.3. The fracture toughness of ODS

steels are generally lower than ferritic­martensitic steels, as shown in figure 2.5.4,

due to the high dislocation density and high nanosized precipitates density.

McClintock et al. (2009) [197] extensively studied the mechanical properties of

both EUROFER (Fe­9Cr­1W­0.1C­0.2V), ODS­EUROFER (Fe­9Cr­1W­0.1C­0.2V­

0.3Y2O3), 14WT (Fe­14Cr­3W­0.2Ti) and 14YWT (Fe­14Cr­3W­0.2Ti­0.25Y2O3)

ODS alloy in both unirradiated and irradiated conditions. The authors used small

sheet­type tensile specimens to determine the properties. There is a clear distinction

between ODS and non­ODS material by their yield strength as a function of temper­

ature, as shown in figure 2.5.5. Further, the elongation of these alloys is shown in

figure 2.5.6. It is clear that ODS steel in the unirradiated condition has superior creep

resistance and yield strength.

The inhomogeneity of Y­Ti­O particles [222] could impact predictability of the
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steels performance [221]. There have been attempts made to quantify the hetero­

geneity of ODS steels by Czainski et al. (1994 )[225]. However, the authors were

unsuccessful in predicting the mechanical properties due to this heterogeneity in par­

ticle distribution. Further review into the inhomogeneity of ODS steels is the central

focus of the study in Chapter 6.

Figure 2.5.3: Creep behaviour of ferritic­
martensitic steels and ODS steels at 650
◦C. Reproducedwith permission fromZin­
kle et al. [44].

Figure 2.5.4: Temperature dependence
of fracture toughness of both F/M steels
and ODS (nanostructured ferritic alloys
(NFAs)). Reproduced with permission
from Byun et al. [226].

2.5.5 Effect of Neutron Irradiation

The promise of ODS steels is that they are radiation resistant due to the Y­Ti­O par­

ticles providing a high density of strong sinks.

McClintock et al. (2009) [197] neutron irradiated (1.5 dpa; 2.1 ×1021 n/cm2 E>

0.1 MeV) EUROFER, ODS­EUROFER, 14WT and 14YWT alloys, and compared

their yield stress. The yield stress increased for EUROFER, ODS­EUROFER and

14YWT by 200 MPa and 14YWT increased by 100 MPa, as shown for EUROFER

in figure 2.5.7 and ODS­EUROFER in figure 2.5.8. In addition, there was a loss of
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Figure 2.5.5: Yield strength as a function
of temperature of unirradiated EUROFER,
14WT (non­ODS version of 14YWTwith­
out the Y2O3 powder milled) and 14YWT.
Reproduced with permission from Mc­
Clintock et al. [227].

Figure 2.5.6: Uniform elongation as a
function of temperature of unirradiated
EUROFER, 14WT and 14YWT. Repro­
ducedwith permission fromMcClintock et
al. [227].

ductility and fracture toughness. It should be noted that, as shown in figure 2.5.8,

there was little change in the yield stress in the irradiated condition. It is this data that

characterises the radiation resistance of these ODS steels.

Figure 2.5.7: Yield strength as a function
of temperature of neutron irradiated EU­
ROFER and ODS­EUROFER steel to 1.5
dpa. Reproduced with permission from
McClintock et al. [227].

Figure 2.5.8: Yield strength as a function
of temperature of neutron irradiated 14WT
and 14YWT steel to 1.5 dpa Reproduced
with permission from McClintock et al.
[197].
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The Y­Ti­O particle stability under high temperatures is not well understood

[30, 44]. Yamashita et al. (2002) and (2004) [228, 229] reported that, after neutron

irradiation, there was a loss of small (< 3nm) Y­Ti­O particles within the microstruc­

ture. On the contrary, Yamashita et al. (2007) [230] later reported that growth of the

large particles from 75 to 85nm after neutron irradiation (JOYO reactor; 100 dpa up

to 982 K) was observed and an increase in minimum particle size from 5.2 to 9.5 nm

was detected. Furthermore, another study by Yamashita et al. (2013) [231] observed

no change in Y­Ti­O particle size distribution from neutron irradiation to 30 dpa at

827 ◦C. The range in conclusions on the particle stability in ODS steels characterises

the lack of solid understanding.

Further, ion irradiation of ODS steels have been conducted to determine the ef­

fects on the microstructure and mechanical properties. A square­root dependence for

the Y­Ti­O particle size decrease with increasing ion dose was determined by Allen

et al. (2005) [232], which is consistent with the ballistic mixing theory. However,

later studies by Allen et al. (2008) [233] indicated that this square­root dependence

was also a function of irradiation temperature.

One of the considerations in misunderstanding the particle size change is related

to the limits of frequent TEM characterisation methods used in observing Y­Ti­O

particles. Particles that are small (< 2nm) remain elusive in TEM images [44, 233],

which can lead to inaccurate determinations of the change in nano size particles chal­

lenging. Atom probe tomography (APT) is capable of observing particles < 2nm at

low and high doses. Thus, APT has shown promise in accurately determining the par­

ticle size distribution change as a function of irradiation [234–236]. The operational

details of the APT method is found in chapter 3 section 3.1.

Jones (2016) [221] investigated the effect of nanoindentation hardness from pro­

ton irradiation in ODS steels. The author demonstrated that 14YWT ODS steels had

a bimodal grain structure and bimodal nanohardness behaviour. The author ruled out

that large precipitates (> 50 nm) was the cause of this bimodal hardness but failed

56



T. P. DAVIS CHAPTER 2

to determine what microstructural or metallurgical phenomena caused the bimodal

properties.

An overarching issue within the ODS steel research community is there has been

no consistency between ODS alloy batches (such as composition, manufacturing

route, microstructure reproducibility); between all the literature reviewed in this sec­

tion, not one ODS alloy was produced with the same parameters, method, and com­

position. By centralising on a ODS alloy composition and partnering with industry

to manufacture these steels on a large scale, should begin a consistent and systematic

supply of this material. It is this predictable, sustained supply of material that could

accelerate the alloy system to be deployed in future SFRs and fusion reactors.

2.6 Summary of Knowledge Gaps

When T91 steel operates at low temperatures (300 – 400 ◦C) and is subjected to neu­

tron irradiation, the material becomes embrittled. This embrittlement is caused by

irradiation hardening primarily due to precipitation of supersaturated Cu impurities

and/or Mn­Ni­Si solute atoms. However, detailed characterisation of these precipi­

tates have not been conducted on neutron and ion irradiated T91 ferritic­martensitic

steels at low (300 – 400 ◦C) temperatures.

For ODS steels, a bimodal grain structure after heat treatment and recrystallisation

are a typical defining feature of ODS steels, comprising two distinctive regions of

nanosized and microsized grain. Understanding and control of grain size bimodality,

heterogeneity of the grain sizes and Y­Ti­O nanocluster densities are likely important

characteristics in microstructure to control during the manufacture of these steels.

Characterisation of the Y­Ti­O particles’ influence on the deformation in ODS steels

has not been conducted before. This type of study would provide an insight into the

nature of these nano­sized particles on the deformation mechanics.
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2.7 Thesis Theme and Objectives

The theme of this DPhil thesis is based on the role of precipitation, whether that is

radiation­induced precipitation or oxide precipitation. The nucleation and evolution

of the material’s microstructure, and its effects on the mechanical properties by ir­

radiation is important for the structural steels of reactor cores, as it determines the

safety, structural integrity and allowable operational windows. This DPhil thesis will

investigate the effect of neutron and ion irradiation on T91 steel’s microstructure and

mechanical properties and the microstructure of ODS steels. The detailed research

chapters are as follows:

• Chapter 3 discusses the experimental methods that will be used within this

thesis research.

• Chapter 4 discusses atom probe characterisation of segregation driven Cu and

MNSP co­precipitation in neutron irradiated T91 ferritic­martensitic steel. The

aim is to understand how neutron irradiation effects the microstructure, such

as RIS and RIP, of candidate structural materials.

• Chapter 5 discusses nanocluster evolution and mechanical properties of ion ir­

radiated T91 ferritic­martensitic steel. The aim is to understand the effect of

low dose irradiation, and to investigate the usage of ion acceleration as a tool for

understanding irradiation damage on the microstructure and mechanical prop­

erties.

• Chapter 6 discusses electron microscopy and atom probe tomography of

nanoindentation deformation in oxide dispersion strengthened steels. The ob­

jective is to investigate heterogeneity of the Y­Ti­O particle distribution and its

effect on the mechanical properties of ODS steels.
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Experimental Methods

This chapter will discuss the experimental methods used to conduct the studies within

Chapters 4, 5, and 6. The three main techniques used for this thesis are: atom probe

tomography (APT), electron backscatter diffraction (EBSD) ,and nanoindentation.

Transmission electron microscopy (TEM) is discussed as the technique was applied

by a collaborative researcher for the oxide dispersion strengthened steel research

within Chapter 6 (details are provided within the chapter).

3.1 Atom Probe Tomography

APT is a technique combining a nanoscale position sensitive detector and amass spec­

trometer, producing three­dimensional chemical mapping of the species’ detected

mass­to­charge­state ratio [237, 238]. The technique enables detailed analysis of 2D

(interfaces) and 3D (precipitates) features in materials and is applied extensively in

this thesis to study precipitates within materials. APT has a lateral spatial resolution

of up to 0.2 nm [238], up to 0.06 nm depth spatial resolution [237], and 100 atomic

parts per million sensitivity [239, 240]. Typical APT datasets acquired in this study

have between 2 to 10 million ions, which can be reconstructed in 3D volumes that

range from 25 × 25 × 75nm3 to 150 × 150 × 500 nm3. The instrument used for
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this project is the Local Electrode Atom Probe (LEAP) 5000XR® manufactured by

CAMECA and located at the Department of Materials, University of Oxford, and

LEAP 4000 HR® located at the Center for Advanced Energy Studies, Idaho National

Laboratory.

3.1.1 Principles of Operation

Fundamentally, APT is based upon highly controlled field evaporation of ions from

the apex of a needle­shaped materials specimen [237, 241]. APT is a destructive

analysis technique which applies a high DC voltage to generate an intense electric

field at the surface of a specimen, which is cryogenically cooled to between 30 –

60 K. The application of this DC voltage in combination with either a high voltage

pulse or ultrashort laser pulse results in the ionization and removal of atoms from the

tip. APT requires the material specimen to be very sharp with a tip apex of radius

between 25 – 100 nm [238, 241]. Typical voltages applied to the APT samples (in

high vacuum) ranged between 2 – 10 kV to generate an electric field at the apex. This

electric field is defined as:

EF =
V

kfR
(3.1.1)

where EF is the electric field generated at the APT sample apex, V is the applied

voltage, kf is the geometric field factor (which is dependent on electrostatic environ­

ment including the specimen shape), and R is the radius of curvature at apex of the

tip [237]. The strength of this electric field generated can lead to field evaporation of

ions from the tip. Once evaporated, the (positively charged) ions accelerate towards

the position sensitive detector that records both the ions’ position and time­of­flight

(TOF). This can be used to determine the mass­to­charge­state ratio of the ion. As

the apex changes shape (i.e. R changes) due to the loss of ions, the voltage generally

increases to maintain the required electric field at the apex, usually to enable a con­

stant rate of field evaporation. A typical APT analysis will increase the applied DC

voltage until either the sample fractures or a user­set voltage limit has been reached.
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A highly simplified LEAP schematic is shown in figure 3.1.1.

The collection of this raw ion positional data from the detector must then be

reversed­projected back to the ions original real space locations within the sample us­

ing an image reconstruction algorithm. The Integrated Visualisation &Analysis Soft­

ware (IVAS) developed by CAMECA is used to reconstruct APT datasets [242, 243].

The detector position is used to calculate the original x and y coordinates from the

apex and the z coordinate is based on the temporal order of ion detection combined

with a geometrical correction [244]. Specifically, IVAS uses the reconstruction algo­

rithms that is outlined in more detail by Gault et al. [243] and Geiser et al. [242].

Figure 3.1.1: A typical LEAP schematic whereXD and YD are the coordinates of the
ion which impacts on the position sensitive detector,N represents the atoms position
within the detected atom sequence (not to scale). Reproduced with permission from
Gault et al. (2010). [245].

3.1.2 Limitations and Artefacts of APT

The artefacts that arise from APT ultimately result in erroneous atomic positions

within the reconstruction. Such artefacts and limitations arise due to the imperfections

of materials, changes in field evaporation, whilst complex physics leads to trajectory
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aberrations surface migration of ions, and chromatic aberrations [240, 246].

Trajectory artefacts are of concern when investigating materials with small scale

(nm) precipitates [246, 247]. The trajectory aberrations arise from the relative differ­

ence in the electric fields needed to evaporate ions constituent within the precipitate

compared to the surrounding matrix [248]. This results in the reconstruction of re­

gions of low and high atomic density. This type of artefact is found when there is a

change in crystallographic phases and crystallographic poles (here the electric field

is discontinuous). The consequence of these artefacts is that the reconstructed pre­

cipitate could have a higher or lower density than the matrix, which may lead to

erroneous conclusions in the data. An illustration of this phenomena is found in fig­

ure 3.1.2. The data analysis could be impacted due to the increase in difficulty of

quantifying the phase chemistry, composition and density as both the matrix and pre­

cipitate atoms could be reconstructed in the incorrect volume [246]. Analysis within

this thesis considers spatial trajectories and is addressed in section 3.1.6.

Overall, the key message is that the difference in the electric field required for

evaporation causes local changes in the shape at the sample’s apex (e.g. the shape is

either flatter or increased curvature). This breaks the key assumption in the recon­

struction algorithms (i.e. the point projection model assumes that the tip is perfectly

hemispherical). When the tip deviates from this assumption, this results in aberrations

where the atoms are reverse projected back to in the reconstruction. Crystallographic

poles are similar as they arise from the crystallography at the surface, which is not

smooth at the atomic scale but consists of steps and terraces. This can also result in

subtle changes in the tip radius that result in the crystallographic poles that are seen

in reconstructions of the APT data.

Another limitation to the APT technique is that segregation of solute elements to

and on dislocations must be present in the material to observe them in the data. If

no segregation occurs to dislocations, APT cannot detect their presence due to the

combination of imperfect spatial resolution and limited detection efficiency.
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Figure 3.1.2: An illustration on how precipitates could be affected (such as the atomic
density variation) by the trajectory aberrations in the APT. Reproduced with permis­
sion from Gault et al. (2012) [238].

3.1.3 Focused Ion Beam

Either electropolishing or focused­ion beam (FIB) techniques are required for sample

preparation [241]. The FIB based methods enable specimens to be fabricated from

either bulk or site specific region (such as a grain boundary, precipitate or irradiated

depth) [241]. Within this thesis, only FIB APT sample preparation was used due to

the nature of radioactive samples (i.e. FIB minimises the change of a radiological

hazard occurring due to the small volume interaction). The typical FIB preparation

for APT specimens used in this thesis is shown in figure 3.1.3. The effects of APT

data collection on materials normally result in a fractured tip; however, figure 3.1.4

shows the apex after a successful APT run.
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1 mm 10 μm 1 mm

5 μm 5 μm 4 μm

5 μm 1 μm

W weld

a) b) c)

d) e) f)

g) h)

Figure 3.1.3: a) 3mm disc specimen inserted in the SEM vacuum chamber; b) the
typical trench style cantilever lift­out method, as described in [241]; c) the pre­
manufactured copper base and silicon posts to mount the cantilever via a manipulator
arm (the gas inserted tube provides the W gas for welding); d) the cantilever placed
on the top of a pre­manufactured silicon post; e) W gas is injected on the surface with
a predefined FIB beam to weld the sample and W together to the silicon post; f) a
typical wedge shape mounted on top of the silicon post; g) annular milling is per­
formed with the FIB to provide a coarse APT tip; h) final FIB milling with 2 kV ions
is performed to make a suitably thin tip (<100 nm apex) for APT.
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Apt after run

5 µm 1 µm

Figure 3.1.4: The apex of a ODS steel APT tip after a successful run (> 10 million
ions collected). The apex has a spherical shape.

3.1.4 Cluster Searching

The definition of a cluster at the atomic scale within APT data is still a topic of much

debate [237, 238, 243]. Twomethods have emerged to identify and search for clusters

in APT datasets: a) detect subtle non­random spatial distributions of elements, and b)

identification and characterisation of individual clusters. The former used methods

such as frequency distributions [238, 249, 250], nearest neighbour distance distribu­

tions [251, 252] and the pair correlation function [253]. The later uses techniques

such as the maximum separation method [247], core linkage [251] isoconcentration

surfaces, and proxigrams [83, 254–256]. These individual cluster search methods

will be used in this thesis to characterise nanosized clusters in all steels investigated

[130, 247, 257, 258].
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3.1.5 Maximum Separation and Core Linkage

The Maximum Separation and Core Linkage methods are based on the assumption

that two nearest neighbour solute atoms within a cluster are separated by a distance

less than a pair of corresponding solute atoms in the matrix. The algorithms are

implemented as follows [237, 238]:

1. Select the solute elements that are expected to be in the cluster. This is material

system dependent;

2. Select an initial maximum separation distance,DMax, which is the distance from

each solute atom core wherein neighbouring atoms will be searched. Typical

values range from 0.3 – 1 nm [238, 259];

3. A sweep of DMax is conducted for all selected solute atoms within the system.

If a solute atom lies withinDMax, it is tagged as connected to the original solute

atom, as shown in figure 3.1.5(b);

4. The minimum number of atoms in a cluster, NMin must be user­defined. This

parameter determines the minimum number of ions a cluster should have to be

called a cluster;

5. Randomise each dataset and perform a cluster search with the same parameters

listed above. Styman et al. (2013) [260] developed this method and removed

the random clusters from the real data.

6. The method was further developed by Vaumousse et al. (2003) [261] with the

introduction of an envelope, L step, so as to incorporate matrix atoms into the

defined cluster. All atoms within L distance of a cluster are now part of the

cluster, as shown in figure 3.1.5(c);

7. The envelope method leaves am erroneous shell of matrix atoms around the

surface of the defined cluster. The introduction of a step, called the erosion
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step is performed. All matrix atoms within DErosion will be removed from the

cluster, as shown in figure 3.1.5(d). This step improves the quantification of

cluster size, shape, and composition.

8. Next, the introduction of a core­link process where the algorithm includes the

above maximum separation method but adds an order, O, term [251]. O is

the number of solute atoms that must be within DMax for it to be defined as a

cluster [238, 262]. Max separation uses O = 1 whereas the core­link method

uses O > 1.

A limitation of this cluster searching method is the subjective aspect input by the

initial selection ofDMax andNMin. The outcome of the cluster search can be strongly

influenced by the parameter selection [263]. Therefore, it is important to state the

cluster search algorithm and all parameters selected to enable repeatability of the

research.
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Figure 3.1.5: A schematic for the maximum separation and core­linkage method. (a)
identified solute atoms are in the light grey colour. (b) sweep through DMax and the
core atoms tagged (dark grey colour). (c) Sweep through L and identify more core
atoms (hatched grey) associated with the cluster. (d) atoms with a DErosion (labelled
E in the schematic) from the matrix atoms are removed (dotted grey colour). Repro­
duced with permission from Hyde et al. (2011) [263].
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3.1.6 Cluster Post Processing in APT

The search for MNSP is conducted by using the maximum separation method [247]

and the core­link method [251]. The cluster search parameters are optimised follow­

ing the method outlined by C. A. Williams et al. (2012) [259]. The cluster search

used the IVAS implementation of the maximum separation method and the core­link

method. After the cluster search, the size, number density, composition, and volume

fraction of the identified MNSP are calculated using the solute ions. Partial edge

clusters (defined as a cluster from the original material whose true extent is not com­

pletely contained within the reconstructed APT volume) are removed from the cluster

search to avoid underestimation of the sizes. The algorithm used to detect and remove

the edge clusters was developed by Jenkins et al (2020) [262]. The number density

of clusters, Nd, was calculated by the following:

Nd =
NClustersDetected − 1

2
NEdgeClusters

VDataset
(3.1.2)

where NClustersDetected, is the number of clusters within the analysed reconstruction,

NEdgeClusters is the number of clusters at the edge of the reconstruction, and VDataset is

the volume of the reconstruction dataset (in m3). The volume is determined by:

VDataset =
NRangedΩ

η
(3.1.3)

where Ω is taken as the volume of one Fe atom (1.178×10−2 nm3), the number of Fe

atoms contained in the bcc lattice per m3, and η is the detection efficiency of the atom

probe instrument used (LEAP 4000HR η = 0.37 and LEAP 5000XR η = 0.52). It

is assumed that any cluster would have a Poisson distribution, thus the error follows

σ(Nd) =
√
Nd . The volume fraction, f , of the MNSP is calculated by:

f =
NCluster

Ranged −NRanged
Fe

NTotal
(3.1.4)
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whereNCluster
Ranged is the number of ranged atoms within all clusters,N

Ranged
Fe is the number

of ranged Fe in all clusters and NTotal is the total number of ranged atoms within the

dataset. Ranged atoms are user defined elements in the mass­spectrum of the APT

dataset (examples are found in chapter 4 figure 4.4.1 and chapter 6 figure 6.4.2). The

volume of each cluster is assumed to be spherical and with the atomic density of

bcc­Fe.

The radius of the clusters was calculated by the assumption that they were spher­

ical in volume. The radius was then calculated using the following relationship:

r = 3

√
NsolΩ

4πη
(3.1.5)

where Nsol is the number of solute ions in a cluster.

The atom probe mass­spectrum must be ranged by user assigned chemical iden­

tities to each peak. Steels that have Ni and Si alloying additions have overlapping

mass­to­charge­state peaks at 29 Da with 58Fe2+, 58Ni2+ and 29Si1+ with all three ion

species potentially incorporated within the MNSP. The contribution of 58Fe2+ to the

29 Da peak with the clusters has previously been claimed to be limited in other irra­

diated steels [264] and some authors have chosen not to include any ions originating

from the 29 Da peak in their cluster searches [265]. Other researchers have utilised

Scanning TEM (STEM)­Energy­dispersive X­ray spectroscopy (EDS) as evidence to

claim that the exclusion of Fe from the defined MNSP in the APT data was reason­

able [266]. The situation is further complicated by trajectory aberrations that affect

the spatial resolution of the reconstructed atom maps, as discussed by Larson et al.

[267], which can erroneously introduce Fe (matrix) into the defined MnNiSi cluster.

Therefore, in this thesis, all cluster compositions will identify peak 29 as 58Ni2+ (the
29Si1+ peak did not match the expected natural isotope ratios) and the Fe ions will be

removed from the cluster calculations.

All APT datasets investigated within this thesis are found in Tables 3.1.1, 3.1.2,

and 3.1.3 for Chapters 4, 5, and 6 respectively. The data includes: APT run number,
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irradiation conditions, total ions, temperature, pulse fraction, detection rate, voltage

or laser mode, and cluster search parameters. The ion ‘Fm’ in tables 3.1.1 and 3.1.2

is actually Ni at peak 29 Da. This was differentiated to locate and deconvolve the

peak at 29 Da, as discussed above. The contributions of ‘Fm’ was considered as Ni

in all MNSP calculations. Overall, the total datasets collected by APT include 179

successful (> 2 million ions) runs. The total unsuccessful APT analyses is ∼ twice

this number at 357.
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3.2 Electron Microscopy

This section will briefly discuss the electron­based microscopy methods used within

this thesis research. The techniques used are: EBSD, Transmission Kikuchi Diffrac­

tion (TKD) and TEM. The latter was performed by Dr. J. C. Haley as part of a col­

laborative study discussed in Chapter 6; however, the technique will be described to

provide the necessary understanding to interpret the data.

3.2.1 Electron­Backscatter Detection (EBSD)

EBSD is a technique built upon the scanning electron microscopy (SEM) method

[268, 269]. The SEM uses a focused beam of electrons that scans the surface of sam­

ples in a vacuum chamber. The electrons interact with the material’s surface, which

can provide information on the surface topography, composition, and in the case of

EBSD, crystal orientation. Advanced EBSD techniques can reveal information on

the grain boundary misorientation [269, 270], texture [268], and phase morphology

[269]. EBSD is used to characterise the grain size and morphology within this thesis.

The basic principles of EBSD are shown in figure 3.2.1.

EBSD was conducted on a Zeiss Merlin with a beam energy of 15 keV. ESBD

mapping within this study was conducted by a 100 µm by 100 µm area at 100 nm

step size with a 17.3 mm working distance. The definition of a grain to reconstruct

the EBSD map was that the grain boundary misorientation was set to ≥ 15◦.
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Figure 3.2.1: The basic principle of EBSD is as follows: the leftmost column shows
four characteristic patterns from ferritic (body­centred cubic) steel. The central col­
umn show the spatial signal variations. The top right­hand side pattern shows the ra­
tio between the strongest and second strongest components to the signal. The bottom
right hand side pattern shows the grain morphology. Reproduced with permission
from Wilkinson et al. (2019) [270]

3.2.2 Transmission Kikuchi Diffraction (TKD)

TKD is an advanced electron microscopy technique that improves the spatial reso­

lution [270, 271] and has been under development since 2012. TKD is also known

as transmission­EBSD, or t­EBSD. For TKD, the sample is mounted horizontally

(or back­tilted) away from the EBSD detector. The consequence of this is that the

samples bottom surface will be imaged (as the electrons will transcend through the

sample). Electrons can only penetrate∼ 100 nm into the material, so the sample must
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be thin.

TKD was used in this thesis to locate grain boundaries in APT samples and place

the boundary on the tip for analysis. A schematic setup of the FIB/TKD is found in

figure 3.2.2. A typical APT TKD milling method is found in figure 3.2.3. The TKD

technique used on T91 steel that has been neutron irradiated to 2.14 dpa at 327 ◦C, as

part of the research discussed in Chapter 4, is shown in figure 3.2.4.

Figure 3.2.2: A schematic of both (a) FIB/TKD setup with a EBSD detector at 0◦ tilt
and b) at 52 ◦ tilt. Reproduced with permission from Sneddon et al. (2016) [271].

Figure 3.2.3: A novel technique for combining APT specimen with grain orientation
in the first 220 nm. Removal of material from the tip is carefully performed with the
FIB whilst periodically checking the position of the grain boundary. The iterative
process is completed once the grain boundary is near the apex of the tip. Reproduced
with permission from Babinsky et al. (2014) [272].
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Figure 3.2.4: TKD technique used on T91 steel that has been neutron irradiated to
2.14 dpa at 327 ◦C, as part of the research discussed in Chapter 4. a) platinum layer
has been deposited over a prior­austenite grain boundary (PAGB) (pink line); b) TKD
spatial image of the APT tip prior to milling; c) the grain boundary orientation of the
tip, with the PAGB labelled with a black dotted line. d) final FIB polishing and e)
final FIB polish with identified PAGB.

3.2.3 Transmission Electron Microscopy

TEM is an electron­based microscopy technique that has been in use since the 1930s

[273, 274]. TEM bombards material specimens with electrons of 200 to 300 keV

in energy, and if the material is thin enough (50 – 100 nm, material dependent), the

electrons will transmit through the sample. These transmitted electrons interact with

either a digital TEM camera or phosphorous screen. When this happens in a crys­

talline material, they diffract via Bragg’s Law [273, 275].

The material specimen can be rotated so the incoming electron beam can diffract

upon particular crystallographic directions and form an image on the camera or

screen. The choice of tilting angle and diffraction patterns can illuminate specific

features of interest. This method is called the diffraction contrast­based technique

[276].

Further, another common method used with TEMs is the scanning TEM (STEM)
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capability [274]. Rather than pointing the electron beam at one spot, it is rather

rastered across the sample. A detector is used to collect electrons that have diffracted

from a spot on the sample. The angle and diffraction electrons detected will depend

on the type of detector: annular dark­field (ADF), bright­field (BF), and high­angle

annular dark­field (HAADF), collect weakly­diffracted, transmitted, and strongly­

diffracted electrons, respectively [275, 276].

3.3 Micromechanical Testing

3.3.1 Introduction

The property ‘hardness’ is defined as themeasure of amaterials resistance to localised

plastic deformation induced by either mechanical indentation or abrasion [277]. The

Vickers hardness test is the most common method for collecting macroscale (mm to

cm scale) hardness properties of materials [278]. The general indenter is diamond

tip shape with a square base pyramidal geometry [279]. The main advantage of this

shape enables indentation geometries that are independent of indentation depth [279].

Hardness is calculated by:

H =
P

A
(3.3.1)

where P is the applied load to the indenter’s tip and A is the surface contact area of

the tip.

However, Vickers hardness testing raises radiological challenges with neutron

irradiated materials and is incompatible with ion irradiation (as the ion beam only

penetrates from few nm to µm) [125, 279–281]. Therefore, mechanical testing on the

micro­to­nano­scale which can probe the penetration depth of these ion damaged lay­

ers is required on radioactive samples. Nanoindentation is one such micromechanical

technique [280].
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3.3.2 Nanoindentation

Nanoindentation has been developed to be a useful tool for measuring the mechanical

properties within thin layers (nm to µm). However, nanoindentation prior to 1992was

labour intensive due to the estimation of the tip contact area. Oliver and Pharr (1992)

[282] developed a new, simple method to calculate the tip area function through in­

dentation. It is this method that is fundamental to modern day nanoindentation, and

will be used within this thesis. The model is as follows:

First, the elastic modulus of the material is assumed to be independent of inden­

tation depth. The contact stiffness is required to be determined per indentation depth

to provide precise measurements. The load­frame compliance must be determined

first where compliance is defined as the inverse of stiffness (where stiffness is the

material’s resistance to deformation in response to an applied force). By modelling

the compliance as a series of springs, the specimen and load­frame compliance is:

C = Cs + Cf (3.3.2)

where Cs and Cf are the specimen and load­frame compliance, respectively. Since

Cs is the inverse of stiffness, S, the determination of the compliance is the inverse of

the unloading displacement gradient, as shown in figure 3.3.1.

From elastic contact theory, Oliver and Pharr (1992) [282] derived an expression

to determine Cs by:

Cs =

√
π

2Er

√
A

(3.3.3)

where Er is the reduced modulus (reduced due to the modulus contributions from

the tip and specimen), and A the area between the tip and material’s surface. The

specimen modulus can be calculated by:

1

Er

=
1− ν2

E
+

1− ν2
i

Ei

(3.3.4)
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Figure 3.3.1: A schematic of a typical load­displacement curve for a single nanoin­
dent. Reproduced with permission from Oliver and Pharr (1992) [282].

where E and Ei are the modulus of the specimen and diamond tip, respectively, and

ν2 and ν2
i are the Poisson’s ratio for the specimen and diamond tip, respectively.

Diamond has a modulus of 1141 GPa and Poisson ratio of 0.07 [282]. Combining

equations 3.3.2 and 3.3.3 produces:

C = Cf +

√
π

2Er

√
A

(3.3.5)

The original assumption is that themoduluswas independent of indentation depth;

therefore, a plot of C against A 1
2 should be linear. The constant at the intercept with

the C axis should measure the load­frame compliance. Oliver and Pharr [282] deter­

mined for a Berkovich diamond tip geometry that the tip area function is:

A(hc) = 24.5h2
c (3.3.6)

where hc = hmax − hs, as shown in figure 3.3.2, and hs is displacement from the

surface. This equation represents a perfect tip geometry [283].
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However, due to imperfections and tip blunting during indentation, one must cal­

ibrate the tip area function. A Taylor mathematical series can be used to describe the

deviations from the perfect Berkovich geometry. By rearranging equation 3.3.3 in

terms of A

A =
π

4E2
r

1

C − Cf

(3.3.7)

then estimation of the tip area function by fitting A with hc data to a Taylor series by

A(hc) = 24.5h2
c + C1hc + C2h

1
2
c + C3h

1
4
c + C4h

1
8
c + C5h

1
16
c + ...+ C8h

1
128
c (3.3.8)

where C1→8 are constants. The first term is a perfect Berkovich tip shape and the

following terms describe the deviation from the perfect shape.

Figure 3.3.2: A schematic of Berkovich indentation cross­section. Reproduced with
permission from Oliver and Pharr (1992) [282].

The tip area function must be calibrated before any indentation into interested

material can be completed. The calibration material, such as fused­silica, is used reg­

ularly as it provides an accurate measurement of area functions. Themodulus of fused

silica is 72 GPa [284]. Once the tip area function has been calibrated, the indentation

data used to investigate materials of interest can be estimated, such as hardness and

modulus. The elastic modulus can be determined by rearranging equation 3.3.3 for

Er:
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Er =

√
π

2βC
√
A

(3.3.9)

where β is a new term, which is indenter tip specific. The Berkovich tip β value

has been estimated to be between 1.0226 to 1.0850 [285]. The hardness, Hh, can be

calculated at an indent depth, h, by:

Hh =
Ph

Ah

(3.3.10)

This nanoindentation model provided by Oliver and Pharr (1992) [282] has been

used with all nanoindentation experiments within this thesis. However, there are

some known limits of this model; the contract area can reduce under ‘sink­in’, where

the material could undergo plastic deformation; soft pile­up of material around the

indenter tip is not accounted for within the model. Due to plastic deformation and

work­hardening under indentation, ductile material can flow up the tip and deposit

around the periphery. Overestimation of the materials contact area and stiffness can

occur [286].

3.3.3 Continuous Stiffness Measurement

For all nanoindentation experiments conducted in this thesis, the Continuous Stiffness

Measurement (CSM) model [283] has been used. CSMwas introduced in 1987 [287]

and the method introduces a small oscillating force, P to the indenter tip:

P = Pc exp(iωt) (3.3.11)

where Pc is a constant, ω is the oscillation frequency, and t is the time. The resultant

displacement from this oscillating force can be characterised as

h(ω) = ho exp(iωt+ ϕ) (3.3.12)
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where ϕ is the load with a phase shift.

Figure 3.3.3 shows a schematic of a CSM system. The overall system dynamics

(schematic shown in figure 3.3.3(b)) can be described as (from Ref. [287]):

∣∣∣∣ Pc

h(ω)

∣∣∣∣ =
√((

S−1 +K−1
f

)−1
+Ks −mω2

)2

ω2C2 (3.3.13)

where
∣∣∣ Pc

h(ω)

∣∣∣ is the contact displacement signal, Pc is the force oscillation, h(ω) is the

resulting displacement oscillation magnitude, S,Kf ,Ks, and C are the contact stiff­

ness, frame stiffness, and damping coefficient to the displacement sensing capacitor

plate, respectively.

Figure 3.3.3: (a) A schematic of an ideal CSM indent load­displacement cycle. b)
A system overview of determining the dynamics, where S, Kf , Ks, Cf , and C are
the contact stiffness, frame stiffness, frame compliance, and damping coefficient to
the displacement sensing capacitor plate, respectively. Reproduced with permission
from Li et al. (2002) [283].

The material’s stiffness as a function of tip displacement can be determined by

equation 3.3.13 when the material’s elastic modulus is assumed to be constant. The

tip area function, as described by equation 3.3.8, and the aforementioned equation,

when used together, can determine the material’s modulus and hardness as a function

of tip displacement. It is the latter which is sought when conducting nanoindentation

experiments.
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3.3.4 Summary

The nanoindentation technique provides an insight into the mechanical properties of

irradiatedmaterials in a reasonable time, whilst minimising the change of radiological

hazards occurring, and provides useful properties. It is these factors that enable this

technique to be a powerful tool in studying the changes in mechanical properties

due to neutron or ion irradiation. In addition, nanoindentation can be used to target

specific regions within the microstructure.
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Chapter 4

Atom Probe Characterisation of

Neutron Irradiated T91 steel

4.1 Preface

This first research chapter is heavily based on the following submitted paper [288]:

T. P. Davis, M. A. Auger, N. Almirall, P. A. J. Bagot, P. Hosemann, M. P. Moody, G. R.

Odette, andD. E. J. Armstrong, ”AtomProbe Characterisation of SegregationDriven

Cu and Mn­Ni­Si co­precipitation in neutron irradiated T91 tempered­martensitic

steel” Materialia, 14, 2020, 100946

The contributions to the paper are as follows: T. P. Davis provided conceptualisa­

tion, writing, scientific development, editing, atom probe data collection, analysis,

and conclusions; M. A. Auger provided supervision and manuscript editing; N. Almi­

rall provided assistance with manuscript editing; P. A. J. Bagot provided supervision

and manuscript editing; M. P. Moody provided supervision and manuscript editing;

P Hosemann provided manuscript editing; G.R. Odette provided manuscript editing

and analysis; D. E. J. Armstrong provided supervision, funding, and manuscript edit­

ing. It should be noted that nanoindentation was planned on the two neutron irradiated
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T91 steel specimens whilst conducting the APT at Idaho National Laboratory; how­

ever, due to equipment failure and the COVID­19 pandemic, nanoindentation was

not completed.

4.2 Introduction

Neutron irradiation drives microstructural and microchemical change in tempered

martensitic steels (TMS) such as T91; this change imposes detrimental effects on the

mechanical properties of the steels. Reported microstructural features that result from

neutron irradiation of 9­12 wt% Cr ferritic­martensitic alloys, such as T91, HT9 and

Eurofer97, include the MNSPs [164, 165, 173–179] (often described as ‘G­phase’ –

Mn6Ni16Si7 [180]), Cr­rich alpha prime (α’) ppts [164, 176, 186, 289, 290], voids,

dislocation loops and evolved network dislocations, and solute segregation towards,

and precipitation on, dislocations [177, 291–293]. These microstructural changes

are due to the excess radiation defect generation and clustering, dislocation climb,

RIS, and radiation enhanced diffusion (RED). These hardening features embrittle the

steels, as manifested by elevations of DBTT, increases in yield stress, decreases in

ductility and degradation of fracture toughness [42].

A number of characterization studies of the MNSPs that form during neutron ir­

radiation of T91 steel have been reported previously [40, 85, 86, 164, 165, 173, 181].

MNSPs have been observed in ion [83, 177, 294, 295] and proton [70, 129, 130, 173,

296] irradiated T91 and HT9 steels also. In all cases, segregation of Mn, Ni, and

Si was observed near or on dislocations and Cu precipitates between temperatures

of ∼ 270◦C to ∼ 450◦C. Jiao et al. [166] investigated MNSPs in a T91 steel neu­

tron irradiated to 17.1 dpa and 35.1 dpa at 376 ◦C to 524 ◦C in the Russian BOR60

sodium­cooled fast test reactor. The TEM study indicated that the average MNSP

size was between 5.8 to 7.0 nm, with number densities from 2.4 to 3.6 ×1021 m−3,

corresponding to a volume fraction 0.037 to 0.043%. Impurity Cu precipitates [70]
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and dislocations [181] enhance MNSP formation in 9Cr TMS, likely by promoting

nucleation. Typical Mn­Ni­Si solute contents of these alloys are relatively low, lying

either near, or below, the thermodynamic solvus boundary. Recent cluster dynamics

modelling has showed that solute segregation is required for heterogeneous nucle­

ation and growth of MNSPs on dislocations in T91 steel [181].

In addition to MNSP observation in Fe­Cr based alloys, neutron irradiation em­

brittlement of low alloy reactor pressure vessel (RPV) steels has been the subject

of extensive basic research for 40 years [89, 297]. Embrittlement is caused by ir­

radiation hardening primarily due to precipitation of supersaturated Cu impurities

[87, 89, 298] and/or Mn­Ni­Si solute atoms [81, 257, 265, 299]. Supersaturated Cu

can form Cu­rich precipitates (CRPs) under very long­term thermal aging near RPV

service temperatures (∼ 290◦C)[300]; however, Cu precipitation kinetics are highly

accelerated by neutron irradiation due to RED [89, 257, 301]. The formation of so

called late blooming MNSPs was first predicted by Odette in 1996 [297]. In Cu bear­

ing steels, MNSPs form as appendages to CRPs and slowly grow to large fractions

of the steel Mn+Ni+Si alloying element contents, which are typically 2 to 3 atomic

(at.)% [89]. MNSPs also develop in low Cu steels, although even trace amounts of Cu

are known to be catalysts for their formation [255]. The first experimental proof of

MNSP formation in irradiated RPV steels was reported in 2004 [88]; since then, MN­

SPs have been widely observed [80, 81, 175, 257, 258, 300, 302, 303]. Notably, CRPs

and MNSPs are predicted by thermodynamic and kinetic modelling [298, 304, 305].

Kinetic latticeMonte Carlo models recently showed that the co­precipitated morphol­

ogy observed in APT reconstructions are the result of an interplay between interfa­

cial energies, diffusion paths, such as through the Cu cluster, and ordering energies

[298]. Both experiments and physical models show that MNSPs will dominate RPV

integrity issues for life extension of light­water reactors [80, 81, 255]. RPV steel

studies have also revealed significant solute segregation to loop and network disloca­

tions. The segregated dislocations are a favoured nucleation sites for heterogeneous
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nucleation of MNSPs, as are cascade generated solute cluster complexes. However,

apparently random matrix homogeneous is frequently observed in RPV steels and

is predicted by models at sufficiently high solute contents (supersaturations), partic­

ularly Ni. Although previously there has been little attention to the topic, recently

solute segregation to dislocations in RPV steels has been characterized in some detail

[257, 258, 306, 307].

Thus, the objective of this study is to build on the understanding of precipitation

in RPV steels and the corresponding much more limited database for Fe­Cr alloy

systems, including model binary alloys and TMS 9­12%Cr steels like T91 and HT9

[38, 42, 150, 177]. The major differences between these two alloy systems are that

the solute contents of TMS are typically much higher than in RPV steels, while the

dose (dpa) is much larger and the temperatures higher whilst in service. The primary

significance of these differences is that solute segregation to, and heterogeneous nu­

cleation of clusters, on dislocations is critically important in TMS alloys. Here, this

study focuses on APT characterisation of TMS T91 steel, irradiated to 2.14 and 8.82

dpa at 327 and 377 ◦C, respectively, in the Advanced Test Reactor (ATR).

Further, low temperature investigations of T91 steel have practical importance be­

cause the ‘cold’ reactor coolant (liquid sodium, lead, or lead­bismuth) which enters

the core could be within the 320 – 375 ◦C temperature range (the specific tempera­

ture range is reactor design dependent) [42], thus exposing the lower cladding tubes,

wrapper and structural components to these conditions. It is within these conditions

that the maximum embrittlement is observed in ferritic­martensitic steels [148].
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4.3 Experimental Method

4.3.1 As­Received (AR) Material

For the material to be classified as ‘T91’ steel, it must meet the respective ASTM In­

ternational standards [308–311]. The measured composition of T91 steel used in this

study is given in table 4.3.1 and meets the required standard. The as­received (AR)

APT composition measurement is given in Table 4.3.1 also (see section 4.3.3 for the

experimental parameters). The C content is lower in the APT data, since it primarily

resides in coarse carbides not sampled by the small APT analysis volumes. The other

elements are generally similar with the exception of Ni, which is significantly higher

in the APT data due to segregation and low sample volume. APT also detects trace

amounts of dissolved Cu.

Table 4.3.1: T91 Bulk Chemical and APT Composition Measurement.

Element Bulk (wt%) Bulk (at%) APT (at%)
C 0.07 0.32 0.02± 0.01
Mn 0.47 0.47 0.41± 0.02
P 0.02 0.04 0.02± 0.01
S 0.02 0.04 ­
Si 0.28 0.55 0.54± 0.01
Cr 9.24 9.84 8.81± 0.17
Mo 0.96 0.55 0.41± 0.09
Ni 0.16 0.15 0.39± 0.02
V 0.21 0.21 0.10± 0.01
Al ­ ­ 0.04± 0.01
Cu ­ ­ 0.03± 0.01
Co ­ ­ 0.01± 0.01
Fe Bal. Bal. 89.25± 0.34
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4.3.2 Neutron Irradiation

The neutron irradiated alloys were irradiated in the ATR: a) as part of the University of

California Santa Barbara (UCSB) ATR­1 experiment and are included in the Nuclear

Science User Facilities (NSUF) Library [312]; and, b) as part of the University of

Illinois at Urbana­Champagne (UIUC)) experiments. Both of these irradiations were

drop­in experiment, which did not include thermocouples to directly monitor tem­

peratures. Rather, the temperatures were regulated by a combination of insulating

helium/argon mixture gas gap and nuclear heating. The temperatures were estimated

based on Abaqus thermal heat transfer and MCNP code [313] for nuclear heating

analysis and the reactor lobe power history [312]. Specimen 0020­2008­139 from

the UCSB­1 library and specimen 2008­92­387 from the UIUC library have similar

compositions, and are believed to be from the same heat provided by Los Alamos

National Laboratory (see composition in Table 4.3.1). The neutron history of these

two samples is found in Table 4.3.2.

It should be noted that another T91 steel specimen was analysed with the APT

at Idaho National Laboratory. The Sample ID was 1109­2008­139 and is part of

the UCSB library. The conditions were 6.65 dpa at 320 ◦C. 38 APT datasets were

collected (> 5 million ions), however, upon analysis the sample was contaminated

with carbon (> 6 at% C) due to imperfect polishing in the hot­cells at INL. Therefore,

this data was discarded.

Table 4.3.2: Irradiation Conditions for the T91 specimens in the ATR reactor [312].

Specimen ID Steel Temp (◦C) Neutron flux
(n/cm2/s)

Neutron flu­
ence (n/cm2)

Dose (dpa)

0020­2008­139 T91 327 1.21×1014 1.57×1021 2.14
2008­92­387 T91 377 2.30×1014 ∼ 7.80× 1021 8.81
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4.3.3 Atom Probe Tomography

AR T91 steel (the same steel batch as 0020­2008­139 and 2008­92­387 sample ID)

was analysed using the atom probe tomography technique [237]. APT analysis on

the as­received T91 steel was conducted with a CAMECA LEAP® 5000XR at the

Department of Materials, University of Oxford. APT specimens were prepared by

the lift­out technique [241] using a Zeiss Crossbeam 540 Analytical FIB­SEM.

The post neutron irradiation examination was conducted at the Microscopy and

Characterization Suite located at the Center for Advanced Energy Studies (CAES)

with support from the NSUF (US Department of Energy). APT analysis on the neu­

tron irradiated T91 steel specimens were conducted with a CAMECA LEAP® 4000X

HR. APT specimens were prepared by the lift­out technique using a FEI Quanta 3D

FEG FIB Scanning Electron Microscope (SEM). All lift­out cantilevers were chosen

at random across the specimens. A final FIB cleaning process was performed by us­

ing 2 kVGa ions, in order to minimise FIB­induced damage [241]. After this process,

the diameters of the specimens were approximately between 50 – 100 nm.

For both LEAP systems, the APT specimens were analysed at a stage tempera­

ture of 55 K, a voltage pulse fraction of 20%, a pulse rate of 200 kHz and the average

detection rate was set to 1.0 %, as listed in table 3.1.1 in Chapter 3. The detection

efficiency of the LEAP® 4000X HR and LEAP® 5000 XR were 37% and 52%, re­

spectively. CAMECA IVAS® version 3.8.4 was used to reconstruct all atom probe

datasets. Calibration of the final reconstructed APT maps used SEM micrographs of

the final tip shape and crystallographic pole indexing. The cluster search for MNSP

is outlined in 3.1.6 and values for the cluster search (Dmax, NMin, O, and number of

clusters) are found in Chapter 3 Table 3.1.1. To capture the solute segregation to

dislocations, 2.0 at% Si isosurface was created and a region of interests (ROI) was

placed through the dislocation’s core in both transverse and longitude direction to

generate composition line profiles. This procedure was provided by N. Almirall et al

[314].
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4.4 Results

4.4.1 AR T91 Steel

A typical reconstruction of the AR T91 steel is presented in figure 4.4.2(a). The

microstructure was homogeneous at the APT scale and presented no evidence of

nanometric sized ppts by checking cluster searchers and visual inspection of the APT

datasets.

4.4.2 Neutron Irradiated T91 Steel

The mass­to­charge­state (Da) spectrum of a typical neutron irradiated APT dataset

(R33_09693 in table 3.1.1) is shown in 4.4.1 and all associated identification of the

peaks is shown for reference.

The typical APT reconstruction in figure 4.4.2(b) of the neutron irradiated T91

steel at 2.14 dpa at 327 ◦C, shows the formation of Cu rich clusters (CRPs) as well

as, segregation of Si, P and Ni to dislocations. The corresponding MNSPs on the

dislocations were found to be appendages to CRPs (shown later in figures 4.4.5 and

4.4.7). No clustering of Mo, V, Co, Al, Fe or Cr was detected. The average compo­

sition of MNSPs was calculated for each dataset and is shown on a ternary projection

of the Fe­Mn­Ni­Si phase diagram in figure 4.4.3. The average of 8 APT datasets of

MNSP­CRP volume fraction, average radius, volume, composition and number den­

sity are summarised in table 4.4.1. ROI solute segregation profiles, both transverse

and longitudinal (along) dislocations, are shown in figure 4.4.5. The longitudinal so­

lute profile in figure 4.4.5(c), clearly shows the periodic formation of MNSPs­CRPs

along the dislocation line. Enrichment of Ni, Si and P at a carbide interface is shown

in figure 4.4.6.

A typical APT reconstruction of T91 neutron irradiated to 8.8 dpa is shown in fig­

ure 4.4.2(c). As seen in the close­up atom map, the MNSPs are appendages to CRPs,
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as frequently observed in RPV steels [255, 305] and proton irradiated T91 [83]. No

clustering of Mo, V, Co, Al, Fe or Cr was detected. The average compositions of the

MNSPs were calculated for each tip dataset and are shown on a ternary phase diagram

projection in figure 4.4.3. The averages of all 7APT datasets for this irradiation con­

dition of MNSP volume fraction, average radius, volume, composition and number

density are summarised in Table 4.4.1. The APT reconstruction in figure 4.4.2(c) and

4.4.4 suggests that the MNSP­CRP features have larger and better defined volumes

in the neutron irradiated T91 steel to 8.82 dpa at 377 ◦C, along with less apparent

segregation of Si, P and Ni to dislocations. Solute segregation to dislocation loops

in figure 4.4.7 is shown as concentration profiles. The profile in figure 4.4.7(b) is a

1.0 at.% Cu isoconcentration surface marking a CRP. The longitudinal solute segre­

gation profile, shown in figure 4.4.7(d), indicates the formation of MNSPs­CRPs at

the edge of a dislocation loop.

The T91 MNSP number density, volume fraction and radii found in Table 4.4.1

and solute (Ni, Si, Mn, P and Cu) segregations to dislocations will be compared to

the model of Ke et al. (2018) [181] in the next Section.

Table 4.4.1: The volume fraction, average radii, average volume, volume fraction and
solute composition of MNSP in both neutron irradiation conditions using the cluster
search, as outlined in Section 4.3.3.

Irradiation Conditions
2.14 dpa at 327 ◦C 8.82 dpa at 377 ◦C

MNSP (only solute ions, excluding Fe)
Number Density (#/cm3) (3.1± 0.7) ×1023 (1.5± 0.7) ×1023

Average Radii (nm) 1.1± 0.1 1.45± 0.2
Average Volume (nm3) 5.8± 1.3 15.6± 5.4
Volume fraction (%) 0.26± 0.06 0.33± 0.14

MNSP solute compositions (Fig. 4.4.3)
Mn (%) 16.49 ± 4.7 16.47 ± 4.4
Ni (%) 37.87 ± 6.33 36.80 ± 10.61
Si (%) 45.64 ± 7.62 46.73 ± 11.59
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Figure 4.4.1: The mass­to­charge­state spectrum of a typical neutron irradiated T91
steel sample (R33_09693 in table 3.1.1). The peaks have been identified according
to the natural isotopes and expected chemical additions. The peak at 29 Da has been
identified as Ni, as discussed in section 3.1.6.
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Figure 4.4.2: (a) APT reconstruction of the AR T91 steel, showing a homogeneous
microstructure; (b) APT reconstruction of the neutron irradiated T91 steel to 2.14 dpa
at 327 ◦C showing MNSPs and CRPs, as well as Ni/Si/P segregating to dislocations;
(c) APT reconstruction of the neutron irradiated T91 steel to 8.82 dpa at 377 ◦C,
showing better defined MNSPs and P/Cu precipitates, perhaps with somewhat less
Ni/Si/P segregation. Cr appeared homogeneous in all conditions.
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Figure 4.4.3: The averaged MNSP composition (in at%) of each APT dataset (over
>5 million ions) for both 2.14 dpa and 8.82 dpa T91 irradiations displayed on an
isothermal section of the Mn­Ni­Si ternary system projection of a Fe based phase
diagram at 277 ◦C. The isothermal system is taken from refs [299, 303, 315]. The
size of the data point is scaled to the MNSP average APT dataset volume (nm3). The
stoichiometric ‘G­phase’ phase, Mn6Ni16Si7, is marked as T3. Low Ni containing
RPV steel neutron irradiated to 0.17 dpa at 290 ◦C is provided by Almirall et al.
(2019) [255] for comparison. Further, the Fe­Mn­Ni­Si phase diagram is provided in
the top left to indicate the projection of Mn­Ni­Si phase diagram.
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Figure 4.4.4: A close­up view of MNSP and CRP of the APT reconstruction shown
in figure 4.4.2(c) (T91 neutron irradiated to 2.14 dpa at 327 ◦C).

Figure 4.4.5: Solute segregation on a dislocation line in T91 steel irradiated to 2.14
dpa at 327 ◦C. (a) displays a 2.0 at.% Si isosurface. (b) is a 1D transverse ROI con­
centration profile at a random section of the dislocation and (c) is a 1D longitude ROI
concentration profile inside the dislocation.
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Figure 4.4.6: APT reconstruction of T91 neutron irradiated to 2.14 dpa at 327 ◦C. A
chromium­based carbide can be seen with a grain boundary/interface that is decorated
with Ni, Si and P. The concentration profile was produced using a proxigram from a
5 at% C isosurface.

Figure 4.4.7: Solute segregation to a dislocation loop in a T91 steel irradiated to 8.82
dpa at 377 ◦C; (a) displays a 2.0 at% Si loop isoconcentration surface; (b) is a 1D
concentration profile through the 1.0 at% Cu isoconcentration surface; (c) is a 1D
transverse ROI concentration profile centered on a random section of the dislocation
loop and (d) is a 1D longitude ROI concentration profile inside the random segment
of the dislocation loop.
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4.5 Discussion

The defining microstructural features of T91 steel are the martensitic lath microstruc­

ture, high network dislocation densities, M23C6 carbides, as well as somewhat finer

scale vanadium nitrides (50 – 100 nm diameter) and molybdenum/niobium carbides

(100 – 200 nm scale) [150]. The latter features provide the high creep strength [143]

needed for elevated temperature boiler and nuclear applications [38]. Note that these

performance­enabling microstructures are unstable in T91 under irradiation at tem­

peratures more than 450 to 500 ◦C, as indicated by irradiation softening and non­

hardening embrittlement [316]. At lower temperatures, the main effects of irradiation

are hardening and embrittlement due to segregation and precipitation of solutes, as

described in the previous Chapter 2 Section 2.4.4. It is well known, and the topic of a

large literature, that a smaller amount of hardening is contributed by dislocation loops,

as illustrated by Bhattacharyya et al. (2019) [290] for Fe­Cr binary alloys. Potential

contributions from the evolution of network dislocations is rapidly emerging as an

issue, but it is not close to being well quantified [89, 166, 292, 293]. Here, the focus

is on using the high mass and spatial resolution of APT to investigate segregation and

nanometric precipitates, which are absent prior to neutron irradiation.

Precipitate evolution under neutron irradiation is illustrated in figure 4.4.2(a) –

(c). Cr remains homogeneously distributed in all conditions. The high number den­

sity nanosizedMNSPs are likely to act as dispersed barrier obstacles dislocation glide,

which results in hardening and shifts in DBTT [38, 42, 150, 182]. The decrease in

number density and increase in size (and individual precipitate volume) in the higher

dpa and temperature irradiation condition is expected based on the thermokinetics of

segregation and precipitation; the slightly larger volume fraction at higher fluence

and temperature (from 0.26± 0.06 to 0.33± 0.1) is probably within the uncertainties

of the APT measurements. Note, RPV studies show that dispersed barrier harden­

ing and embrittlement are primarily controlled by the square root of the precipitate
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volume fraction [80, 81, 255]. The T91 volume fractions correspond to estimated

hardening contributions of ∼168 to 186 MPa. This estimation uses the hardening

contributions as function of MNSP volume developed by Almirall et al. [303].

The average composition of MNSP in both irradiated conditions, shown in fig­

ure 4.4.2 and Table 4.4.1, is significantly different than the most cited ‘G­phase’.

Rather, the MNSP compositions are closer to the Si(Mn,Ni) phase field in the Mn­

NiSi ternary projection of the Fe matrix­based quaternary phase diagram (as shown

in figure 4.4.3 where Si = 0.5 fraction). This phase field, calculated by Xiong et al.

[299], is Si0.5MnxNi(1−x) where x varies from ∼ 0.1 to 0.25. Note, the crystallo­

graphic structure of the precipitates in this study has not been characterised. Similar

Si(Mn,Ni) phase compositions have been observed on dislocations in a low Ni (0.07

at.%) VVER­440 RPV steel [317]; and more recently in another low Ni RPV steel

[303].

The T91 2.14 dpa at 327 ◦C carbide shown in figure 4.4.6 is likely a M23C6 phase

with a composition of ∼ 48.2 ± 0.5 Cr, 16.7 ± 0.4 C, 4.3 ± 0.3Mo, and 29.0 ± 0.5

Fe (in at.%); however the crystallography has not been determined. The composition

line profile across the carbide/matrix interface in figure 4.4.6 shows enrichment of Ni,

Si and P, which correlates well with previously analysed irradiated carbide interfaces

[83, 130, 177].

Co­precipitation of CRPs and MNSPs, clearly seen in figure 4.4.5, is widely

observed in RPV steels at high fluence, and has been extensively characterised

[81, 257, 265, 299] and modelled [89, 298, 304, 305]. CRPs have been observed

in neutron and ion irradiated T91 [166, 296] and HT9 [85, 177]. Indeed, Cu driven

co­precipitation has also been exploited by some high strength steels to promote the

formation of various intermetallic phases [318]. The corresponding sequence­of­

events begins with the rapid precipitation of highly supersaturated Cu, with shells

composed of the other solutes. After Cu is depleted from the matrix, Mn, Ni and

Si continue to accumulate, so as to eventually form a separate appendage phase
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[89, 255, 297, 298, 304, 305]. Even trace amounts of Cu act as a powerful cata­

lyst for MNSP formation [255] due to the supersaturation of Cu in Fe. In the case of

T91 co­precipitation takes place in highly solute segregated regions at dislocations,

as previously been observed by APT in irradiated T91 steel [166, 177, 296].

The nominal transverse solute concentrations profile at line dislocations in fig­

ure 4.4.5(a,b) reaches 4­5% for Si and Ni, and 1 to 2% for Mn, P and Cu. Figure

4.4.5(c) presents longitudinal profiles that show periodic peaks of Mn, Ni, Si, Cu and

P, indicating the formation of precipitates. Note, the Cu peaks are slightly displaced

from those for Ni, and especially Mn, which is consistent with co­precipitation [298]

where MNSP are found to be precipitated next to Cu. The Si enrichment is very high

and more uniformly distributed along the dislocation lines. This may rationalise the

Si0.5MnxNi(1−x) precipitate compositions, which are near the Si(Mn,Ni) phase field,

shown in figure 4.4.3. As seen in figure 4.4.7, generally similar solute segregation

also occurs at dislocation loops. However, P does not appear to segregate to loops.

Cu is localized in the precipitate regions of both dislocation features. Note, these so­

lute compositions are nominal, and may be affected by APT artefacts like trajectory

aberrations, as discussed in section 3.1.2.

This analysis highlights the parallels that can be drawn between the much more

limited database on MNSPs in neutron irradiated for Fe­Cr alloy systems, including

model binary alloys and 9­12%Cr steels like T91 and HT9, with the much more ex­

tensive literature on precipitate evolution in RPV steels [80, 175, 255, 257, 265, 297–

303, 305, 315]. Notably, precipitates in some very low Ni RPV steels have compo­

sitions that fall near the Si(Mn,Ni) phase field [317]. The major difference between

these alloy classes is that the typical Cu + Ni + Mn +Si solute contents in RPV steels

are much higher (∼ 3%) than in the 9Cr TMS alloys ( ≤ 1%). Thus, while precip­

itation at segregated dislocations (loops and lines) occurs and is important in some

RPV steels and irradiation conditions, local solute enrichment is probably necessary

in alloys like T91. Note, segregation may be either thermally driven or RIS, or both.
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The main thermodynamic driver for co­segregation is the local bonding interactions

between the solutes, lowering their free energies near the dislocations. The other dif­

ference between RPV and 9Cr TMS, is that service conditions for the latter involves

much higher temperatures and doses. This implies that TMS alloys will experience

greater solute segregation compared to RPV.

Ke et al. (2018) created a combined solute segregation and cluster dynamics (CD)

model that was used to predict the nucleation and growth of MNSPs in a subsaturated

T91 steel as a function of dpa [181]. The model, which predicts the MNSP number

density, volume fraction and mean radius (and size distribution), was calibrated us­

ing the results of a single proton irradiation at 400 ◦C to 7 dpa [83]. Figure 4.5.1

compares these predictions to the 8.8 dpa at 377 ◦C APT data in this study. Figure

4.5.1 shows that the model predictions are in remarkable agreement with the neutron

results. The number density and radius are in almost exact agreement, while the vol­

ume fraction is slightly under predicted. Figure 4.5.2 compares the predictions of

solute segregation to the observed values; the agreement is reasonable in the case of

Si, but Ni segregation is under predicted. This is due to the fact that the model does

not treat co­segregation of solutes ( and solute­solute interactions in the semi dilute

local micro­alloy regions at dislocations) that lower free energies in the segregated

regions. Cu, Mn and P segregation that is observed in the T91 data is also shown but

was not been modelled by Ke et al. (2019).

Notably, distinctα’ precipitates were not observed in either irradiation conditions.

The Cr solubility limit is∼ 8.8±0.5 at% [186, 187, 319, 320] at 300 ◦C. Thermal α’

precipitation can occur but is sluggish. However, Cr precipitation is greatly acceler­

ated by RED [320]. The absence of α’ in T91 is due likely to the low, or absent, Cr

supersaturation, depending on the temperature. Such low supersaturations are insuf­

ficient to form significant populations of small, discrete α’ precipitates. Results in

the literature on α’ precipitates vary [186, 187, 289, 321]; for example, SANS [193]

showed that a T91 alloy neutron irradiated to 0.7 dpa at 325 ◦C in the OSIRIS reactor
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Figure 4.5.1: The comparison between the T91MNSP (a) number densities, (b) radii,
and (c) volume fraction with the model developed by Ke et al. (2018) [181]. Permis­
sion for reproducing Ke et al. (2018) [181] data has been granted.

contained a small volume fraction (∼ 0.1%) of a high density (9.0 × 1023 m−3 ) of

α’ precipitates with an average radius of 1.3 nm. Conversely, SANS and TEM did

not observe α’ in a T91 steel irradiated to 184 dpa since it was irradiated at a higher

temperature of 413 ◦C in the Fast Flux Test Reactor [164].

While not the primary focus of this work, it is useful to briefly discuss the ther­

modynamics that appear to be at work here. As noted previously, the crystal structure

of the MNSPs was not measured. However, the results show that the compositions

fall near the Si(Mn,Ni) phase field (as calculated by Xiong et al. (2014) [299]), and

as seen in figure 4.4.3. Further, H. Ke et al. (2017) [315] reported the existence of

a Mn15Ni45Si40 compound TI phase in the 800 ◦C Mn­Ni­Si isotherm, also shown in

figure 4.4.3. These compositions bracket those found in this study, and at least one
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Figure 4.5.2: The comparison between T91 Si and Ni segregation to dislocations
observed with predictions by Ke et al. (2018) [181]. The observed segregation of
Cu, Mn and P is also shown but was not modelled in the original study by Ke et al.
(2018) [181]. The 2.14 dpa data point was not included due to the lower temperature
irradiation condition. Permission for reproducing Ke et al. (2018) ) [181] data has
been granted.

other on a similar T91 at 500°C and 3 dpa [322].

A full thermodynamic assessment of these phases is not yet available. However,

the bulk and segregated alloy compositions can be compared to the thermodynamic

solute product requirements for G­phase formation by the reaction:

16Nis + 6Mns + 7Sis ⇀↽ Ni16Mn6Si7 (4.5.1)

where the subscript s denotes that the solutes are in solution. Thus, the reaction solute

product, SP, is:

SP = {[XNi]
16 × [XMn]

6 × [XSi]
7}

1
29 (4.5.2)

where Xi are the mole fractions of the dissolved Ni, Mn and Si. The equilibrium

solute product (SPe), or phase boundary, at 377 ◦ C is ∼ 5 × 10−3 [299]. Fe is not

considered as it is assumed it does not precipitate with Mn, Ni, and Si. The APT

composition Xi values in table 4.3.1 yield an alloy solute product of ∼ 4.3 × 10−3;
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thus, the bulk system is nominally slightly undersaturated. In contrast, the local peak

segregated Xi for Mn ∼0.01, Si ∼0.05 and Ni ∼0.02 , in figure 4.4.7(c) produces

a local alloy SP of ∼ 0.044 (from eq. 4.5.2), which is highly supersaturated. The

difference between the composition of G­phase, and that found in this work, is al­

most certainly due to the unusually high Si concentration in the segregated region.

As shown by J. Ke et al. (2018) [181], RIS results in Ni and Si segregation, which

is sufficient to drive precipitation. However, it should be noted that thermal segrega­

tion and precipitation, which is greatly accelerated by RED, could also be significant

[323–325].

4.6 Conclusions

APT was used to understand the effect of neutron irradiation on solute segregation,

CRP and MNSP co­precipitation in T91 steel. Two ATR irradiation conditions were

investigated: 2.14 dpa at 327 ◦C and 8.82 dpa at 377 ◦C. The key observations are as

follows:

• The compositions of all the MNSPs were similar and fell near the Si(Mn,Ni)

phase field. While the structure of the precipitates has not been characterised,

this composition range is distinctly different than that for the typically cited G­

phase, which is consistent to the observations of MnSi precipitates in neutron

irradiated low Ni % RPV steels;

• Co­precipitation of CRPs and MNSPs were observed, and the MNSPs appear

as an appendage to the CRPs;

• Significant solute segregation (P, Si, Ni and Mn) to dislocation lines and loops

is observed, with large enrichment factors for Si and Ni ∼ 10;

• MNSP and CRP form on the microalloy regions at dislocation lines and loops;
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• CRP­MNSP number densities, sizes and volume fractions, as well as Si solute

segregation to dislocations, are in good agreement with predictions of a previ­

ously reported model, combining solute segregation and CD mechanisms. Ni

solute segregation to dislocations is under predicted in the modelling;

• α’ formation was not observed in any atom probe data sets.

Overall, this study has provided an insight into the cluster composition, volume

fractions and sizes, which may contribute to a better understanding of the embrit­

tlement in T91 steel. Moreover, this study highlights how essential APT data is for

reliable cluster dynamic modelling. If successful, then these models could predict

real­world performance of critical reactor components, which, in turn, could lead to

better understanding of how nuclear materials degrade in reactor cores.

However, neutron irradiation experiments are time consuming, expensive, and

a radiological hazard to humans and the environment. Therefore, ion irradiation is

used to study radiation damage (whether as a surrogate or in tandem with neutron

irradiation) of materials under a controlled, quick, and safe environment. The next

chapter investigates the use of ion irradiation to study RIS and RIP in T91 ferritic­

martensitic steel, and effects on the mechanical properties via nanoindentation.
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Chapter 5

Microstructure and Mechanical

Properties of Ion Irradiated T91 Steel

5.1 Preface

The previous chapter investigated the RIS and RIP of neutron irradiated T91 ferritic­

martensitic steel and reflected the realistic effects of neutron irradiation. However,

conducting neutron irradiation experiments is time consuming (months to years),

expensive (hundred thousand to millions of US dollars) and produce radioactive

materials. Charged particle irradiation is a technique that has been developed for the

simulation of neutron irradiation [71, 123, 127, 131]. Ion irradiation experiments

have the added benefit of inducing little or no long­term radioactivity [131], they are

low cost and generally quick (experiments can be conducted within a few hours).

Therefore, the main objectives of this research chapter are based on applying ion

irradiation as a tool to investigate RIS and RIP in T91 ferritic­martensitic steel at

reactor relevant conditions. This second research chapter is heavily based on the

submitted paper (Ref. [326]):
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T. P. Davis, M. A. Auger, C. Hofer, P. A. J. Bagot, M. P. Moody, and D. E. J.

Armstrong, ‘Nanocluster evolution and mechanical properties of ion irradiated T91

ferritic­martensitic steel’, Journal of Nuclear Materials, 2021, 547, 152842

The contributions to the paper are as follows: T. P. Davis provided conceptualisa­

tion, writing, scientific development, editing, atom probe data collection, analysis

and conclusions; M. A. Auger provided supervision and manuscript editing; C. Hofer

for figure 5.4.3; P. A. J. Bagot provided supervision, manuscript editing, and figure

5.4.3; M. P. Moody provided supervision and manuscript editing; D. E. J. Armstrong

provided supervision, funding, and manuscript editing.

5.2 Introduction

Neutron irradiation is a driving force for microstructural and microchemical evolu­

tion. As discussed in Chapter 4 Section 4.2, one of the defining microstructural fea­

tures that results from neutron irradiation of ferritic­martensitic steels is the formation

ofMNSPs [164, 166, 288], as shown in Chapter 4, α′ formation (Cr­rich) [164], voids

[34] and solute segregation towards dislocations [166]. These degrade the materials

properties [163, 327], which is of concern for the safe operation of the material [42].

However, as aforementioned neutron irradiation experiments are time consuming,

expensive, and induce radioactivity; thus, charged particle irradiation has been used

to simulate neutron irradiation effects. In general, it is not possible to slow down

irradiation damage to match that of neutron irradiation observed in nuclear reactors

[142]; however, some researchers have introduced a “temperature shift” [106, 328] to

compensate for the large difference between ion (∼ 10−3 − 10−6 dpa/s) and neutron

dose rates (∼ 10−7−10−9 dpa/s). The effectiveness of this ‘temperature shift’ method

to mimic neutron irradiation damage has been contested [142]. Nevertheless, within

this study, heavy ions irradiation will be used as it is a useful experimental tool for

fine control of fundamental scientific studies on the microstructure and mechanical
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properties caused by irradiation [106, 125, 131].

It is known that α’ does not nucleate under self­ion irradiation of Fe­Cr­based

alloys unless the flux is ≤ 1010 ions/cm2/s [188]. Previous studies on heavy ion and

proton irradiated T91 steels [70, 83] have reported segregation of Cr, Si and Ni to

dislocations, grain boundaries and matrix interfaces. Wharry and Was (2013) [296]

produced a systematic study using STEM and energy dispersive x­ray spectroscopy

(EDX) on proton irradiated T91 steel over a 300 – 700 ◦C temperature range, which

revealed a peak in radiation­induced segregation (RIS) of Ni, Si and Cu between 400

– 500 ◦C. MNSP have also been observed with APT in T91 steel when subjected to

proton­irradiation at 400 and 500 ◦C [70]. These studies reported that Cr, Si, Ni and

Cu enrichment occurs at prior­austenite grain boundaries; however, attempts to de­

convolute the synergies that were at play (temperature, dose, dose­rate, ion species

etc.) was not done in that study.

Pareige et al. (2015) [173] confirmed that Cr, Si and P clusters were formed by

the radiation­induced segregation and radiation­induced precipitation mechanisms,

rather than a thermodynamic mechanism. Model Fe­9Cr alloys were used with vary­

ing controlled impurities of Si, P and Ni. It was suggested that P played a significant

role in the appearance and stabilisation of point defect clusters. These clusters are

thought to act as nucleation sites for Ni, Si and Cr. Gómez­Ferrer et al. (2019) [178]

further investigated MNSP in model Fe­9Cr alloys to determine whether they are

formed by irradiation or thermodynamics. APT was used to investigate the chemical

segregation of Fe­9Cr model alloys irradiated with 5 MeV Fe2+ to 0.1 and 0.5 dpa

at 300 ◦C. These model alloys had a controlled set of alloying additions (P, Ni and

Si). The authors suggested that P was a faster diffuser than Ni and Si. It is worth

noting that P precipitated up to a dose of 0.1 dpa and such P precipitates saturated

in number density beyond 0.1 dpa. P forming a stable complex [329] which can act

as a nucleation point for further clustering. At an increased dose (0.5 dpa), P, Ni

and Si were shown to preferentially cluster together. These studies used model al­
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loys to understand the fundamental influence of P, Ni and Si to the RIS mechanisms,

which could underpin the understanding of MNSPs in real­world steels. Therefore,

it then naturally follows to investigate the clustering dependence on irradiation dose

on such a commercially used steel, as determined in Chapter 4 for neutron irradiated

T91 commercial grade steel. Pareige et al. (2015) and Gómez­Ferrer et al. (2019)

did not include any Mn alloying addition and it is known for T91 steel that Mn clus­

ters with Ni and Si [42, 130, 164, 166, 173, 174, 288]. There has been no systematic

study (same temperature and dose rate) to date on the fundamental microstructure

precipitation and evolution in T91 steel caused by self­ion (iron) irradiation.

Furthermore, parallels can be drawn between the understanding of precipitation

in reactor pressure vessel (RPV) steels as extensively done within Chapter 4 so the

review for this will not be repeated. However, the single major difference between

the RPV and Fe­Cr alloy systems is that the solute contents (Ni, Si, Mn, etc.) of the

latter are typically much lower. Thus, embrittlement at high doses suggests that solute

segregation to and heterogeneous nucleation on dislocations could be the cause rather

than solute supersaturation (since the solute contents in Fe­Cr are low), as found with

the research and conclusions found in Chapter 4. Therefore, the objectives of this

study are:

1. To use APT and nanoindentation techniques to investigate the role and segre­

gation of Mn, Ni, Si and P in self­ion irradiated T91 ferritic­martensitic steel;

2. To conduct the study at a single temperature and only vary the irradiation dose;

3. To investigate any links betweenMNSPs and changes inmechanical properties.

4. compare the cluster characterisation of ion and neutron irradiated steels.
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5.3 Experimental Method

5.3.1 T91 Ferritic­Martensitic Steel

For the material to be classified as ‘Grade 91’, it must meet the manufacturing inter­

national standards. Eighty kg of ASTM F91 A182­16a [309] (cast number 381056)

was purchased from Abbey Forged Products Ltd, United Kingdom, for the material

used in this study (and future studies). ASTM A213 T91 was not chosen as the thin

walled tube geometry was impractical, thus two forged F91 bars (⌀78 mm by 1000

mm) were delivered to the Department of Materials, University of Oxford. The steel

herein will be referred as T91 in accordance with extensive literature referring to it

by this name (regardless of manufacturing form) due to its primary application as

tubing for fuel cladding and heat exchangers. The AR steel was normalised at 1040
◦C, tempered at 730 ◦C and air cooled. In accordance with the British Standard EN

10204.3.1, the mechanical testing resulted in: 599 MPa 0.2% Proof Stress, 689 MPa

Tensile stress, 21% elongation, and 220 HV hardness. The bulk and APT composi­

tion is given in Table 5.3.1. The composition and mechanical testing confirmed that

the steel met the ASTMA213 standard. For the ion irradiations, ⌀3mm by 1mm discs

of T91 steel samples were produced by electrical discharge machining and polished

to a mirror finish by standard polishing techniques using silicon carbide grinding pa­

pers, diamond polish and colloidal silica suspension. AR T91 analysed using APT

received the same thermal history as the T91 steel specimens exposed to ion irradia­

tion (these cantilevers were taken on the backside of the ion irradiated samples). The

motivation for this was to determine whetherMNSPs were thermally activated, rather

than irradiation enhanced.
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Table 5.3.1: The measured bulk composition (wt. % and at. %) and averaged matrix
APT composition measurement and the corresponding standard deviation (at. %) of
ASTM F91 A182­16a [309]. The APT composition and associated errors were based
on the difference between multiple mass spectrum ranges.

C Mn P S Si Cr Mo Nb Cu
Bulk (wt %) 0.105 0.420 0.017 0.020 0.370 8.620 0.920 0.070 –
Bulk (at %) 0.483 0.422 0.030 0.034 0.727 9.151 0.529 0.042
APT (at %) 0.04

±
0.01

0.41
±
0.01

0.07
±
0.01

– 0.93
±
0.01

7.99
±
0.09

0.46
±
0.04

– 0.02
±
0.01

N Al V Ti Zr Ni Co Fe
Bulk (wt%) 0.0485 0.01 0.212 0.002 0.005 0.250 – Bal.
Bulk (at %) 0.191 0.020 0.230 0.002 0.003 0.225 – Bal.
APT (at %) – 0.02

±
0.01

0.07
±
0.01

– – 0.47
±
0.01

0.01
±
0.01

89.53
±
0.17

5.3.2 Ion Irradiation

The ion irradiation was conducted using the Dalton Accelerator for Nuclear Experi­

ments (DAFNE) at the Dalton Cumbrian Facility, University of Manchester, United

Kingdom [330]. DAFNE is a 5 MV tandem Pelletron ion accelerator which used a

Source of Negative Ions by Caesium Sputtering (SNICS) that produced Fe ions with

a 4+ charge state. The stage charge was measured by an isolated wire which was at­

tached to the target stage. The ion flux (in ions/cm2/s) was calculated by the following

expression:

ϕ =
I

ϵqA
(5.3.1)

where I is the current on the specimen target stage in Coulombs/s, ϵ is the charge

state, q = 1.602 × 10−19 C, the charge of a single ion, and A is the beam area.

The ion beam was rastered. The effects of a defocused and rastered ion beam on

irradiation experiments has been researched by Getto et al. (2015) [294] indicating

113



T. P. DAVIS CHAPTER 5

that defocused beam produced better results.

T91 steel has been subjected to two ion irradiating conditions: low and high dose.

The low dose experiment was irradiated with 5 MeV Fe4+ ions that had a 4.8× 1011

ions/cm2/s flux and a 3.5 × 1014 ions/cm2 fluence at 301.1 ± 2.3 ◦C (average tem­

perature over the experiment), which was 0.1 dpa at 240 nm depth from the surface

calculated using SRIM 2008 software [105]. The beam spot size was 4.7 ± 0.5 cm2

and total charge on the sample was 1.097 ± 0.010 mC. The high dose experiment

was irradiated with Fe4+ ions that had a 4.4× 1011 ions/cm2/s flux and a 6.5× 1015

ions/cm2 fluence at 311.9 ± 5.2 ◦C (averaged over the experiment), which was 1.83

dpa at 240 nm depth from the surface, as shown in figure 5.3.1. The beam spot size

was 6.50± 0.5 cm2 and total charge on sample was 27.010± 0.010 mC. Best efforts

were made to maintain the temperature at the target temperature of 300 ◦C and main­

tain similar ion flux. The SRIM calculation followed the recommendations provided

by Stoller et al. [99]; ‘Quick Kinchin­Pease calculation’ was selected, displacement

damage threshold values were selected from the ASTM E521 standard [97] (Fe and

Cr displacement energies was set to 40 eV), and the lattice binding energy was set

to zero. The dpa per second per ion penetration depth (in µm) was calculated by the

following expression:

dpa/s/µm =
νϕ

Nf

(5.3.2)

where ν is the integral of the second and third columns of the ‘vacancy.txt’ SRIM

2008 output file, ϕ is the ion flux (ions/cm2/s) calculated by eq. 5.3.2 and Nf is the

number density as a function of penetration depth (in µm). The ion irradiation dpa

profiles as a function of depth from the surface were calculated by eq. 5.3.2 for both

low and high dose irradiation experiments and is shown in figure 5.3.1.
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Figure 5.3.1: The Fe4+ heavy ion irradiation damage profiles of T91 steel as a func­
tion of depth at temperatures of 301.1± 2.3 ◦C (low dose, where the dpa was 0.1 dpa
at 240 nm depth) and 311.9 ± 5.2 ◦C (high dose, where the dpa was 1.83 dpa at 240
nm depth).

5.3.3 Atom Probe Tomography

The majority of atom probe analysis was conducted with a CAMECA LEAP® 5000

XR at the Department of Materials, University of Oxford, with supplementary ex­

periments targeting grain boundaries on a CAMECA LEAP® 3000X HR at the De­

partment of Materials Science, Montanuniversität Leoben (only TKD figures). Atom

probe specimens were prepared by the lift­out technique [241] using a Zeiss NVision

40 FIB­SEM. Cleaning of the specimens was performed on all samples using 2 kV

Ga ions to minimise FIB­induced damage. All atom probe samples had tip diame­

ters that were approximately between 50 – 100 nm. For samples prepared in Leoben,

matchsticks (∼0.5 mm diameter) of AR T91 were electropolished using 25% per­

chloric acid in acetic acid. Finished specimens were transferred to a ThermoFisher

Versa 3D dual­beam FIB system to determine if any grain boundaries were suitably

close to the tip (within ∼ 200 – 300 nm). Where present, Ga­ion sharpening was

used to locate identified boundaries closer to the actual tip apex, and to shape the
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final sample. TKD scans were carried out between each milling step to determine the

grain boundary misorientation angles. There was no need to change stage tilt or ro­

tation, since suitable patterns were obtained in the same position as used for milling,

ensuring fast, repeated scanning. The patterns were recorded with an EDAX Hikari

XP electron backscatter diffraction (EBSD) system at an acceleration voltage of 30

kV. Data analysis was conducted using the software OIM Analysis 7 from EDAX.

All suitable APT samples were analysed at a stage set­point temperature of 50­55K.

A voltage pulse fraction of 20% was selected with a pulse rate of 200 kHz and the av­

erage detection rate was set to 0.5 %. For specimens prepared with grain boundaries,

laser pulsing was used to improve yield, running at a pulse energy of 0.6 nJ and a rate

of 160 kHz. CAMECA IVAS 3.8.4 was used to reconstruct all atom probe datasets

contributed to this study. Calibration of the final reconstructed APT maps used SEM

micrographs/TKD orientation maps of the final tip shape and crystallographic pole

indexing.

It should be noted that all ion irradiated lift­out cantilevers were made perpendic­

ular to the surface to capture a ‘uniform’ damage profile parallel to the APT tips.

For MNSP cluster search in the APT data, the same procedure used in Chapter 4

and Ref [258, 262, 288] was used within this ion irradiation study. The cluster search

algorithm for MNSP is outlined in 3.1.6. The values for the cluster search (Dmax,

NMin, O, and number of clusters) are found in Chapter 3 Table 3.1.1. All APT and

cluster search parameters can be found in Chapter 3 table 3.1.2.

5.3.4 Nanoindentation

An Agilent G200 nanoindentor was used to measure hardness of T91 steel by indent­

ing a colloidal­silica polished surface to a 2 µm indentation depth at room temperature

(21 ◦C). The methodology is outlined in the experimental methods found in Chapter

3 Section 3.3. A continuous stiffness measurement system with a 2 nm 39 Hz har­

monic displacement was used to measure the modulus and hardness as a function of
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indentation depth. A Berkovich tip was used and the tip area coefficients were cal­

culated from the average load­displacement data of sixteen 2 µm indents into fused

silica. Thus, using the known area function and contact stiffness as a function of tip

displacement, the hardness of T91 steel was calculated as a function of tip displace­

ment.

5.4 Results

5.4.1 AR T91 Steel

The matrix volume composition reported by the atom probe reconstructions for the

AR T91 steel is found in Table 5.3.1. The grain structure of T91 is shown in fig­

ure 5.4.1. A typical reconstruction volume of AR T91 steel is shown in figure 5.4.2.

This ion map shows two grain boundaries decorated with P, Mn, Si, Mo and C, as ex­

pected due to the typical normalisation and tempering treatments for this type of steel.

Analysis of the grain boundaries using TKD and APT is shown in figure 5.4.3. The

38◦ boundary was likely a prior­austenite grain boundary due to the impurity level,

whereas the 50◦ boundary was likely a martensite lath (due to no segregation of im­

purities and solute elements). No visual clustering of Si, Mn, Ni, Cu, Cr, Mo, or V

was detected with the APT data, while prior­austenite grain boundaries were slightly

enriched with P, Mo, Ni and C, which was expected for ferritic­martensitic steels.

These AR solute microstructure details provide a useful baseline for the starting mi­

crostructure before irradiation. Finally, the AR T91 steel nanoindentation hardness

and modulus were found to be 4.08 ± 0.25 GPa and 174 ± 42.1 GPa, respectively

(calculated between 230 to 250 nm in the load­displacement curve), which is shown

within a later figure under the irradiation results section (see figure 5.4.8).
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50 µm

Figure 5.4.1: AS T91 steel typical grain structure. The average prior austenite grain
size and martensitic lath grain size were∼ 40−60 µm and∼ 2−10 µm, respectively.

Figure 5.4.2: : Atom probe reconstructions of AR T91 steel, showing segregation of
Mn, Si, Ni and P species to a grain boundary and a Mo­based carbide.
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Figure 5.4.3: AR T91 steel grain boundary analysis. The 38◦ boundary was likely
a prior­austenite grain boundary due to the increase in solute atoms (Mo, C and Ni),
whereas the 50◦ boundary was likely a martensite lath (due to the no observed in­
crease in C and P, and displaying compliance to the Kurdjumov–Sachs orientational
relationship). The dotted vertical lines on the concentration profiles represent the
relevant position of the grain boundaries (white dotted lines) in the APT dataset.

5.4.2 Ion Irradiation Damage Profiles

The ion irradiation dose (dpa) damage profiles as a function of depth from the surface

were calculated by equation 5.3.2 for both ‘low’ and ‘high’ dose irradiation exper­

iments and are shown in figure 5.3.1. The irradiation dose (dpa) was taken as the

average between 200 nm to 250 nm depth from the surface. To capture the low dose

ion irradiation microstructural effects in APT, careful FIB milling was performed 100

nm below the irradiated surface. This region was damaged to 0.12 dpa, as shown from

the ion damage profile in figure 5.3.1. The motivation behind this was to determine

whether Si/P plays a significant role in the initial irradiation stages during 5 MeV
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Fe4+ ion irradiation at 300 ◦C.

APT reconstructions of the T91 steel ion irradiated to the ‘low’ and ‘high’ doses

are shown in figure 5.4.4(a)­(c). The range of dose damages examined can be ex­

plored by selecting specific depths from the sample surface for APT analysis, as

damage is strongly dependent on irradiation depth. P/Si­rich clusters can be seen

after irradiation to 0.12 dpa at 301.1 ± 2.3◦C in figure 5.4.4(a). Increasing the irra­

diation dose to 2.62 dpa at 311.9± 5.2◦C reveals the formation of MNSP, as seen in

figure 5.4.4(b) and (c). Solute (Si, Ni and P) segregation to line dislocations can be

seen in figure 5.4.4(b). The formation of P/Si­rich clusters is further revealed by a

1.0 % at. P isosurface and corresponding proxigram, as shown in figure 5.4.5. The

extent of P segregation to clusters is between 3 ­4 at % at the core, which is significant

considering the bulk P was 0.065 at%, as shown in Table 5.3.1. The average MNSP

composition as a function of irradiation dose can be seen in figure 5.4.6 on a Mn, Ni

and Si ternary projection of a Fe based phase (similar approach taken in Chapter 4 and

Ref. [288]), and the composition values were calculated using the method outlined in

Chapter 3 Section 3.1.6. MNSPs are a defining irradiation­induced feature in ferritic­

martensitic steels (such as T91 steel) and are observed in figure 5.4.4(b) and (c) APT

reconstructions at 2.62 dpa and 4.1 dpa. By visual inspection of the reconstruction,

these MNSP were enriched with P, but not Cu. MNSP’s were not detected below a

dose of 1.76 dpa, indicating there was a threshold value of dose. The average volume

fraction, size, number density, cluster diameter and cluster composition are found in

Table 5.4.1, and the methods used to calculate these values are outlined in Chapter 3

Section 3.1.6.

The presence of dislocation loops was observed by Si decoration in the 1.0 at %

Si isosurface shown in figure 5.4.7. The dislocation loops had an average diameter

of 13 ± 3 nm.

The nanohardness of T91 steel as a function of irradiated dose is shown in figure

5.4.8. The ‘low’ dose nanoindentation depth value was measured at 0.10 dpa and the
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‘high’ dose nanoindentation depth value measured at 1.81 dpa. The nanohardness

increase from AR condition to 0.10 dpa and 1.83 dpa was 13.1 % and 21.4 %, respec­

tively. The exact nanohardness values for 0 dpa, 0.10 dpa and 1.83 dpa were 4.1 ±

0.3 GPa, 4.6 ± 0.2 GPa, and 5.1 ± 0.3 GPa, respectively.

Figure 5.4.4: APT point cloud data from a dose range of T91 steel Fe4+ ion irradiated
to (a) 0.12 dpa at temperatures of 301.1±2.3◦C for the ‘low’ dose and to (b) 2.62 dpa
and (c) 4.1 dpa at 311.9± 5.2◦C for the ‘high’ dose. Ni and Si were not displayed for
(a) as they were uniformly distrusted in every APT dataset.
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Figure 5.4.5: Proxigrams of 1.0 at.% P isosurfaces from P/Si enrichment clusters, as
shown in figure 5.4.4(a) at 0.12 dpa.

Figure 5.4.6: TheMn­Ni­Si MNSP composition (in at%) for each ion irradiation dose
represented Mn, Ni, and Si ternary projection of a Fe based phase diagram. The size
of the data point is scaled to the MNSP average volume (nm3) per APT dataset and
values are in Table 5.4.1. The ‘G­phase’ stoichiometric phase has been provided for
reference [180].
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Figure 5.4.7: a) Segregation of Si to a dislocation loop in T91 steel irradiated to 2.62
dpa at 311.9±5.2◦C. b) 1D line profile of the concentration (at%) across the cylinder
in a) highlighting the silicon enrichment.

Figure 5.4.8: Nanoindentation hardness of the AR T91 steel and ion irradiated T91
steel to 0.10 and 1.83 dpa.

124



T. P. DAVIS CHAPTER 5

5.5 Discussion

The primary aim of this study was to investigate the role that minor alloying elements

and impurities have on a real­world nuclear­grade steel, such as T91 steel. Multiple

AR T91 steel atom probe reconstructions were analysed, with the typical resulting

microstructures shown in figures 5.4.2 and 5.4.3, exhibiting no visual clustering of

solute elements. The AR results shown in this study provide the baseline microstruc­

ture before any comparison can bemade once exposed to ion irradiation. Any changes

to the grain boundaries and matrix regions can thus be a guide to the exposure of ion

irradiation rather than thermal effects on their own. The limitation of this analysis is

due to the sampling of grain boundaries is very limited.

The role The results shown in figures 5.4.4(a) and 5.4.5 indicate that, at 0.12 dpa,

Si/P segregate and form clusters, in agreement with the work of Gómez­Ferrer et al.

(2019) [178]. RIS is the likelymechanism behind the segregation, as it was confirmed

that no clustering of P and Si was observed in the AR T91 material undergoing the

same heat treatment, as shown in figure 5.4.2. This is also in agreement with previous

studies on the role of P and Si at low heavy ion doses in steels [173]. No segregation

of Ni was observed at these low doses, which is also in agreement with similar studies

on Fe­15Cr alloys by Gómez­Ferrer et al. (2019) [178]. The findings within the study

suggests that the low dose irradiation dynamics are dominated by P and Si and they

are independent of whether the material is a model Fe­Cr alloy or a commercial­

grade Fe­Cr steel. This systematic study of ‘low’ dose ion irradiation at a single

temperature has shown that both P and Si dominate the early stages of segregation and

clustering. These clusters could provide the nucleation sites for the MNSP observed

at high doses, as discussed in the following sections. This line of argumentation

can be reinforced by the diffusion constants of P and Si with a ferritic matrix. For

example, the P diffusion constant is much greater than Si due to the low solubility of

interstitial P within the ferritic matrix [331]. Whereas Si is a substitutional element
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within the ferritic iron matrix (and thus has a lower diffusion constant compared to

P).

MNSPs were observed once the irradiation dose surpassed 1.76 dpa, with the

composition (as a ratio between Mn­Ni­Si) shown in figures 5.4.4 (c) and 5.4.6, and

data listed in Table 5.4.1. For increasing ion irradiation dose, the average diameter of

MNSPs grew from 2.4 nm to 4.0 nm , as shown by the data in Table 5.4.1. The average

volume size and volume fraction appear to be uncorrelated (which could be related to

the sampling size limitation), while the overall composition of the cluster population

remains approximately constant rather than tending towards the theoretical ‘G­phase’

composition. This is shown in the ternary Mn­Ni­Si phase diagram provided in fig­

ure 5.4.6. The average composition of MNSP did not correlate with the G­phase

composition. MnSi(Ni) phase has been observed on dislocations in VVER­440 RPV

steel that had low nickel (0.07 at.%) [257]. The T91 steel investigated in this study

had 0.225 at. % Ni bulk content, whereas most RPV steels investigated within the

literature are between 0.7 – 1.9 at.% Ni [80].

TheMn, Ni, Si and P solute evolution is similar to that in model Fe­Cr alloys with

P/Si/Ni impurities used to study their individual effects [173, 178]. However, the Fe­

Cr binary alloy investigated within those studies did not contain Mn, an alloying

element that has shown clear influence on the formation of MNSP in Fe­Cr and RPV

steels. Wharry et al. (2011) [70] reported that theMNSP number density was between

5− 7× 1022 m−3 with a diameter of 3 – 5 nm in 2 MeV proton irradiated T91 steel

for up to 10 dpa at 400 ◦C. The number density reported within this study is 1.1 −

2.7 × 1023 m−3 with an average diameter 1.3 – 4.0 nm (as provided in Table 5.4.1).

The major difference between these two studies is Wharry et al. (2011) conducted

the experiment at 400 ◦C whereas this study was conducted at 311.9 ± 5.2 ◦C; as

expected with an increase in temperature, the number density of the MNSP would

decrease due to the increase in the rate of solute diffusion.

Ion damage cascades form dislocation loops [292] at 300 ◦C. At the ‘high’ dose,
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Si segregated to the periphery of dislocations as shown in figure 5.4.7(a). These Si­

decorated dislocations have either a line and/or loop formation, and these loops have

an average diameter of 13± 3 nm. Si has been observed to segregate, along with Ni,

to dislocations lines and loops in ferritic­martensitic steels [332]. Conversely, Cr has

been predicted bymodelling to decorate loops in irradiated Fe­Cr alloys [333] but this

has not been observed in the current work. Additionally, not all of the dislocations

(loop and line type) observed in the APT datasets had P­enriched peripheries; line

dislocations were decorated with P and Ni, as shown in figure 5.4.4(c) following 2.62

dpa irradiation, but loop dislocations were observed as decorated only with Si (shown

in the same figure for 2.62 dpa). A suggestion to explain this result is that these Si­

enriched loop dislocations were introduced by irradiation displacement damage rather

than by the manufacturing process.

Prior to irradiation, pre­existing dislocations would become the first to be deco­

rated with P due to the large diffusion affinity to form stable complexes [329]. From

the low dose irradiation at 0.12 dpa, P has already clustered and, thus, becomes de­

pleted within the matrix. The formation of loop dislocations by displacement damage

would form within this now P­depleted matrix. It is therefore not possible for P to

decorate the newly formed dislocation loop. This provides a feasible explanation for

the observation of no P decorated dislocation loops following irradiation at 300 ◦C.

The nanohardness increase from AR condition to 0.10 dpa and 1.83 dpa was 13.1

% and 21.4 %, respectively, as shown in figure 5.4.8. For comparison, Hardie et al.

(2015) [334] ion irradiated Fe­12%Cr binary alloy with Fe ions at 320 ◦C at 2 MeV

to 6.18 dpa and showed that the hardness increased from 1.31 GPa (unirradiated) to

1.9 GPa (irradiated) with a Berkovich tip. It is well known that irradiation damage

produces dislocation loops, increasing the dislocation density [292]. In addition to

the dislocation density, the APT results show, even at low doses, that the forma­

tion of P and Si clusters likely contributes to hardening of the steel. These clusters

act as dislocation motion barriers; however, direct observation of this pinning would
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involve utilising TEM to image the plastic zone beneath the nanoindent (which is be­

yond this study, however Chapter 6 and subsequent publication Davis et al. (2020)

[335] performed a similar study that examined the dislocations becoming pinned by

nanoparticles beneath nanoindents; the size of the nanoparticles were 2 – 5 nm, which

is comparable to the size of the MNSP observed within this study).

The hardness response as a function of irradiation dose was not linear, as shown

in figure 5.4.8. The number density of MNSP remained within the same order of

magnitude and did not increase with dose. The increase in hardness from the AR

condition can be attributed to dislocation pinning on these irradiated­induced MNSP

and dislocation loops becoming entangled during deformation. The density of these

clusters should not be expected to increase after further irradiation as the matrix has

been depleted of Mn, Ni and Si to form new clusters. This would lead to the observed

tail­off in hardening from 0.1 dpa to 1.83 dpa as shown in figure 5.4.8. Any further

increase in hardness with irradiation dose would be a resultant of solute segregation

towards dislocations rather than the nucleation of more MNSPs within the matrix.

Furthermore, the singlemajor difference between Fe­Cr andRPV alloy systems is that

the solute contents of Fe­Cr ferritic­martensitic steels are typically much lower than

in low alloy RPV steels, while the dpa doses are much higher and the temperatures

higher. This indicates that the significance of solute segregation to and heterogeneous

nucleation on dislocations are critically important. This study highlights that solute

segregation to and on dislocations in T91 steel occur under heavy ion irradiation at

311.9 ± 5.2 ◦C based on a small volume analysed with APT.

Direct comparisons of ion irradiated T91 steel can bemadewith neutron irradiated

T91 analysed in Chapter 4 and Ref. [288]. These comparisons are as follows:

• First, the batch of steel used in the neutron and ion irradiation experiments were

different, and considering the clustering dynamics is highly sensitive to solute

additions (Ni, Si, Mn and Cu), these differences are shown in table 5.5.1. The

notable difference is that the ion irradiated T91 steel has just under double the
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amount of Si, a known fast diffusing solute addition. Ni and Mn additions are

in similar quantities, with Cu impurities a third greater for neutron irradiated

T91 steel.

Table 5.5.1: Comparison between solute elements in the two batches of T91 steel for
the neutron and ion irradiation experiments. The full APT­measured compositions
can be found in tables 4.3.1 and 5.3.1 for neutron and ion irradiation experiments,
respectively.

Solute Additions (at %)
Neutron Ion ∆

Ni 0.39± 0.02 0.47± 0.01 –0.08
Mn 0.41± 0.02 0.41± 0.01 0
Si 0.54± 0.01 0.93± 0.01 –0.39
Cu 0.03± 0.01 0.02± 0.01 0.01

• Regarding nucleation sites for MNSP, it should be noted that Cu impurities

were detected in all APT datasets; however, no evidence of clustering was ob­

served for the ion irradiated conditions. This observation is the opposite com­

pared to that of the heavily CRPs in the neutron irradiated T91 steel discussed

in Chapter 4 and Ref. [288]. The damage rate (dpa/s) were vastly different to

the ion irradiated T91 steel in this study (∼ 10−4 dpa/s) compared to neutron

irradiation of T91 steel in chapter 4 (∼ 10−7 dpa/s), which could have sup­

pressed Cu clustering in the ion irradiated experiments due to possibly extra

ballistic mixing.

• It appears that both for neutron and ion irradiated T91 steels, the formation

of MNSP appears to lie within the MnSi(Ni) phase field as shown in figures

4.4.3 and 5.4.6. The combination of these conditions can be found in figure

5.5.1 further indicating similarities in composition of MNSP. In addition, this

finding indicates that the near double amount of Si solute addition for the ion

irradiated T91 steel had slighly increased the Si amount in MNSP (as shown

by the Si increase in figure 5.5.1).
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Figure 5.5.1: The Mn­Ni­Si MNSP composition (in at%) for neutron and ion irradia­
tion dose represented Mn, Ni, and Si ternary projection of a Fe based phase diagram.
The size of the data point is scaled to the MNSP average volume (nm3) per APT
dataset and values are in tables 4.4.1 and 5.4.1 for neutron and ion irradiation ex­
periments, respectively. The ‘G­phase’ stoichiometric phase has been provided for
reference [180].

• In comparison to the neutron irradiation MNSP cluster data from Chapter 4

Table 4.4.1, the MNSP number density was found to be 1.5− 3.1× 1023 m−3,

which is a similar result. Further, the number density is in agreement with the

modelling discussed in Chapter 4 figure 4.5.1.

• Along with the finding in Chapter 4 it should be noted that there was no ob­

servation of α’ precipitation in any of the APT datasets. This was as expected

because the kinetics do not enable the formation due to the high dose rate used

in this study [188].

Such a direct comparison for T91 steel between ion and neutron irradiation con­
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ditions has not been reported in literature to­date. The indication between the com­

parisons of these results shows the applicability of ion irradiation to understand RIP

and RIS of T91 steel due to the similarities in the formation on MNSP in number

densities and composition at similar temperatures (300 – 377 ◦C) and doses (1 – 8

dpa).

5.6 Conclusions

Overall, this ion irradiation study has provided an insight into how minor alloying el­

ements and impurities evolve as a function of irradiation dose whilst maintaining the

temperature and irradiation dose rate as fixed parameters by using APT and nanoin­

dentation. The key findings from this were:

• Prior to irradiation, the AR T91 steel state showed no clustering of Mn, Ni, Si

and P, with minor enrichment of impurities and alloying elements at the prior­

austenite gain boundaries;

• MNSPs were observed at a ion dose of 1.76 dpa at 300 ◦C;

• The MNSP had a significant different composition to the typical cited ‘G­

Phase’, which had a composition that fell near the MnSi(Ni) phase field and

similar to that observed for the case of neutron irradiation of T91;

• The average diameter of MNSPs grew with dose, as expected;

• Dislocation loops were decorated with Si when irradiated to 2.62 dpa at 311.9

± 5.2 ◦C;

• At 0.12 dpa, formation of Si/P­rich clusters were observed and increased the

nanohardness by 13.1% from the AR condition. The hardness did not increase

linearly as a function of dose but rather tailed off between 0.1 to 1.83 dpa.
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• The direct comparison for T91 steel between ion and neutron irradiation con­

ditions has not been reported in literature to­date. The findings show that ion

irradiation can be used to study RIP and RIS of T91 steel to understand the

fundamental mechanism before conducting neutron irradiation experiments.

Overall, this study has demonstrated the usefulness of ion irradiation to observe

and understand the role of solute ions and impurities in commercial grade ferritic­

martensitic steels, particularly when part of a controlled study varying irradiation

over a number of dose conditions. Further, strong evidence has been presented for

the viability of using ion irradiation as tool to understand RIP and RIS in T91 steels

(and similar steels) to assist the understanding of neutron irradiation experiments. The

APT and nanoindentation techniques have shown that, when applied in tandem, they

can provide insight into how microstructural changes under irradiation can explain

observed changes in mechanical properties.
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Chapter 6

Characterisation of Deformation in

Oxide Dispersion Strengthened Steels

6.1 Preface

This research chapter is heavily based on the published paper [335]:

T. P. Davis, J. C. Haley, S. Connolly, M. A. Auger, M. J. Gorley, P. S. Grant, P. A. J.

Bagot, M. P. Moody, and D. E. J. Armstrong, ”Electron microscopy and atom probe

tomography of nanoindentation deformation in oxide dispersion strengthened steels”,

Materials Characterization, 167, 110477, 2020

The contributions to this paper are as follows: T. P. Davis provided conceptualisation,

writing, scientific development, editing, atom probe data collection, analysis and con­

clusions; J. Haley provided TEM (Figs 6.4.8, 6.4.9, 6.4.10, 6.4.11, and 6.4.12) and

interpretation of TEM micrographs, and writing up TEM sections; S. Connolly pro­

vided nanoindentation data for nanocrystalline Fe; M. A. Auger provided supervision

and manuscript editing; M. J. Gorley provided ODS steel and manuscript editing; P.

S. Grant provided manuscript editing and ODS steel; P. A. J. Bagot provided supervi­

sion; M. P. Moody provided supervision and manuscript editing; D. E. J. Armstrong
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provided supervision, conceptualisation, data interpretation, and manuscript editing;

6.2 Introduction

As discussed in Chapter 1 Section 1.1.3, the fuel cladding materials of sodium­cooled

fast reactors will experience intense neutron irradiation, high temperatures, and cor­

rosive environments, which excludes the use of existing Generation II/III/III+ fuel

cladding materials such as zirconium alloys used in current PWRs [64]. The fuel

cladding’s primary function is to provide a physical barrier between the fuel and

coolant; any failure of this material could result in contaminated coolants and compo­

nents and system outages. Furthermore, increasing the primary coolant temperature

and maximising the fuel burn up fraction are two methods that could significantly

improve the efficiency, optimise resource use, reduce nuclear waste, and increase the

economic viability of sodium­cooled fast reactors [336]. Unfortunately, these meth­

ods would also exclude the use of established ferritic­martensitic steels , such as HT9

[42], T91 [42] (as discussed in Chapter 2.4.5) or EP­450 [337], due to their limited

high temperature creep resistance, and austenitic stainless steels, such as Type 316

[42], 15­15Ti (1.4970) [32] or D9 [338], due to their extensive void swelling. New

structural materials are therefore required to meet the demands of high temperature

coolants, high fuel burn up fraction methods and tolerate the associated increase in

neutron flux [339].

Reduced­activation ferritic­martensitic (RAFM) steels, such as F82H [156, 340]

and EUROFER97 [155], are possible candidate structural materials for the breeder

blanket, divertor, and other structural components within nuclear fusion power reac­

tors. However, like the sodium­cooled fast reactor, nuclear fusion demands the de­

velopment of new materials that can withstand greater irradiation damage and higher

operational temperatures than RAFM steels [30].

ODS steels (sometimes called ‘nanostructured ferritic alloys’ (NFAs)) are candi­
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dates for both the fuel cladding material of sodium­cooled fast reactors and structural

materials for nuclear fusion power stations [142], as they have shown high radiation

damage tolerance (>100 displacements­per­atom (dpa)),high temperature mechanical

strength (600­800 ◦C) and high temperature creep resistance [41]. ODS steels con­

tain a high density (∼ 1023 m−3) of yttrium­titanium­oxygen (Y­Ti­O) nano­oxides,

typically sized <2 nm in radius, which improve the high temperature strength and

creep resistance of ferritic steels [45], as discussed in chapter 2 section 2.5 in de­

tail. These Y­Ti­O nano­oxides have the added benefit of reducing the mean­free

path of irradiation induced lattice defects (interstitial and vacancy clusters and point

defects). Thus, they are also effective sinks for such defects to recombine and for he­

lium [142]. Furthermore, the nano­oxides are sources of grain refinement due to the

pinning of grain boundaries during heat treatment, which further increases the sink

density. This combination of nano­oxides and fine grain structure are the source of

ODS steels’ exceptional tolerance to radiation damage.

During ODS steel powder consolidation, the mechanisms controlling microstruc­

tural evolution throughout recrystallisation are not well understood [222]. A bimodal

grain structure after heat treatment and recrystallisation are a typical defining feature

of ODS steels, comprising two distinctive regions of nanosized and microsized grains

[212, 341]. There are some reports of ODS steels with a “homogeneous” nanograin

structure [342]; however, the majority of studies acknowledge grain size bimodality

even for alloys with relatively high mechanical or radiation resistance performance.

Previous studies [341, 343] have investigated the bimodal grain size distributions

in Fe­14Cr (wt. %) ODS steels by using EBSD, TKD, nanoindentation and APT.

Short powder milling times have been found to increase the heterogeneity of the Y­

Ti­O particle size distribution, which is thought to increase the bimodality of the final

grain structure [341]. García­Junceda et al. (2016) [341] found that ZrO2 added to

Fe­14Cr­5Al­3W­0.4Ti­0.25Y2O3 (wt. %) acted to refine the bimodal grain structure.

Consequently, understanding and control of grain size bimodality, heterogeneity
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of the grain sizes and Y­Ti­O nanocluster densities are likely important characteris­

tics to control in the manufacture of ODS steels. Heintze et al. (2019) [343] showed

that while hardening in ODS steels during self­ion irradiation was a function of grain

size, the hardening during dual self­ion and helium­ion irradiation was a function of

both the grain size and the Y­Ti­O particle density. This suggested that the tolerance

of ODS steels to transmutation gases (hydrogen and helium) during neutron irradi­

ation may be strongly dependent on the Y­Ti­O nanocluster density, and thus any

large spatial variations in the particle density could lead to variations in these unique

properties.

How the heterogeneity of Y­Ti­O nanoclusters and grain sizes influence the de­

formation micromechanics is also poorly understood, although a bimodality in mi­

croscale mechanical properties [222, 343] is thought to be related to the bimodality

of the grain­sizes and Y­Ti­O particle distribution. Critically, it is this bimodality of

mechanical properties that challenges the predictability of ODS steels performance

as a fuel cladding material in sodium­cooled fast reactors and its use as a structural

material for nuclear fusion reactors. A detailed characterisation to understand how

these Y­Ti­O particles influence the deformation and mechanical properties would

provide an insight into predicting the properties of this unique branch of steels.

In this study, a Fe­14Cr­3W­0.2Ti­0.25Y2O3 (nominal wt. %) ODS steel (referred

to hereafter as 14YWT), typical in the field, was produced using powder milling

followed by hot isostatic pressing (HIP) consolidation. This batch of material has

been studied previously by Gorley (2014) [210] and Burrows (2014) [216], who pro­

vided useful additional data on the manufacturing and microstructure characterisa­

tion. Here, APT, EBSD, and transmission electron microscopy (TEM) were used to

characterise the local nanoindentation deformation and its correlation with the mi­

crostructural features observed at room temperature. Although the operational tem­

perature of ODS steels are at high temperatures for nuclear systems, room temper­

ature (21 ◦C) mechanical properties should not be disregarded. The steel would be
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exposed at room temperatures during transport, storage and decommissioning. Thus,

the mechanical properties at room temperature could provide better understanding

into the handling of these materials. The study was restricted to room temperature

and unirradiated conditions to focus on the microstructure characterisation of defor­

mation in ODS steels. Another focus of this study was to demonstrate the use of

three techniques (APT, electron microscopy and nanoindentaion) and show how they

complement each other when used to characterise the microstructure of nanostruc­

tured materials. It should be noted that ion irradiation of ODS steels was planned;

however, due to the COVID­19 pandemic, ion irradiation was not completed.

6.3 Experimental Methods

6.3.1 ODS Steel Manufacturing

Given the difficulty of dispersing fine­scale oxides in liquid alloys and the prefer­

ence for oxides < 5 nm diameter that can only be achieved by in­situ precipitation,

mechanical milling of pre­alloyed powders and Y2O3 followed by powder consoli­

dation under vacuum and heat treatment has emerged as the standard, preferred route

to manufacturing of ODS steels. The ODS steel used here was milled in the Depart­

ment of Materials, University of Oxford, and then HIP consolidated at the University

of Birmingham, UK [210, 216].

14YWT was produced by mechanically alloying of gas­atomised Fe­14Cr­3W­

0.2Ti (wt. %) powder with 0.25Y2O3 (wt. %) powder using AISI 52­100 steel (low

Ni) pots and stainless steel balls at 250 rpm in an Ar atmosphere for 60 hours with a

ball­to­powder ratio of 10:1 and a ball diameter of 10 mm. The milled powder was

then degassed and packed into a mild steel can, evacuated, sealed and HIPed at 150

MPa and 1150 ◦C for 4 hours [210]. The chemical composition of 14YWT is listed in

Table 6.3.1. A slice of the consolidated alloy that had undergone the HIP technique

was cut from the can using a diamond saw and then polished to a colloidal silica
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finish for microscopy, nanoindentation and focused ion beam (FIB) lift out for TEM

and APT.

For comparison to 14YWT, a pure nanocrystalline iron (Fe) was produced by

high­pressure torsion to provide the nanocrystalline grain structure as a baseline. This

nanocrystalline iron material was used as a reference for grain boundary attribution

to nanohardness measurements.

Table 6.3.1: Measured composition of 14YWT by X­ray fluorescence and LECO
analysis (London & Scandinavian Metallurgical Co Limited.)

Element Bulk (wt%) Bulk (at%) APT (at%)
Cr 13.34 14.21 14.686 ± 0.402
W 2.66 0.80 0.592 ± 0.054
Ti 0.21 0.24 0.186 ± 0.010
Y2O3 0.30 0.05 ­
Al 0.11 0.23 ­
Mn 0.33 0.34 0.279 ± 0.010
Si 0.18 0.36 0.404 ± 0.018
C 0.09 0.42 0.016 ± 0.001
N ­ ­ 0.063 ± 0.012
Fe Bal. Bal. Bal.

6.3.2 Characterisation Techniques

6.3.2.1 Electron Backscatter Detection

EBSD was used on both the nanocrystalline Fe and 14YWT materials to determine

the grain size distributions, a Zeiss Crossbeam 540 FIB/SEM and an Oxford Instru­

ments EBSD detector were used to measure the diffraction patterns (voltage at 20

kV). Reconstruction of the maps was conducted using Oxford Instrument’s Aztec

version 3.3 SP1 and HKL Channel 5 version 5.12.67.0 software.
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6.3.2.2 Nanoindentation

The methodology of nanoindentation is discussed in Chapter 3 Section 3.3. An Ag­

ilent G200 nanoindentor was used to measure hardness and modulus of the material

by indenting a colloidal­silica polished surface to a 250 nm indentation depth at room

temperature (21 ◦C). A continuous stiffness measurement system with a 2 nm 39 Hz

harmonic displacement was used to measure the modulus and hardness as a function

of indentation depth. A Berkovich tip was used and the tip area coefficients were cal­

culated from the average load­displacement data of sixteen 2 µm indents into fused

silica. Thus, using the known area function and contact stiffness as a function of tip

displacement, both the modulus and hardness of 14YWT and pure nanocrystalline Fe

were calculated as a function of tip displacement.

One hundred 250 nm indents were made in 14YWT, arranged in a 10 by 10 grid

with 15 µm between each indent, as shown in figure 6.4.4. The hardness and modulus

values were determined between 125 to 225 nm from the load­displacement curve,

as shown in figure 6.4.3.

6.3.2.3 Atom Probe Tomography

APT analysis was conducted with a CAMECA LEAP® 5000XR at the Department of

Materials, University of Oxford. Atom probe specimens were prepared by the lift­out

technique [23] using a Zeiss NVision 40 FIB­SEM. Cleaning of the specimens was

performed using 2 kV Ga ions to minimise FIB­induced damage. All atom probe

specimens had tip diameters that were approximately between 50 – 100 nm.

The atom probe tips were cooled down to 50 K. A 355 nm wavelength Nd:YAG

laser at 40 pJ and 200 kHz was used to sputter atoms from the tip under ultra­high

vacuum, at an average detection rate of 0.5 %. The detection efficiency of the LEAP

5000XR is 52% [344]. CAMECA IVAS® 3.8.2 software was used to reconstruct

3D chemical atomic maps. Reconstruction of all the atom probe data sets utilised the

SEM tip profiles and pole indexing techniques. Amaximum separation method [247]
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cluster algorithm was used on all APT datasets to determine the density, radius and

composition of Y­Ti­O particles. Solute ions (TiO, Y and YO2 (YO was not detected

within the datasets; if YO was detected, it would have been included in the cluster

search)) were selected for all the particle searches. The average APT compositional

measurement across seven datasets is provided in Table 6.3.1.

6.3.2.4 Transmission Electron Microscopy

J. Haley provided the TEMmicrographs (Figs 6.4.8, 6.4.9, 6.4.10, 6.4.11, and 6.4.12),

interpretation, and analysis.

TEM was conducted using a Jeol 2100L with a LaB6 electron source and 200kV

accelerating voltage. STEM and EDX were conducted on a Jeol ARM200F with a

cold field­emission gun source and 200kV accelerating voltage, and a 100 mm2 Cen­

turion EDX detector. A Zeiss Auriga dual­beam FIB microscope was used to pro­

duce a single cross­section foil through two indents using the lift­out method [241].

Cleaning of the tips was performed on all samples using 2 kV Ga ions to minimise

FIB­induced damage.

To image the dislocation network beneath the indents, conventional TEM (C­

TEM) kinematical two­beam conditions, and zone­axis bright­field STEM techniques

were used. C­TEM not optimised for imaging dislocations in highly deformed foils

since the distortions in the lattice can significantly reduce the contrast from the lo­

calised strain fields of dislocations. In STEM, such distortions have much less effect

on the contrast of dislocations due to the highly converged probe typically used [345].

STEM also significantly reduces the elastic contrast in the background by smearing

out thickness­dependent contrast [346], allowing for improved contrast of dislocation

networks over wide areas of deformed foils.

Porosity is a concern in the production of ODS steels [210]; this is problematic

for TEM analysis since light particles (such as Y) appear with a similar contrast to

micro­pores in both C­TEM and STEM. Thus, chemical analysis is often necessary
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for distinguishing nanoscale oxides from cavities. High angle annular dark­field was

therefore used alongside EDX mapping in order to confirm oxide particles from var­

ious parts of the microstructure and across a wide range of scales. Hyperspy [347]

was used to extract qualitative element maps from the EDX spectrum images.

6.4 Results

6.4.1 Nanocrystalline Fe

S. Connolly provided the nanoindentation data for nanocrystalline Fe.

The grain structure from the EBDS analysis of the pure nanocrystalline iron mate­

rial is shown in figure 6.4.1. The average grain size was 150±50 nm with an average

nanohardness of 7.5±0.3 GPa and modulus of 245±10 GPa. The average hardness

and modulus were determined from 16 indents at 1000 nm depth.

Figure 6.4.1: Microstructure of the nanocrystalline iron material using EBSD. An
inverse pole key is shown for the crystallographic directions.
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6.4.2 ODS Nanoindentation

OThe average hardness and modulus were found to be 5.8±1.1 GPa and 239±12

GPa, respectively. An EBSDmapwas produced after the indentation to determine the

crystallographic directions and grain sizes of the grain structure, which had a bimodal

grain distribution, as shown in figure 6.4.5. The microstructure was fully ferritic.

There were two distant grain size distributions: 0 – 1 µm and 1 – 20 µm grain diameter

ranges with averages of 0.53±0.16 µm and 2.60±1.8 µm, respectively. It should be

noted that no indentation sized effect was observed with both the nanocrystalline and

14YWT materials, which allowed for the comparison between each dataset.

6.4.3 ODS EBSD and APT

The mass­to­charge (Da) spectrum of a typical ODS 14YWT APT datasets

(R83_06348 in table 3.1.3) is shown in figure 6.4.2 and all associated identification

of the peaks is shown for reference.

Four indents in the 14YWT labelled A, B, C and D are highlighted in figure

6.4.5(b), with their corresponding hardness values; the indents were chosen based on

their range of hardness values, showing a range of values, and lack of obvious grain

boundary strengthening from local nanocrystalline grains, minimising the Hall­Petch

effect. APT sample tips were taken underneath each identified indent to determine

the nano­oxide distribution within the plastic zone produced by the nanoindentation.

APT tips were made from the left, centre and right side of each indent, where suffi­

cient data was collected. Indent A’s APT Y and TiO atom maps are reconstructed,

along with a 2.0 at% tungsten isosurface to highlight the grain boundary, as shown

in figure 6.4.6. Further, a proxigram [348] was calculated across this isosurface and

shows the enrichment of tungsten at the grain boundary, as seen in figure 6.4.7.

For all four indents listed in figure 6.4.5­b), the density and average size of the

nano­oxides were calculated using the method outlined in Section 6.3.2 and the re­
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sults listed in Table 6.4.1. The Y­Ti­O dispersion within each indent investigated

was calculated by the maximum separation method cluster algorithm. The density

and average size of each indent have been calculated using the IVAS software im­

plementation of the algorithm. Solute ions, TiO, Y, and YO2, were selected for the

algorithm. The optimal maximum separation parametrisation for cluster analysis was

found for all APT datasets and the results are found in chapter 3 table 3.1.3. Values

that are missing in Table 6.4.1 were due to the atom probe tip fracturing before any

significant amount of data could be collected.

As shown in Table 6.4.1, the number density of Y­Ti­O of indent B and C (which

have the same nanohardness of 6.4±0.1) are within the same order of magnitude but,

for indent B, the density is between 2 – 4 times higher than that of indent C. Whereas

the Guinier radius of Y­Ti­O was approximately the same (except half for indent B

LT, which could be a resultant of a small APT dataset). Generally across all indents,

the Guinier radius was similar in size. Between a low hardness indent D and a high

hardness indent C, the number density of Y­Ti­O particles are within the same order

of magnitude and value.
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Figure 6.4.2: The mass­to­charge spectrum of a typical neutron 14YWT ODS steel
sample (R83_06348 in table 3.1.3). The peaks have been identified according to the
natural isotopes and expected chemical additions.
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Figure 6.4.3: The hardness and modulus values of 14YWT for all the indents. The
values were determined between 125 to 225 nm from the load­displacement curve.
For reference, the nanocrystalline Fe’s hardness and modulus were 7.5±0.3 GPa and
modulus of 245±10 GPa, respectively.
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Figure 6.4.4: a) the x and y relative coordinates of the 100 array nanoindents, hard­
ness values in GPa, the APT indent locations are labelled A­D inside a red solid line
box, and the TEM indent locations are labelled E­F inside a blue dashed line box. b)
the x and y relative coordinates of the 100 array nanoindents, modulus values in GPa,
the APT indent locations are labelled A­D inside a red solid line box, and the TEM
indent locations are labelled E­F inside a blue dashed line box.
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Figure 6.4.5: a) EBSD map section of the region containing 100 indents showing
a bimodal grain structure in 14YWT. b) Identification of the four A­D indents that
were investigated with APT with their respective hardness values. (c) Identification
of indents E and F lifted out for TEM analysis with their respective hardness values.
The indents of interest are highlighted triangles in b) and c). An inverse pole key is
shown for the crystallographic directions.
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Figure 6.4.6: APT reconstruction of the material underneath indent A in figure
6.4.5(b). The distribution of Y, W and TiO has been displayed for each tip (left,
centre and right). A 2.0 at% isosurface of W for the centre tip has been displayed to
demonstrate the enrichment of W at grain boundaries. The inhomogeneous distribu­
tion of Y and TiO can be seen in this case (right side).
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Figure 6.4.7: APT proxigram across the grain boundary (g.b.) with a 2.0 at% W
isosurface shown in figure 6.4.6.

Table 6.4.1: Summary of hardness values in indents A, B, C andD in Fig 3­b) and nan­
ocluster analysis from APT of the plastic zone volumes beneath each indent. Vacant
data indicates that the atom probe tip fractured before sufficient data was acquired.
LT, CT, and RT are the left tip, centre tip, and right tip, respectively.

Indent
A B C D

Hardness (GPa) 5.7± 0.2 6.4± 0.1 6.4± 0.1 4.0± 0.1

Number
Density of
Y­Ti­O (#/m3)

LT (1.5± 0.1)× 1024 (4.7± 0.1)× 1023 (1.6± 0.1)× 1024 –
CT (7.2± 0.1)× 1023 – (1.2± 0.1)× 1024 –
RT (1.2± 0.1)× 1024 (2.1± 0.2)× 1023 (1.2± 0.1)× 1024 (1.7± 0.1)× 1024

Guinier radius
of Y­Ti­O
(nm)

LT 2.0± 0.2 1.0± 0.2 1.9± 0.2 –
CT 2.2± 0.3 – 2.1± 0.2 –
RT 2.0± 0.2 2.6± 0.2 2.3± 0.2 2.0± 0.2
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6.4.4 TEM of ODS

Two further indents in 14YWT, labelled E and F, were chosen for TEM analysis based

on their wide differences in hardness (similar to that seen in indents A­D), despite

the lack of obvious differences in local surface grain boundary morphology. These

indents are highlighted in figure 6.4.6(c), along with their corresponding hardness

values. TEM was used to examine the material beneath indents E and F in order to

assess the mechanisms behind the differences in hardness. Figure 6.4.8 shows a low

magnification C­TEM image of each indent.

a) b)

Figure 6.4.8: Bright field TEM micrographs of cross­sections taken from indents (a)
E and (b) F in figure 6.4.5(c).

The plastic zone of indent E is clearly shown in figure 6.4.9(b), extending approx­

imately 1.5 µm below the deepest point of the indent. Many dislocations were pinned

against small defects in the matrix, presumably oxide particles; an example of such a

dislocation is shown in figure 6.4.9(d). HAADF revealed that the larger grain beneath

the indent contained an abrupt change in the visible density of oxide nanoclusters (the

dark spots) midway through this large grain, as shown in figure 6.4.9(a). There was

also a pile­up of dislocations at this particle interface, which did not coincide with

any grain boundary, in figure 6.4.9(b).
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HAADF was used to image the region immediately beneath the tip of indent E, as

shown in figure 6.4.10(a,b). The inset corresponding to figure 6.4.10(c) EDX maps

indicated that the dark spots were yttrium oxide (likely close to Y2O3 stoichiometry),

as expected, but with a Ti­rich shell. It should be noted that titanium­rich shells were

not found in the atom probe data. The grain boundary was comparatively enriched

with Cr and W; Al and Mn were also weakly present and assumed contamination

through the various stages of powder handling in production or as an impurity already

linked to the Fe powder used. No cavities were found under indent E, and this was

verified by detecting yttrium within the EDX scans.

b)

a)
d)

c)

Figure 6.4.9: TEMand STEMmicrographs of a dislocation network beneath indent E.
(a) The HAADF image shows an abrupt change in oxide particle density in the region
indicated (labelled ODS and non­ODS regions); (b) the BF STEM shows a pile up
of dislocations at this interface. (c) A white dashed line indicates this interface. d) A
typical example of a pinned dislocation is also shown.
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Figure 6.4.10: (a)­(b) STEM micrographs and (c) qualitative EDX element maps (L­
α lines) from a region immediately beneath the tip of indent E.

The plastic zone of indent F is clearly shown in figure 6.4.11(a). Dislocations

were more artificially extended to a greater length than those in figure 6.4.9­b) and

figure 6.4.10(b) since the foil was orientated close to a 110 plane, on which two vari­

ants of the ⟨111⟩­type screw dislocations would lie. HAADF again revealed a fine

distribution of dark spots near the tip of the indent. Due to their small size, EDX

maps were only acquired from single clusters here as shown in figure 6.4.11(c).

HAADF was used to image the region immediately beneath the tip of indent F, as

also shown in figure 6.4.12(a,b). HAADF and EDXwere used to examine if the Y­Ti­

O distributions were different in the nanograins and larger grains. It has been shown

through the HAADF micrographs in figure 6.4.12(a,b) that large ODS particles were

contained within nanograined regions. Since the largest ODS particles were generally

found on or near grain boundaries, it could be inferred that the nano­grains should

have a higher fraction of the large ODS particles since the grain boundaries are in

closer proximity to each other. No cavities were found under indent F, and this was
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verified by detecting yttrium within the EDX scans.

STEM­based estimates of the Y­Ti­O density for those regions that were qualita­

tively homogeneous within large grains ranged from∼ 7×1022 m−3 (measured from

the centre of a large grain beneath indent E) to ∼ 1 × 1023 m−3 (measured immedi­

ately beneath indent F). For both these measurements, the particles diameters were

3±1 nm. In the nanograined regions, the Y­Ti­O nanoparticle density was calculated

as ∼ 5× 1022 m−3, with larger diameters of 7±2 nm.

a)

b)c)

Figure 6.4.11: (a)­(b) STEM micrographs and (c) qualitative EDX element maps (L­
α lines) from a region immediately beneath the tip of indent F. Note: The white dots
visible in the HAADF images besides the EDX maps are carbon contaminants on the
foil surface and are unrelated to the microstructure.

153



T. P. DAVIS CHAPTER 6

a)

b)

c)

Figure 6.4.12: (a)­(b) STEM micrographs and (c) qualitative EDX element maps (L­
α lines) from a nanograin region beneath the plastic zone of indent F.

The Y­Ti­O number density measurements from APT (at near atomic resolution)

were generally much larger (∼ 1023 – 1024 #/m3 ) than those obtained by STEM (∼

1021 – 1022 #/m3 ) , which may indicate that HAADF did not resolve the smallest

Y­Ti­O clusters, and this reflects the difficulty in quantifying a high density of ∼1

nm sized clusters in a 2D projection of a TEM foil. The APT­based number density

measurements were thus considered a more reliable estimate of the ODS particle

density.

6.5 Discussion

The rationalisation of how the Y­Ti­O particles influence the deformation mecha­

nisms in and around the nanoindents must consider various facets. The 14YWT

hardness showed a bimodal distribution, and this might simply relate to the spatial

heterogeneity in Y­Ti­O particle number density (i.e. if the nano­oxide dispersion

is non­uniform), then the associated dispersion hardening will also be non­uniform
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[223, 349]. However, the hardness values of indents B and C were both 6.4±0.1 GPa,

despite different APT number densities of Y­Ti­O particles of 5.8± 0.1× 1023 m−3

and 1.3 ± 0.1 × 1024 m−3, respectively (taking an average of left, centre and right

APT tips). Further, the Guinier radius was 1.8±0.2 nm and 2.1±0.2 nm respectively

(again taking an average of the left, centre and right tips). In contrast, indent D exhib­

ited a hardness of 4.0±0.1 GPa and a number density of Y­Ti­O particles of 1.7×1024

m−3; in other words, the hardness increased from 4.0±0.1 GPa (indent D) to 6.4±0.1

GPa (indent C), whilst the Y­Ti­O particle number density remained near­constant

and equal to 1.7 ± 0.2 × 1024 m−3. Thus, the limited volume probed could suggest

that the dominant hardening mechanism was not Y­Ti­O based dispersion hardening.

14YWT had an average hardness and modulus of 5.8±1.1 GPa and 239±12 GPa,

respectively, with two very different grain size distributions of 0 – 1 µm and 1 – 20

µm grain diameter ranges with an average of 0.53±0.16 µm and 2.60±1.8 µm, re­

spectively. For comparison, the nanocrystalline iron exhibited on average a hardness

7.5±0.3 GPa, and modulus of 245±10 GPa with an average grain size of 150±50

nm.

The TEM analysis showed that the plastic zone extended to 2 µm below each

indent ( 8 times the indenter depth of 250 nm). The plastic zone beneath indent F

(the softer of the two indents) was mostly contained within a single grain, except

for a small grain at the surface, allowing dislocations to propagate unconstrained

through the grain. Themicrostructure beneath indent E (the harder indent) wasmostly

polycrystalline. The plastic zone extended to a nano­grained region on the left­hand

side of the indent, and beyond the grain­boundaries between the larger grains on the

right­hand side and below the indent. Evidently in this case, the dislocations were

more constrained by the grain boundaries.

The grain structure alone can be suggested as the pre­dominant hardening mech­

anism, however the role of ODS particles on dislocations must be considered. These

nano­oxides were captured in conventional two­beam bright field conditions, and in
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zone­axis bright field STEM. HAADF, complemented by EDX maps, was also used

to examine the oxide nanoclusters. Further thinning of the foils was conducted after

capturing the images in figure 6.4.8(a,b), which resulted in the loss of the protective

platinum layer and some of the near­surface material, as is noticeable in subsequent

micrographs.

The softer indent, indent F, examined by STEM appeared to contain a relatively

homogeneous distribution of Y­Ti­O beneath the indent, as shown in figure 6.4.11(b),

whereas the harder indent E contained a more obviously heterogeneous distribu­

tion with large depletion zones absent of TEM­visible clusters, as shown in figure

6.4.10(a,b). This finding, alongside the APT results, implies that the majority of hard­

ening is likely to arise from the grain refinement, rather than by dislocation pinning

on the Y­Ti­O particles (as shown in figure 6.4.9(d)).

Generally, the Y­Ti­O dispersion strengthening contribution has been explained,

and quantified, by the Orowan by­pass mechanism with a key assumption that the

particles are impenetrable. Shen et al. [350] performed such a calculation but did not

provide evidence that this assumption was reasonable. The dislocation TEM analy­

sis within the plastic zone of a nanoindent within 14YWT, as shown by figure 6.4.9,

indicated that the dislocations were straight, rather than bowed around the Y­Ti­O

particles; this implies that the Y­Ti­O were partially cut. Within the limitations of

this study (room temperature), the results suggest that Y­Ti­O particles were partially

penetrable at room temperature, which could explain their minimal contribution to

strengthening. It should be noted that the dispersion strengthening is also depen­

dent on the inter­particle distance. However, the TEM analysis conducted within this

study was unable to resolve particles smaller than 3 nm and the distances between

Y­Ti­O ppts in the APT data would be subjected to reconstruction aberrations, thus

potentially providingmisleading distance between particle results. The determination

of the inter­particle spacing was not calculated within this study. The investigation

of the particle/matrix interface coherency was beyond the scope of this study (it has
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been investigated in previous literature [351]).

Another feature was the enrichment of W at grain boundaries, as shown in figure

6.4.11(c) and figure 6.4.12(c). This enrichment was confirmed by APT analysis of

two grain boundaries in the datasets, with an average composition of 3.5 at % W,

as shown in figure 6.4.7. It should be noted that the bulk W in 14YWT was 0.80

at%. The enrichment could strengthen the grain boundaries. In addition, the com­

bined STEM and APT analysis suggests that the Y­Ti­O dispersion was not uniform

in general. W enrichment at the grain boundaries has been shown to provide some

strengthening. This indicates that W enrichment observed in 14YWT could have

strengthened the grain boundaries (thus, this has shown to increase creep resistance)

[352, 353].

Overall, the major hardening mechanism was due to grain boundary refinement,

rather than directly to the number density or homogeneity of Y­Ti­O particle distri­

bution. This finding is consistent with the high hardness measurement of 7.5±0.25

GPa for the pure nanocrystalline Fe with an average grain size of 150±50 nm. There

is no doubt that the high hardness in the nanocrystalline Fe is caused by the very fine

grain structure and had high dislocation density. It is noted that another common

feature of 14YWT grain boundaries was the larger Y­Ti­O particle densities close

to the boundaries (see figure 6.4.10(a,c) and figure 6.4.12(b,c)). It is not possible

to separate the strengthening effects of these larger Y­Ti­O particles from the grain

boundaries themselves in this study. Furthermore, model alloys and pure iron pro­

duced by high­pressure torsion can provide a suitable baseline for the effects of grain

refinement.

It should be noted that the studies were conducted at room temperature. High

temperature mechanical properties and their relation to the microstructure is vitally

important for the use of these steels in high temperature application, such as fuel

cladding in sodium­cooled fast reactors.

It has been common practice to compare 14YWT to ‘non­ODS’ variants, which
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have the same composition but no addition of Y2O3 powder [197, 210]. Inevitably,

the alloys have very different final ferritic grain structures because there is no grain

refinement/pinning effect from the Y­Ti­O particles during recrystallization. These

studies then highlight differences in mechanical properties between the alloys; the

results here suggest these differences, at least at room temperature, may be more due

to the effect of grain refining than by direct effects of dispersion hardening.

6.6 Conclusions

In the development of new fuel cladding materials for sodium­cooled fast reactors

and structural materials for nuclear fusion power reactors, 14YWT steel is regarded

as promising candidate. In this study, 14YWT has been investigated using a combina­

tion of TEM and EBSD microscopy, APT and nanoindentation at room temperature

to contribute to a comprehensive understanding of the factors controlling its hard­

ness, as a proxy measurement for its likely macro­scale mechanical properties. The

findings were as follows:

• The average number density and diameter of Y­Ti­O particles had a relatively

small effect on the hardness, suggesting that the dominant hardening mecha­

nism may relate more strongly to other microstructural features.

• TEM imaging of the plastic zone beneath nano­indents suggested that the dom­

inant strengthening mechanism was grain boundary hardening due to grain re­

finement, rather than dislocation pinning on the Y­Ti­O particles. This is con­

sistent with the high hardness measurement of pure nanocrystalline Fe.

• Grain boundaries were enriched with W, which is also thought to improve the

grain boundary strength.

• As is typical for this alloy class, the distribution of Y­Ti­O particles was com­

paratively non­uniform, with number densities ranging from 1023 − 1024 m−3
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as measured by APT.

• The Y­Ti­O particle diameter varied from region to region, with large (few

microns to 10s of microns) grains containing particles of 1­3 nm, as well as

nano­grained regions ( ∼ 100 nm) containing particles sized on typically ∼7

nm, and up to ∼15 nm.

• Overall, the presence of nano­oxides, Y­Ti­O, may have an indirect effect on

the hardness through the effect of grain refinement.

Overall the results suggest that for the alloy studied here in terms of hardening it is

the grain boundary pinning effect of Y­Ti­O clusters (and associated grain refinement)

during recrystallization that underpins the excellent yield strength of ODS alloys, and

not direct dispersion strengthening effects, despite various types of microstructural

inhomogeneity at the grain diameter and Y­Ti­O nanoparticle scale. The balance be­

tween grain boundary and dispersion strength will vary with temperature, and from

alloy to alloy. Although nanoparticles/clusters may be less important in strengthen­

ing, they retain their importance in conferring radiation resistance. Furthermore, this

study demonstrated how electron microscopy, APT and nanoindentation techniques

complement each other when characterising a material.

The next and final chapter of this thesis provides the overarching conclusion and

possible future work.
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Chapter 7

Thesis Summary

The expansion of nuclear fission energy to tackle climate change is seen as a key

stepping­stone tomeet the Paris Agreement on Climate Change. The drive to improve

the reliability, safety and scalability of future reactor designs (>2030s) by way of

’Generation IV’ type fission reactors has driven the research and development within

this industry [3, 13, 26]. However, the fuel cladding material of Generation IV nu­

clear reactor’s experiences intense neutron irradiation, high temperatures, corrosive,

and erosive environments, which excludes existing Generation II/III/III+ cladding

materials (i.e. zircalloy­2/4) [9]. One of the leading structural and fuel cladding

material for lead­cooled and sodium­cooled fast reactors is T91 ferritic/martensitic

stainless steel for the short term solution (5­10 years) [42]. ODS steels are regarded

as the fuel cladding material for the long­term deployment of Generation IV nuclear

reactors [42] and structural materials for fusion power stations [44].

Neutron irradiation drives microstructural and microchemical changes in tem­

pered martensitic steels like T91 ferritic­martensitic steel, and these changes impose

detrimental effects on the steel’s mechanical properties. As such, this evolution could

limit the lifetime and performance of reactor structural components. ODS steels are

engineered using nanoclusters (before irradiation) to improve the material’s radiation

resistance by including large radiation defect sinks. The overarching theme of this
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thesis was the evaluation of the role of nanoclusters within steels for nuclear applica­

tions, and each chapter discussed this role, as described below:

• Chapter 4 investigated the formation and evolution of solute nanocluster pre­

cipitation in T91 steel under neutron irradiation. The MNSP nanoclusters de­

grade the materials properties, which is of major concern to design engineers,

nuclear reactor operators, and nuclear regulators [42].

• Chapter 5 investigated the use of ion irradiation to simulate and study the for­

mation and evolution of solute nanocluster precipitation in T91 steel. The ob­

jective was to understand the effect of low dose irradiation, and to investigate

the usage of ion acceleration as a tool to understand irradiation damage, on the

microstructure of candidate structural materials for nuclear applications.

• Chapter 6 investigated the successor type steel over T91 by engineering in Y­

Ti­O nanoclusters before irradiation. The objective was to understand the effect

that these nanoclusters imposed on the microstructure and mechanical proper­

ties.

Overall, the thesis investigated how nanoclusters can be designed for positive

applications, whereas nanocluster formation under irradiation conditions can enable

premature failure during the operation of a nuclear reactor.

7.1 Contribution to Science

This thesis provides original contributions to the understanding of nuclear reactor

core materials, and the main findings can be found in sections 4.6, 5.6, and 6.6. The

three main major unique contributions to science provided by this thesis provides are:

• Detailed characterisation of the MNSP and solute segregation to dislocations

in T91 steel that was neutron irradiated to 2.14 dpa at 327 ◦C and 8.82 dpa
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at 377 ◦C. The compositions of all the MNSPs were similar and fell near the

Si(Mn,Ni) phase field, which was not observed beforehand. This composition

range is distinctly different than that for the typically cited G­phase, which is

consistent with the observations of Si(Mn,Ni) precipitates in neutron irradi­

ated low Ni % RPV steels. CRP­MNSP number densities, sizes and volume

fractions, as well as Si solute segregation to dislocations, was in remarkable

agreement with model predictions of a previously reported simulation, com­

bining solute segregation and CD mechanisms. This is further real evidence

for the success of modelling MNSP in T91 steel. Moreover, the research high­

lights parallels which can be drawn between the much more limited database

on MNSPs in neutron irradiated Fe­Cr alloy systems with that of the exten­

sive literature on precipitate evolution in RPV steels. This link has not been

provided before.

• Detailed characterisation of the MNSP and solute segregation to dislocations

in T91 steel that was ion irradiated between 0.12 dpa to 4.1 dpa at 300 ◦C and

the impact on mechanical properties were discussed. The insight that ion irra­

diation provides in understanding the fundamental mechanisms behind radia­

tion damage to the microstructure was not apparent after the case for neutron

irradiation. This study has demonstrated the usefulness of ion irradiation to

observe and understand the role of solute ions and impurities in commercial

grade ferritic­martensitic steels, and provide meaningful comparisons to neu­

tron irradiated T91 steels with the same APT methodology. Furthermore, the

study highlights that when APT and nanoindentation are applied in tandem,

they provide a powerful insight into the role of radiation­induced precipitation

and radiation­induced segregation. Moreover, the direct comparison for T91

steel between ion and neutron irradiation conditions has not been reported in

literature to­date. The findings show that ion irradiation can be used to study

RIP and RIS of T91 steel to understand the fundamental mechanism before
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conducting neutron irradiation experiments.

• Throughout ODS steel literature, the assumption is consistently held that Y­

Ti­O nano­oxides contribute to major alloy strengthening. The combination

of TEM and EBSD microscopy, APT, and nanoindentation provided a use­

ful tool to investigate which microstructural features control and/or affect the

mechanical properties. Two major findings arose: 1) the presence of Y­Ti­O

nano­oxides may have an indirect effect on the hardness by grain refinement

and 2) the dominant strengthening mechanism in 14YWT ODS steel was grain

boundary hardening due to grain refinement, rather than dislocation pinning on

the Y­Ti­O particles.

7.2 Contribution to Nuclear Engineering

The previous section discussed the contribution to science and the fundamental ma­

terials understanding of RIS and RIP exposed to ion and neutron irradiation of T91

steels, and ODS steel’s Y­Ti­O effect on the mechanical properties. This section will

discuss the overall contribution to the nuclear engineering field and how this work

provides an insight to the effect of radiation damage to engineers.

This research provides a scientific understanding to the formation and evolution

of MNSP, which embrittle the material by impeding dislocation motion. It is the

latter that increases the yield strength, decreases the fracture toughness and increases

the DBTT. It is these factors that are of importance to nuclear engineers, such as

the DBTT will determine the failure mechanism of the material [42]. Therefore, the

contribution could provide lower limits on the use of T91 steel in a reactor core, such

as the minimum temperature the steel should experience in a neutron field. These

limits is what provides the safety margin for operates, strengths the nuclear safety

cases, and ultimately provides the operating licence that vendors seek [42].

The ODS steel research provides characterisation of the Y­Ti­O particle and effect
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on dislocations, which ultimately underpin how this branch of steels have such a high

strength.

7.3 Suggestions for Future Work

The conclusions provide possible directions for further investigations, which may

include the following:

• Conduct a greater array of ion irradiation conditions of T91 steel that covers

the entire expected operational temperatures of fuel cladding in SFRs. This

ranges from 300 – 650 ◦C. The higher temperatures are of interest as this is

where the steel would be most spent during its operational lifetime. Rather

than radiation embrittlement being the major factor to the steels degradation,

the higher temperatures would enable the creep mechanism to dominate the

failure mechanisms [42, 64]. The future work here could focus around the

effect of RIS on the creep mechanisms seen in T91 steel and alike materials

(EUROFER97, F82H, and T92).

• Use the combination of APT, EBSD, nanoindentation, and TEM to understand

the pinning of dislocation ability MNSP in neutron and ion irradiated T91 steel

(and similar TMS alloys), and to understand the effect that these radiation­

induced precipitates have on the microstructure.

• Investigate the radiation­induced segregation around dislocation lines and

loops further, as it appears that the high dose damage in T91 steels is dominated

by these features. Specifically the temperatures range to investigate should be

between 300 – 450 ◦C due to the embrittlement nature shown in mechanical

data and high dose range (>10 dpa). It is these condition ranges that would de­

termine the steels failure at these doses due to the expected time fuel cladding

rods are in the reactor core [9].
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• Conduct similar ion irradiation experiments outlined in Chapter 5 and apply

them to the ODS steel investigated in chapter 6. The features of interest would

be whether ion irradiation at these temperature and dose ranges effect the Y­Ti­

O character (diameter, density, and composition) or do they remain unaffected

(and thus could be considered ‘radiation resistant’).

• For ODS steel to become an engineeringmaterial, the challenge is upscaling the

production from kg batches, which have inhomogeneous microstructures and

mechanical properties, to tonnage scales with predictable properties. Further

study could investigate possible solutions to this challenge, as it appears the

most limiting factor about ODS steels when deploying them in test reactors

(and eventually commercial nuclear reactors).
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