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ABSTRACT 

In the absence of a fusion neutron source, research on the structural integrity of materials in 

the fusion environment relies on current fission data and simulation methods. Through 

investigation of the Fe-Cr system, this detailed study explores the challenges and limitations 

in the use of currently available radiation sources for fusion materials research.  

 

An investigation of ion-irradiated Fe12%Cr using nanoindentation with a cube corner, 

Berkovich and spherical tip, and micro-cantilever testing with two different geometries, 

highlighted that the measurement of irradiation hardening was largely dependent on the 

type of test used. Selected methods were used for the comparison of Fe6%Cr irradiated by 

ions and neutrons to a dose of 1.7dpa at a temperature of 288°C. Micro-cantilever tests of 

the Fe6%Cr alloy with beam depths of 400 to 7000nm, identified that size effects may 

significantly obscure irradiation hardening and that these effects are dependent on radiation 

conditions. Irradiation hardening in the neutron-irradiated alloy was approximately double 

that of the ion-irradiated alloy and exhibited increased work hardening. Similar differences 

in hardening were observed in an Fe5%Cr alloy after ion-irradiation to a dose of 0.6dpa at 

400°C and doses rates of 6 x 10-4dpa/s and 3 x 10-5dpa/s. Identified by APT, it was shown 

that increased irradiation hardening was likely to be caused by the enhanced segregation of 

Cr observed in the alloy irradiated with the lower dose rate. 

 

These observations have significant implications for future fusion materials research in terms 

of the simulation of fusion relevant radiation conditions and micro-mechanical testing.



Christopher David Hardie  ACKNOWLEDGEMENTS 

 

Page | III  

 

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my supervisor, Steve Roberts for providing me with 

such an amazing opportunity and allowing me a large amount of independence, even though 

it meant learning the hard way occasionally. I am highly grateful to my supervisor, Sergei 

Dudarev at CCFE, who has always shown great interest in my work and contributed with 

useful discussions. 

I would also like to thank collaborators (in order of appearance) Andy Bushby (QMUL), Ed 

Tarleton, Bob Odette (UCSB), Ceri Williams and Shuo Xu for their assistance with work and 

provision of data (these are acknowledged and referenced in the text). 

I thank staff at the Centre for Advanced Energy Studies (CAES) in Idaho Falls (US) for 

ǇǊƻǾƛŘƛƴƎ ǘƘŜ ΨƘƻǘΩ CL. ŦŀŎƛƭƛǘȅ ŀƴŘ ŀƭƭ ǘƘŜ ƎŀƭƭƛǳƳ ƛƴ ƛǘΗ 

Many thanks to Nianhua Peng  and Adrian Cansell at the Surrey Ion Beam Centre, and 

Shavkat Akhmadaliev at the Rossendorf Ion Beam Center (HZDR) for their assistance with ion 

implantation and their understanding when asked (probably for the first time) to go as slow 

as possible! 

My DPhil friends in the years below deserve a mention for keeping me youthful, cynical and 

well watered: Christian Beck, Chris Burrows, Mike Gorley, Ele Grieveson, James Herring, 

Katie Plumber and Sean Yardley.  

Finally a special thanks to my parents for turning a blind eye when I packed my bags for 

university once again and my girlfriend Sarah for your support and actually listening to me 

for hours about materials science; you would certainly pass the materials science prelims 

now.



Christopher David Hardie  GLOSSARY OF ABREVIATIONS 

 

Page | IV  

 

GLOSSARY OF ABREVIATIONS 

AFM Atomic Force Microscopy 

appm Atomic Parts Per Million 

APT Atom Probe Tomography 

ASTM American Society for Testing and Materials 

ATR Advanced Test Reactor 

BCC Body Centred Cubic 

CAES Centre for Advanced Energy Studies 

CALPHAD Computing Coupling of Phase Diagrams and Thermochemistry 

CCFE Culham Centre for Fusion Energy 

CLAM Chinese Low Activation Martensitic 

CMCO Cambridge Metals, Crystals and Oxides 

CSIRO Commonwealth Scientific and Industrial Research Organisation 

CSM Continuous Stiffness Measurement 

CVI Chemical Vapour Infiltration 

DBTT Ductile-Brittle Transition Temperature 

DD Dislocation Dynamics 

DEMO DEMOnstration Reactor 

DFT Density Functional Theory 

DOE Department of Energy 

dpa Displacements Per Atom 

D-T Deuterium-Tritium 

EBSD Electron Backscattered Diffraction 

EDX Energy-Dispersive X-ray Spectroscopy 

EFDA European Fusion Development Agreement 

ENS Early Neutron Source 

EU European Union 

F/M Ferritic/Martensitic 

FCC Face Centred Cubic 

FEA Finite Element Analysis 

FEM Finite Element Modelling 

FEPA Federation of the European Producers of Abrasives 



Christopher David Hardie  GLOSSARY OF ABREVIATIONS 

 

Page | V  

 

FFTF Fast Flux Test Facility 

FIB Focused Ion Beam 

GND Geometrically Necessary Dislocation 

HD High Dose 

HDR High Dose Rate 

HFIR High Flux Isotope Reactor 

HFR High Flux Reactor, Netherlands 

HZDR Helmholtz Zentrum Dresden Rossendorf 

IFMIF International Fusion Materials Irradiation Facility 

INL Idaho National Laboratories 

ISE Indentation Size Effect 

ISO International Organisation for Standardisation 

JET Joint European Torus 

KBF Kinematical Bright-Field 

KMC Kinetic Monte Carlo 

LD Low Dose 

LDR Low Dose Rate 

LEAP Local-Electrode Atom-Probe 

LVDT Linear Variable Differential Transducers 

MD Molecular Dynamics 

MD Medium Dose 

MRF Materials Research Facility 

NRT Norgett, Robinson and Torrens 

ODS Oxide Dispersion Strengthened 

PID Proportional-Integral-Derivative 

PKA Primary Knock On Atom 

QMUL vǳŜŜƴ aŀǊȅΩǎ ¦ƴƛǾŜǊǎƛǘȅΣ [ƻƴŘƻƴ 

RAF Reduced Activation Ferritic 

RAFM Reduced Activation Ferritic/Martensitic 

RIS Radiation Induced Segregation 

RNTS-II Rotating Target Neutron Source 

RPV Reactor Pressure Vessel 

SANS Small Angle Neutron Scattering 



Christopher David Hardie  GLOSSARY OF ABREVIATIONS 

 

Page | VI  

 

SEM Scanning Electron Microscopy 

SIA Self-Interstitial Atom 

SNS Spallation Neutron Source 

SRIM Stopping Range of Ions in Matter 

SRO Short Range Ordering 

SSTT Small Specimen Test Technology 

TEM Transmission Electron Microscopy 

UCSB University of California, Santa Barbara 

UHP Ultra High Purity 

UMIS Ultra Micro Indentation System 

USE Upper Shelf Energy 

  

 



Christopher David Hardie  TABLE OF SYMBOLS 

 

Page | VII  

 

TABLE OF SYMBOLS 

ὗ Reactor Efficiency 

ὲ Electron Density 

Ὕ Energy Confinement Time 

Ὁ Collision Energy of Transfer 

Ὁ  Atomic Displacement Energy 

‡ Number of Displacements 

Ὕ PKA Energy 

ὔ Atomic Density 

Ὁ Incident Particle Energy 

‰Ὁ  Energy-Dependent Particle Flux 

„ Ὁ  Energy-Dependent Displacement Cross-section 

„ὉȟὝ Probability of Incident Particle of Energy Ὁ imparting an energy Ὕ onto 
a Target Atom 

ŎΩ Shear Stiffness Constant 

„ Thermal Component of Flow Stress 

„ Athermal Component of Flow Stress 

„ Yield Stress 

Ὃ Shear Modulus 

ὦ Burgers Vector 

ὰ Defect Spacing 

‌ Obstacle Strength 

n Work Hardening Coefficient 

‰ Ion Fluence 

ὖ Load on Sample 

ὖ  Raw Load 

ὖ Raw Load at Surface 

Ὤ  Raw Displacement 

Ὤ Displacement at Sample Surface 

ὑ Spring Stiffness 

Ὤ Displacement into Sample Surface 

ὗ Measured Thermal Drift 



Christopher David Hardie  TABLE OF SYMBOLS 

 

Page | VIII  

 

ὑ Frame Stiffness 

Ὓ Stiffness 

ὖ Peak Load 

Ὤ Displacement at Peak Load 

Ὤ Final Displacement After Unloading 

Ὁ Reduced Modulus 

ὃ Contact Area 

’ tƻƛǎǎƻƴΩǎ wŀǘƛƻ 

Ὁ Elastic Modulus 

Ὄ Hardness 

ὅ System Compliance 

Ὀ Damping Coefficient 

Frequency of Oscillation ‫ 

ά Mass of Indenter Column 

‰ Phase Angle  

ὖ Load at Increment Ὥ 

Ὤ  Measured Displacement 

Ὤ Displacement at Increment Ὥ 

Ὑ Tip Radius 

ὖ Load at Unload 

 Elastic Component of Indenter Displacement ‏

Ὑᴂ Radius of Curvature of Indent Impression 

ὥ Radius of Contact Area 

– Dimension Perpendicular to Tilt Axis 

ᾀ Dimension Orthogonal to Imaging Plane 

ώ Vertical Measured Distance 

Ὠ Working Distance 

‰ Tilt Angle 

Ὅ Second Moment of Area 

Ὑ Radius of Curvature 

ὓ Bending Moment 

ὓ Maximum Perpendicular Distance from Neutral Axis 

ύ Beam Width 



Christopher David Hardie  TABLE OF SYMBOLS 

 

Page | IX  

 

Ὤ Beam Height 

‐  Maximum Plane Strain 

 Beam Displacement ‏

ὰ Beam Length 

„  Maximum Stress 

Ὗ Translational Degree of Freedom 

Ὑ Rotational Degree of Freedom 

ὲ  Number of Match Points 

Ὤ  Plastic Displacement 

‐  Plastic Strain 

Aactual Actual Measured Contact Area 

Acc Contact Area Measured Between Indent Corners 

ὖ  Oscillating Load 

† Activation Stress for Dislocation Nucleation 

† Resolved Shear Stress 

„  Proof Stress 

ὃ Fitted Asymptotic Value of Proof Stress 

”  Density of Geometrically Necessary Dislocations 

„  Contribution of Stress Caused by Dislocation Pile-Up at the Neutral Axis 

Beam Bending Angle ‫ 

ὼ Size of Plastic Zone 

‗ Dislocation Source Spacing 



Christopher David Hardie  CONTENTS 

 

Page | X  

 

CONTENTS 

1 INTRODUCTION ........................................................................................................ 1 

 

2 LITERATURE REVIEW ................................................................................................. 5 

2.1 Research Context ....................................................................................................... 5 

2.1.1 The Fusion Environment .................................................................................... 5 

2.1.2 Radiation Damage ............................................................................................. 6 

2.1.3 Candidate Materials ........................................................................................ 12 

2.1.4 Summary .......................................................................................................... 18 

2.2 The Study of Radiation Damage in Solids ................................................................ 19 

2.2.1 Computational Modelling Methods ................................................................ 19 

2.2.2 Experimental Methods .................................................................................... 21 

2.2.3 Summary .......................................................................................................... 30 

2.3 Radiation Effects ς Cascade Damage ...................................................................... 31 

2.3.1 Primary Damage Production ........................................................................... 31 

2.3.2 Ballistic Phase .................................................................................................. 32 

2.3.3 Thermal Spike Phase ........................................................................................ 34 

2.3.4 PKA Energy ....................................................................................................... 35 

2.3.5 Cascades in Fe-Cr Alloys .................................................................................. 38 

2.3.6 Summary .......................................................................................................... 39 

2.4 Radiation Effects - Microstructural Evolution ......................................................... 40 

2.4.1 Dose Rate ......................................................................................................... 40 

2.4.2 Radiation Temperature ................................................................................... 44 

2.4.3 Radiation Dose ................................................................................................. 48 

2.4.4 Void Growth and Transmutation Gas .............................................................. 50 

2.4.5 Cr content ς Phase Stability ............................................................................. 51 

2.4.6 Summary .......................................................................................................... 53 

2.5 Radiation Effects - Structural Integrity .................................................................... 54 

2.5.1 Developed Reduced Activation Ferritic and Ferritic/Martensitic Steels ......... 54 

2.5.2 Pure Fe and Fe-Cr Alloys .................................................................................. 60 

2.5.3 Deformation Mode .......................................................................................... 66 



Christopher David Hardie  CONTENTS 

 

Page | XI  

 

2.5.4 Non-Hardening Irradiation Embrittlement ...................................................... 70 

2.5.5 Summary .......................................................................................................... 72 

2.6 Conclusion and Research Outline ............................................................................ 73 

 

3 MATERIALS AND EXPERIMENTAL METHODS ............................................................ 75 

3.1 Materials and Sample Preparation .......................................................................... 75 

3.2 Ion Implantation ...................................................................................................... 75 

3.2.1 Sample Temperature Control .......................................................................... 76 

3.2.2 Damage Calculations ....................................................................................... 79 

3.2.3 Implantation Methods and Known Limitations ............................................... 81 

3.3 Mechanical Testing .................................................................................................. 82 

3.3.1 Nanoindentation ............................................................................................. 83 

3.3.2 Micro-mechanical Testing ............................................................................... 95 

3.4 Atomic Force Microscopy ...................................................................................... 103 

3.5 Transmission Electron Microscopy (TEM) and Atom Probe Tomography (APT) ... 105 

 

4 MICRO-CANTILEVER DATA ANALYSIS ..................................................................... 107 

4.1 Simple Beam Theory .............................................................................................. 109 

4.2 Finite Element Modelling ...................................................................................... 111 

4.2.1 The Base......................................................................................................... 111 

4.2.2 Loading Point ................................................................................................. 114 

4.2.3 The Mesh ....................................................................................................... 114 

4.2.4 Experimental Data Analysis Tools .................................................................. 117 

 

5 MECHANICAL CHARACTERISATION OF IRRADIATED MATERIALS ON THE MICRON 

SCALE .......................................................................................................................... 124 

5.1 Experimental Details .............................................................................................. 125 

5.1.1 Material and Sample Preparation ................................................................. 125 

5.1.2 Ion Implantation ............................................................................................ 125 

5.2 Nanoindentation of Ion Implanted Layers ............................................................ 128 

5.2.1 Plastic Zone Size............................................................................................. 129 

5.2.2 Indentation Sink-in and Pile-up ..................................................................... 135 



Christopher David Hardie  CONTENTS 

 

Page | XII  

 

5.2.3 Indentation Data ............................................................................................ 141 

5.2.4 Characteristics of Nanoindentation ............................................................... 150 

5.3 Micro-mechanical Testing of Ion Irradiated Materials .......................................... 156 

5.3.1 Uniform Cross-Section Beam Testing ............................................................ 156 

5.3.2 Ψ²ŀƛǎǘŜŘΩ .ŜŀƳ ¢ŜǎǘƛƴƎ ................................................................................. 163 

5.3.3 Error Analysis ................................................................................................. 168 

5.3.4 Characteristics of Micro-Cantilever Testing .................................................. 172 

5.4 Discussion: The Comparison of Mechanical Testing Methods .............................. 176 

5.5 Summary ................................................................................................................ 179 

 

6 INVESTIGATING IRRADIATION BY IONS AND NEUTRONS, AND THE SIZE EFFECT IN 

FE6%CR ........................................................................................................................ 180 

6.1 Introduction ........................................................................................................... 180 

6.2 Experimental Details .............................................................................................. 181 

6.2.1 Material: Fe 6%Cr .......................................................................................... 181 

6.2.2 Neutron Irradiation........................................................................................ 183 

6.2.3 Ion Irradiation ................................................................................................ 185 

6.2.4 Nanoindentation and Micro-Cantilever Testing ............................................ 187 

6.3 Results ................................................................................................................... 188 

6.3.1 Nanoindentation ........................................................................................... 188 

6.3.2 Micro-cantilever Testing ................................................................................ 190 

6.4 Discussion .............................................................................................................. 196 

6.4.1 Comparison of Ion and Neutron Irradiation .................................................. 196 

6.4.2 Size Effects in Irradiated Materials ................................................................ 204 

6.4.3 Comparison with Macro-Scale Properties ..................................................... 208 

6.5 Summary ................................................................................................................ 210 

 

7 IRRADIATION PARAMETERS AND THE ROLE OF CR IN FE-CR ALLOYS ....................... 212 

7.1 Introduction ........................................................................................................... 212 

7.2 Experimental Details .............................................................................................. 213 

7.2.1 Material: Fe and Fe-Cr Alloys (EFDA) ............................................................. 213 

7.2.2 Ion Implantation ............................................................................................ 214 



Christopher David Hardie  CONTENTS 

 

Page | XIII  

 

7.2.3 Mechanical Testing ........................................................................................ 217 

7.3 Nano-indentation Results ...................................................................................... 217 

7.3.1 Irradiation Dose ............................................................................................. 220 

7.3.2 Irradiation Dose Rate and Temperature........................................................ 222 

7.4 Micro-Cantilever Results ....................................................................................... 224 

7.4.1 High Dose, High Dose Rate ............................................................................ 224 

7.4.2 Low Dose, Low Dose Rate .............................................................................. 226 

7.5 Microstructural Damage ........................................................................................ 227 

7.5.1 TEM ................................................................................................................ 227 

7.5.2 APT ................................................................................................................. 228 

7.6 Discussion .............................................................................................................. 231 

7.6.1 Cascade Damage in Fe and Fe-Cr Alloys ........................................................ 231 

7.6.2 Defect Mobility and Damage Evolution ......................................................... 232 

7.6.3 Effects of Impurities....................................................................................... 235 

7.6.4 Irradiation Hardening .................................................................................... 236 

7.6.5 Fe-Cr Phase Stability ...................................................................................... 239 

7.7 Summary ................................................................................................................ 241 

 

8 DISCUSSION AND CONCLUSIONS ........................................................................... 243 

8.1 Simulation of Fusion Relevant Radiation Environment ......................................... 243 

8.2 Methods to investigate mechanical properties of irradiated materials ............... 246 

8.2.1 Characteristics of nanoindentation and micromechanical testing................ 247 

8.3 The Fe-Cr System ................................................................................................... 249 

8.4 Conclusions ............................................................................................................ 250 

 

9 REFERENCES ......................................................................................................... 252 

 



Christopher David Hardie       INTRODUCTION 

Page | 1  

 

1 INTRODUCTION 

 

By 2050 there will be approximately 10-11 billion people living on the planet [1], the global 

demand for energy will have more than doubled (approaching 30TWY) and the fossil fuel 

reserves, which currently supply ~80% of this demand, will have depleted [2]. During this 

time, increasing atmospheric levels of CO2 are forecast and will continue to cause 

deleterious effects on the global climate [3]. This was recognised by the UK who committed 

ǘƻ ǘƘŜ ǿƻǊƭŘΩǎ ŦƛǊǎǘ ƭŜƎŀƭƭȅ ōƛƴŘƛƴƎ ƭong-term framework for cutting carbon emissions, known 

ŀǎ ǘƘŜ Ψ/ƭƛƳŀǘŜ /ƘŀƴƎŜ !Ŏǘ нллуΩ [4]. Yet, evidence of positive action to deliver this 

framework is scarce. A recent report from the UK regulatory body Ofgem (Office of Gas and 

Electricity Markets) highlights the decline in UK electricity production capacity and the risk of 

power shortages in the near future (~3 to 4 years) [5]. 

 

Fusion power generation would be safe, produces no harmful greenhouse gases, produces 

no long lived radioactive waste and uses an abundant fuel source capable of supplying 

energy for millions of years.  Unfortunately, sustained nuclear fusion is very hard to achieve. 

The most promising reaction for creating energy on earth is between two heavy isotopes of 

hydrogen, deuterium (D) and tritium (T) [6]:  

 

Ὀ Ὕ ὌὩ σȢυφὓὩὠ ὔὩόὸὶέὲ ρτȢπσὓὩὠ                                           ▄▲◊╪◄░▫▪ Ȣ 
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This reaction requires plasma temperatures to reach of over 100 million degrees Kelvin, held 

by magnets in a torus shaped chamber known as a tokamak [7]. Lithium is the envisaged fuel 

to supply the Tritium fuel by the reaction [8]: 

 

ὒὭὲ ὌὩ ςȢρὓὩὠ ὝςȢχὓὩὠ                                                               ▄▲◊╪◄░▫▪ Ȣ

   

With the prospect of Li extraction from sea water, the fuel supply for future fusion nuclear 

reactors is virtually unlimited [8].  

 

In 1997 the Joint European Torus (JET) reactor achieved the current world record for fusion 

power generation by producing 16MW of electricity [9] and a gain ὗ (Power out/Power in) 

of 0.65. Currently in construction in Cadarache, France, a device called ITER will provide the 

next step in fusion research by producing roughly 500MW of output power with less than 

50MW of input power, ὗͯ ρπ [7]. Despite some doubts (for example see ref. [10]), this 

collaboration between seven partners (Japan, US, South Korea, China, the European Union, 

India and Russia) follows a consistent progression towards a commercial power plant (figure 

1.1) [7]. 
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Figure 1.1 - The progress of fusion product1 vs. temperature for several experimental 

fusion reactors in the past 50 years. Prediction for ITER is shown in the breakeven region 

(╠>1) [7]. 

 

As the science behind nuclear fusion progresses towards technical feasibility, the 

commercial success of nuclear fusion power generation is becoming increasingly dependent 

on the development of low-activation materials to withstand the extreme environments 

within the reactor [11, 12]. The structural materials used will not only play a significant role 

                                                           

1
 The fusion product or Lawson criterion is a measure of plasma conditions for fusion reactions. It is 

the product of plasma (electron) density (ne) and energy confinement time (Te) 



Christopher David Hardie       INTRODUCTION 

Page | 4  

 

in the safety and environmental impact of a fusion reactor, they will also determine 

operating temperature ranges and downtime required for maintenance/replacement, and 

thus influence the efficiency and economics of fusion power generation [12].  

 

The work reported in this thesis investigates the use of ion implantation and micron scale 

testing techniques for the investigation of materials for fusion applications. The first ever 

direct comparison of ion and neutron irradiation indicates the characteristics of both 

radiation sources and how irradiated materials plastically deform in micro-scale testing 

volumes. Accounting for the challenges and limitations discovered with these techniques, 

chapter 7 reports on a systematic study investigating irradiation temperature, dose and dose 

rate on Fe and Fe-Cr alloys. This provides an insight into the role of Cr during irradiation and 

the mechanisms which control the degradation of mechanical properties commonly 

observed in steel during operation within a reactor. 



Christopher David Hardie LITERATURE REVIEW 

Page | 5  

 

2 LITERATURE REVIEW 

2.1 Research Context 

2.1.1 The Fusion Environment 

 

The structural components within the first wall and divertor with expected lifetimes are 

shown in figure 2.1 [13]; these will be subject to large heat loads (up to 20MW/m2), high-

energy 14MeV neutrons, low energy plasma particles and electromagnetic radiation.  

 

Figure 2.1 ς Schematic of future commercial fusion reactor. Redrawn from ref. [13]. 

 

This severe radiation environment results in a number of materials-related problems; these 

problems have been summarised by Schiller [14] in table 2.1. In addition to the radiological, 

thermophysical and strength properties of materials, attention must be given to corrosion 

and compatibility issues, for example with reactor coolant, and to technical maturity such as 

fabrication and welding techniques [15]. 
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Table 2.1 ς Main materials related problems resulting from the severe radiation 

environment of a fusion reactor [14]. 

 

 

2.1.2 Radiation Damage 

 

The effects of radiation concern many disciplines in science such as Biology, Medical Science, 

AstronoƳȅ ŀƴŘ bǳŎƭŜŀǊ tƘȅǎƛŎǎΦ Lƴ ǘƘŜ ǇǊŜǎŜƴǘ ŎƻƴǘŜȄǘ ǘƘŜ ǘŜǊƳ ΨǊŀŘƛŀǘƛƻƴ damageΩ ǊŜŦŜǊǎ ǘƻ 

the changes produced in crystalline lattices resulting from the exposure to radiation in the 

form of energetic particles. In this review, the majority of attention is given to the radiation-

induced physical and chemical defects in metals with special reference to ferritic alloys, 
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which result in the degradation of the mechanical properties required for application within 

a fusion environment. 

Radiation damage is the product of energetic collisions between incident particles and target 

atoms which form the bulk of a material. If the transfer of energy (Ὁ) in a collision is above 

the displacement energy (Ὁ), the target atom is displaced from its lattice site [16]. The first 

target atom which is displaced by a collision with an incident particle is known as a primary 

knock on atom or PKA. This PKA may then transfer its energy by further collisions, displacing 

lattice atoms until its energy falls below the displacement energy (Ὁ). The result of this 

interaction between the incident particle, PKA and subsequent target atoms is a 

displacement cascade of self-interstitial atoms (SIA) with a vacancy-rich core [17-19]. The 

number of displacements, ‡, as a function of PKA energy, Ὕ, can be described by the model 

of Kinchin and Pease [20] as defined in equation 2.1 and shown in figure 2.2. 

‡Ὕ

ừ
Ử
Ừ

Ử
ứ
π  Ὢέὶ Ὕ Ὁ             
ρ  Ὢέὶ Ὁ Ὕ ςὉ

 Ὢέὶ ςὉ Ὕ Ὁ

 Ὢέὶ Ὕ Ὁ              

                                                                                 ▄▲◊╪◄░▫▪ Ȣ

   

Figure 2.2 - The number of displaced atoms as a function of the PKA energy according to 

the model of Kinchin and Pease (graph taken from ref. [21]). 
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The international standard for quantifying the magnitude of displacement damage is 

ΨŘƛǎǇƭŀŎŜƳŜƴǘǎ ǇŜǊ ŀǘƻƳΩ όŘǇŀύ [22]; that is the number of displacements per unit volume 

divided by the atomic density, ὔ. For example, a single displacement of every atom from 

their lattice site in a given volume of target material corresponds to 1dpa. 

 

Displacement damage can be quantified by the damage rate equation [21]: 

 

Ὑ ὔ ‰Ὁ „ ὉὨὉ                                                                                          ▄▲◊╪◄░▫▪ Ȣ 

  

where ‰Ὁ  is the energy-dependent particle flux and „ Ὁ  is the energy-dependent 

displacement cross-section. The displacement cross-section is a probability for the 

displacement of lattice atoms for each collision event producing a PKA of energy Ὕȡ 

 

„ Ὁ „ὉȟὝ‡ὝὨὝ                                                                                         ▄▲◊╪◄░▫▪ Ȣ 

 

where „ὉȟὝ is the probability that a particle of energy Ὁ will impart a PKA energy Ὕ to a 

target atom, and ‡Ὕ is the number of displacements produced as defined using the Kinchin 

and Pease model in equation 2.1. 

 

These parameters are discussed in more detail in section 2.3 and are used for damage 

calculations in chapter 6. As shown in table 2.1, the production of displacement point 
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defects during irradiation can cause dimensional instability such as swelling and creep and 

degradation of mechanical properties such as hardening and embrittlement. These problems 

are limiting factors for the operational lifetime and efficiency of a reactor, thus they are 

briefly described below. 

 

Dimensional Instability 

Volume and shape changes can occur as a result of irradiation induced swelling, shrinkage, 

growth and creep mechanisms. Volume changes are the result of surface erosion, the 

production of phases with a different density to that of the parent matrix and, more 

commonly, void formation due to vacancy clustering (light areas shown in figure 2.3 [23]). 

Irradiation creep is the enhancement of stress-directed thermal creep due to the constant 

supply of point defects during displacement damage. Swelling and creep are generally 

treated together, as both are driven by the same point defect concentrations [24]. In 

addition to point defect concentrations, transmutation gases, particularly helium, have been 

found to enhance swelling by enhancing cavity formation [25]. 

 

Dimensional instability of materials used within a fusion reactor can have serious 

consequences to safety and component lifetime. Swelling and creep of components may 

change engineered dimensions beyond original tolerances and cause the build-up or relief of 

stresses in components, bolts and clamps. Creep also limits the maximum operating 

temperature of a material, which reduces reactor efficiency. 
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Hardening and Embrittlement 

During irradiation, the majority of point defects rapidly annihilate with one another; 

however many migrate within the bulk and can form extended structures such as dislocation 

loops, voids and clusters (figure 2.3) [23, 24]. This produces a population of dislocation 

loops, which act as obstacles to dislocation glide and cause the material to harden in a 

similar manner to work hardening. A heightened concentration of mobile defects enhances 

diffusion, causing radiation induced segregation (RIS) [26, 27], resulting in the segregation of 

alloying elements to sinks such as grain boundaries, free surfaces and dislocations; in some 

cases this may cause phase transformation or precipitation. 

 

 

Figure 2.3 ς Transmission electron image of a 300 series stainless steel irraŘƛŀǘŜŘ ŀǘ рллɕ/ 

to a dose of 10dpa [23], showing dislocation loops, voids (light areas) and clusters (black 

spots). 
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In addition to the introduction of new phases, entirely new elements may be introduced in 

the material matrix as a result of transmutation processes. The combination of relatively 

high energy and nuclear stopping interaction of fusion neutrons, gives rise to a number of 

inelastic nuclear events. These inelastic events are responsible for the introduction of 

gaseous transmutation products within the matrix, namely hydrogen and helium, which 

agglomerate with surviving point defects [28]. The expected concentration of H and He in 

candidate structural materials after 5 years exposure in a typical first wall environment of a 

fusion reactor is shown in table 2.2 [29]. H and He are highly insoluble in many materials, 

causing void and bubble formation in the matrix and at grain boundaries [30]. 

 

Table 2.2 ς Concentration of transmutation products H and He after 5 years (appm) (data 

taken from [29]). 

 W V Fe-9%Cr SiC (50%Si-50%C) 

H 76.3 2580 4920 4250 

He 33.6 363 1060 11300 

 

The combined effects of hardening, void formation and gas bubbles results in the 

embrittlement of several materials, identified by an increase in Ductile to Brittle Transition 

Temperature (DBTT) in Charpy V-notch tests [15, 31] or a decrease in ductility [32]. 
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2.1.3 Candidate Materials 

 

Currently, three candidate structural material types are under development based on 

vanadium alloys (V-Cr-Ti), silicon carbide composites (SiC/SiC) and 8-9%Cr 

ferritic/martensitic steels [11]Φ ¢ƘŜǎŜ ƳŀǘŜǊƛŀƭǎΣ ǘŜǊƳŜŘ ΨǊŜŘǳŎŜŘ ŀŎǘƛǾŀǘƛƻƴ ƳŀǘŜǊƛŀƭǎΩΣ ƘŀǾŜ 

been developed from the limited number of elements available (see [33]), which will 

produce acceptable levels of decay heat (for example, during maintenance or loss of coolant 

accidents) and lower the total level of radioactive waste on component replacement and 

decommissioning [34].  

 

Radiological Properties 

As shown in table 2.1, reactor materials are also susceptible to induced activation. In a 

fusion environment, the energetic 14MeV neutrons interact with the structural materials 

through elastic collisions, and in comparison to lower energy fission neutrons more 

frequently through inelastic nuclear events/absorption [15], resulting in transmutation 

processes (discussed above) and induced activation. In contrast to fission, radioactivity in a 

fusion reactor is not an inherent product of the fusion reaction itself except for the activity 

of tritium fuel with a half-life of 12.38 years [35]. In order to maintain the 'non-radioactive 

waste' appeal of a fusion power plant, all materials (including the coolant, tritium breeder 

and structural materials) must be made from elements which produce acceptable levels of 

induced activity caused by transmutation processes [36]. 

In 1982, the Office of Fusion Energy of the U.S. Department of Energy (DOE) identified three 

areas for consideration which are strongly influenced by neutron activation. These are [37]: 
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(i) Long-term management of activated reactor materials after removal from the 

reactor; 

(ii) Hands on contact reactor maintenance (within a reasonably short time after shut 

down); 

(iii) Reactor safety in the case of a severe accident. 

 

It was therefore agreed that the target for low activation materials in fusion power plants is 

that they are compliant with US DOE Class C waste conditions [37]; they must decay to a low 

level of radioactivity, equal to or less than the radioactivity of natural uranium, ~25kBq/g 

[38], within 100 to 500 years.  

 

Vanadium Alloys 

Vanadium alloys, particularly the V-Cr-Ti system with principal reference composition V-

4%Cr-4%Ti [39], are currently being developed due to attractive thermal properties and 

swelling resistance [40]. The combination of high thermal conductivity, low thermal 

expansion and high creep strength permits their operation at temperatures ǳǇ ǘƻ Ϥтллɕ/Σ 

providing a relatively high thermal efficiency which is desirable in a fusion reactor.  

Despite such promising characteristics little data exists regarding low temperature 

hardening and high temperature embrittlement. Initial tensile test results of V-4%Cr-4%Ti 

show a significant increase in yield stress after exposure to doses as little as 0.1dpa, which 

approaches nearly a 500% increase after 4-6dpa, above which dose hardening saturation 

occurs [41]. In addition to low temperature irradiation hardening, the high solubility of 

interstitial elements such as C, O and H can lead to an increase in strength and loss of 
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ductility causing cleavage or intergranular fracture, even in the absence of irradiation [42]. 

This highlights a number of restrictions on the use of certain coolants, notably the use of 

ƭƛǉǳƛŘ IŜ ŀƴŘ ǊŀƛǎŜǎ ŎƻƴŎŜǊƴǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ŀƭƭƻȅΩǎ ǊŜǎǇƻƴǎŜ ǘƻ predicted levels of 

transmutation gases He and H (shown in table 2.2 [29]). If liquid metal coolants such as Li are 

to be used, development of an electrically insulating coating is required to reduce possible 

corrosion and large scale pressure drops in coolant channels associated with 

magnetohydrodynamic forces [11]. 

 

The dependence of mechanical integrity on the impurity content in vanadium alloys leads to 

important requirements involving the purity of the alloys in fabrication and joining, 

particularly on an industrial scale. Two large heats of 500kg and 1200kg have been 

successfully melted and fabricated with similar impurity contents to smaller scale (15kg) 

laboratory heats [41]. Gas tungsten arc full-penetration welds of V-4%Cr-4%Ti have also 

been successfully demonstrated without the need for post-weld heat treatment; however, 

control of strict atmospheric conditions was required [43]. 

 

SiC/SiCf Silicon Carbide Composites 

The use of ceramic materials in the design of a fusion reactor was first proposed by Hopkins 

and Price in 1985 [44], by virtue of the very low induced radioactivity of ceramics during 

service [34, 45, 46]. However, silicon carbide fibre-reinforced silicon carbide (SiC/SiCf) has a 

low activation because it has a small cross-section for interaction with neutrons. This 

enhances neutron penetration and produces a larger volume of active material in 

comparison to materials with a higher neutron cross-section [47]. 
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SiC/SiCf composites are under development as a candidate due to their high temperature 

creep strength and corrosion resistance [48]. SiC/SiCf composites maintain acceptable 

mechanical strength at temperatures up to млллɕ/Σ ƘƻǿŜǾŜǊ, thermal conductivity is 

decreased considerably as a result of void formation during irradiation [48]. This decrease, 

shown in figure 2.4, reduces the compositeΩs power density capability to far below that of V 

alloy and F/M steel candidates [15]. 

 

Figure 2.4 ς Thermal conductivity of a SiC composite vs. displacement damage ([48] as 

cited in [15]). 

 

The high strength of SiC/SiCf composites has been found to decrease dramatically in the 

presence of He. Hasegawa et al. [49] demonstrated a reduction in strength up to 20% in 

some composites after He implantations to concentrations as little as 150 ς 170 appm. The 

large cross-sections for in-elastic (n, h ύ processes in Si causes He concentrations an order of 
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magnitude larger than that of V-alloys and F/M steels (see table 2.2). Thus, reductions in 

strength at relatively small He concentrations observed by Hasegawa et al. [49], are a major 

concern when considering He concentrations after extended durations in a fusion reactor. 

The mechanical properties and dimensional stability in SiC composites are critically 

dependent on differing rates of swelling/densification of each constituent and the integrity 

of interfaces between them [48]. 

SiC/SiCf composites are synthesised using a chemical vapour infiltration (CVI) method, which 

provides a gas permeable structure with ~10% void volume fraction, requiring the use of a 

hermetic sealant [50]. Further development is required to demonstrate large scale 

manufacture and joining methods. 

 

Ferritic Steels 

Ferritic steels are preferred over FCC stainless steels used in fission reactors, due to superior 

swelling resistance observed under irradiation [51, 52], for example, these steels have been 

found to exhibit swelling below 2% over the entire temperature range to doses up to 200dpa 

in the fast flux test facility (FFTF) [53]. However, little is known regarding potential increases 

in swelling caused by the He and H produced by transmutation reactions from 14 MeV 

fusion neutrons. Evidence of enhanced swelling in the presence of He has been found in 

boron doped ferritic F82H alloy [25], and in dual beam implantations in several candidate 

alloys [54]. The comparison of swelling rates in both materials has rarely taken the effect of 

dose rate into account, resulting in large scatter of the data [55]. 

 

The mechanical properties of ferritic steels subjected to irradiation are a primary focus of 

this thesis and are discussed in more detail in sections 2.3 and 2.4; thus only a brief 
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introduction is given here. Irradiation hardening occurs at low temperatures (<400°C) [56-

58] and on few occasions softening has been observed in some alloys >рллɕ/ [59]. At 

temperatures below ~пллɕ/Σ ƛǊǊŀŘƛŀǘƛƻƴ ƘŀǊŘŜƴƛƴƎ ǊŜǎǳƭǘǎ ƛƴ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ 5.¢¢ [57, 58, 60]. 

ɲ5.¢¢ is dependent on irradiation temperature, dose, transmutation helium production and 

/Ǌ ŎƻƴǘŜƴǘΦ ¢ƘŜ ǇǊƻƴƻǳƴŎŜŘ ŜŦŦŜŎǘ /Ǌ ŎƻƴǘŜƴǘ Ƙŀǎ ƻƴ ɲ5.¢¢ ƛǎ ǎƘƻǿƴ ƛn figure 2.5 [31, 53, 

61]. The radiation-induced increase in DBTT at Cr contents >9% may be due to segregation of 

ǘƘŜ ŀƭǇƘŀ ǇǊƛƳŜ όʰΩύ ǇƘŀǎŜ ŎŀǳǎƛƴƎ ǘƘŜ well-known Ψптр°C embritǘƭŜƳŜƴǘΩ ŜŦŦŜŎǘ [62, 63]. 

The increase in DBTT in the alloys with decreasing Cr content have also been indicated in Fe-

Cr model alloys [64], however the mechanisms controlling this behaviour are not known. The 

role of Cr in irradiation hardening is a primary concern in the work reported in this thesis. 

 

 

Figure 2.5 ς Effect of Cr content on change in DBTT of ferritic alloys after neutron 

irradiation in FFTF [31]. 
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The database for ferritic steels in a radiation environment is large when compared to that of 

other candidate fusion materials. Production of these steels with low impurity levels and 

welding has been demonstrated successfully [65] and a number of alloys have been created 

specifically for fusion reactors. 

 

ODS Steels 

The main disadvantage with ferritic/martensitic steels is the onset of high temperature 

creep above ррлɕ/Φ hȄƛŘŜ ŘƛǎǇŜǊǎƛƻƴ ǎǘǊŜƴƎǘƘŜƴŜŘ όh5{ύ ǎǘŜŜƭǎ ŀǊŜ ǳƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘΣ ǘƻ 

increase creep resistance and reduce swelling due to the distribution of microstructural 

traps for helium [65]. These alloys have an ultrafine dispersion of 2nm Ti-, Y- and O- enriched 

particles formed by a mechanical alloying process, followed by hot extrusion, rolling or hot 

isostatic pressing [65].  These alloys are early in development; the stability of ODS particles 

during irradiation and particularly at welds requires further investigation.  

 

2.1.4 Summary 

 

The environment in a fusion reactor is extreme. Components will be subject to large heat 

loads and radiation from energetic particles, causing several materials related problems 

which may risk the commercial feasibility of fusion power generation. Of the three candidate 

structural materials, low-activation ferritic steels are recognised as the most advanced and 

mature materials [31], and the use of a developed alloy known as EUROFER 97 has been 

suggested for the blanket design of the first prototype fusion reactor, DEMO [66]. 

Nevertheless, further work is required to understand hardening and embrittlement 

mechanisms in these alloys, particularly the role of Cr when subjected to irradiation.  



Christopher David Hardie LITERATURE REVIEW 

Page | 19  

 

2.2 The Study of Radiation Damage in Solids 

 

Radiation damage in materials include phenomena at time scales from attoseconds (10-18s) 

to decades, and length scales from angstroms (10-10m) to metres; hence, this discipline 

requires a multi-scale approach which includes computational modelling [67, 68], 

microscopy techniques [69] and mechanical testing [70]. 

 

2.2.1 Computational Modelling Methods 

 

The development of computational modelling has enabled the simulation of collision events, 

defect production and migration, microstructural evolution and the resulting effects on the 

mechanical properties of solids. Investigating the wide range of time and length scales 

involved is computationally expensive and requires a multi-layered approach, where 

simulation data are used to pass parameters to subsequent models of a higher scale.  

 

At the smallest time and length scales, density functional theory (DFT) modelling uses 

quantum mechanics to simulate elementary defects and can be used to develop interatomic 

potentials. These models are limited to systems with relatively small cell ƻǊ ΨōƻȄΩ ǎƛȊŜǎ ƻŦ 

100-200 transition metal atoms, which are repeated with periodic boundary conditions to 

represent larger or infinite volumes of material; this limits the complexity and disorder of 

structures which can be modelled. 
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Potentials, gained from DFT modelling or fitted to bulk material properties can be used in 

MD calculations, to simulate collision cascades produced by energetic particles and the 

microstructural evolution of resultant point defects into clusters and dislocation loops on 

the order of nm and ps. This may result in improved accuracy in relationships between 

radiation conditions and defect production, cluster fraction and type (for example see MD 

simulations of cascades produced by Bacon et al. [71]). More recently, MD simulations have 

been used to study the complex reactions between glissile dislocations and various radiation 

defects [72, 73]. 

 

To simulate the evolution of cascade products beyond the length and time scales of MD 

simulations, Kinetic Monte Carlo (KMC) models [74, 75] use statistical mechanics calculations 

to predict large scale defect evolution resulting from a considerable number of damage 

events expected in a fusion environment. KMC methods can include complex 

microstructures, such as the effects of impurities, dislocations and grain boundaries, without 

the need for excessive computational resources.  

 

Finally, Dislocation Dynamics (DD) coupled with continuum mechanics are employed to 

model the flow and fracture behaviour ƻŦ ǊŜǎǳƭǘŀƴǘ ΨŘŀƳŀƎŜŘΩ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜǎ. In the 

relatively large scale of these methods (nanometres to micrometres), an accurate simulation 

of the macroscopic behaviour requires the consideration of several elements which make up 

the microstructure of the solid, increasing computational demand. At the largest scales, 

Finite Element Analysis (FEA) models are used with empirical constitutive laws derived for 

radiation damaged materials. 
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In the rapidly developing field of materials modelling, care is required not to stretch a model 

beyond its range of validity [67]. The inherent assumptions, limitations and errors within 

each model are liable to be exaggerated in parameters which are passed on to subsequent 

models; this emphasises the importance of experimental methods, to validate the 

fundamental theory within these models. 

 

2.2.2 Experimental Methods 

 

Methods available to study the effects of radiation damage in solids include a large variety of 

general techniques established for material science. This section addresses methods for 

irradiating materials specific to a fusion environment and will provide an overview of the 

main experimental techniques used to characterise these materials during and after 

irradiation. 

 

Simulating a Fusion Radiation Environment 

The radiation environment at the first wall of a fusion reactor has been detailed in section 

2.1.1. In order to study the effects of radiation in a fusion environment experimentally, 

access to a radiation source of some kind is required. In the absence of a working fusion 

reactor and the much anticipated International Fusion Materials Irradiation Facility (IFMIF) 

[76], alternative radiation sources for simulating fusion neutron spectra are available; 

several of these methods have been evaluated by Ishino [77].  
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The effects of a fusion environment are often studied by using energetic neutrons from 

current mixed-spectrum and fast fission reactors, requiring correlation with likely effects 

from fusion spectrum neutrons [78]. In order to successfully apply data from fission reactor 

studies to the fusion environment, the radiation conditions (such as those discussed in 

section 2.3) must be taken into account; unfortunately, many of the previous studies have 

recorded such data inaccurately and in some cases important parameters were neither 

recognised nor documented. Garner et.al [78] showed that when comparing two radiation 

environments, differences in dose rate are a dominant determinant of an alloyΩs response. 

This evidence is particularly concerning when considering the vast range of characteristic 

dose rates associated with the various radiation sources used for materials research shown 

in table 2.3 [11, 79, 80]. 

 
Table 2.3 - Various sources of radiation with typical values of dose rate. 

 

In addition, M. Kiritani et.al [81] suggested the exposure to neutrons during reactor start up 

and shut down, producing an irradiation with differing temperature, may result in up to a 

one hundred percent difference in the final defect structure compared to an irradiation with 

constant temperature.  

 

Fission based sources have a much lower neutron energy spectra (typically <200KeV) when 

compared with that envisaged for a fusion reactor. These energies are not sufficient to cause 

Radiation Source Dose Rate in iron-based alloys (dpa/s) 

First Generation Fission Reactor Pressure 
Vessels (RPV) [11] 

~ 10-11 ς 10-10 

Rotating Target Neutron Source (RNTS-II) [79] ~ 10-10 

Fast Flux Test Facility (FFTF) [79] ~ 10-8 ς 10-6 

Charged Particle Implantation [80] ~ 10-5 ς 10-3 



Christopher David Hardie LITERATURE REVIEW 

Page | 23  

 

the ΨǘƘǊŜǎƘƻƭŘΩ ǊŜŀŎǘƛƻƴǎ which produce the levels of transmutation products expected in 

fusion reactors, requiring doping of materials prior to irradiation if transmutation products 

are to be simulated [82, 83]. Typical dopants include nickel, 58Ni and Boron, 10B which form 

He in mixed-spectrum or high-flux fission reactors2; however, these elements produce 

artefacts, such as B precipitate formation [84], in the alloy during and after irradiation [85]. 

 

Other higher energy neutron-based radiation sources include accelerator-based D-T neutron 

sources, such as the Rotating Target Neutron Source (RNTS-II) facility [86] and Spallation 

Neutron Source (SNS). These methods can provide similarities to a fusion radiation 

environment; however a low neutron flux in RTNS-II and broad energy spectrum in SNS limit 

comparability. 

 

All high energy neutron radiation sources which are used to investigate radiation damage in 

solids require the use of a Ψhot cellΩ. This involves the transportation of radioactive materials, 

ǘƘŜ Ƙƻǘ ŎŜƭƭ ǘƻ ōŜ ƻƴǎƛǘŜ ǿƛǘƘ ŀ ǊŀŘƛŀǘƛƻƴ ǎƻǳǊŎŜ ŀƴŘ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ΨƘƻǘΩ testing 

equipment. A relatively less expensive way to simulate radiation damage in solids can be 

achieved by ion implantation using a charged particle accelerator, where each incident ion 

simulates a PKA [87]. The use of heavy ions as a radiation source produces interactions with 

a considerable increase in the elastic cross-section to that of neutron radiation, which results 

in a mean free path between collisions in the order of 100Å as opposed to a few centimetres 

with neutrons. This limits the range of ions into a solid to a few microns, but gives the 

ΨadvantageΩ of high dose rates capable of producing levels of displacement damage 

                                                           

2
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Ni forms He by the two-step reaction with thermal neutrons, 
58
bƛ όƴΣ ʴύ ς 
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. όƴΣ ʰύ ς 
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equivalent to a decade in a fusion reactor in a matter of hours. Light particles such as alpha 

particles, protons, and electrons can be used for increased implantation depth. The fraction 

of energy lost in the form of electronic stopping is large with lighter ions, producing 

significant beam heating and low energy transfer in elastic collisions (low PKA energies). 

Inelastic nuclear events are not directly simulated with charged particle irradiation, requiring 

subsequent or in-situ dual-beam or triple-beam implantation if transmutation products are 

to be simulated [88]. 

 

In comparison with each other and with conditions expected in a fusion reactor, all currently 

available irradiation methods have significant differences in radiation environment. The 

effects of these differences are discussed further in section 2.3. 

 

Materials Characterisation 

A significant restriction for many experimental techniques available is limited irradiated 

sample volumes, as a result of volume or technology limitations of the radiation sources or 

due to maximum activity restrictions. A number of microstructural and chemical 

characterisation techniques such as Transmission Electron Microscopy (TEM) and Atom 

Probe Tomography (APT), inherently require sub-micron scale specimens and are commonly 

used to investigate small volumes of irradiated material. These techniques can be applied to 

materials which have been irradiated with either neutrons or charged particles; for example, 

material subjected to charged particle irradiation can be investigated Ψƛƴ-ǎƛǘǳΩ ƛƴ ǘƘŜ ¢9a ŦƻǊ 

dynamic observations of radiation phenomena [89]. 
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Traditionally, mechanical testing is conducted on specimens of at least several tens of 

millimetres in size and is defined in several standards. Volume constraints for irradiated 

materials has resulted in the development of small specimen test technology (SSTT), which 

involves the miniaturisation of several standard test specimens for different mechanical 

testing techniques [90]. SSTT uses specimens in the order of a few millimetres; however, test 

data are subject to scaling effects associated with constraint loss and require adjustment 

[90].  

 

Micro-mechanical Testing of Irradiated Materials 

Micro-mechanical testing of irradiated materials is receiving growing interest for two 

reasons. Firstly, irradiation of materials by high energy neutrons can cause the formation of 

radioactive isotopes (such as Mn-54 and Co-60 in structural steels), which complicates 

handling and testing of large scale test specimens. Secondly, the small volumes of material 

produced by heavy ion irradiation limits test specimen geometries to dimensions to a few 

microns. Nanoindentation is increasingly being used for ion-implanted material to study 

changes in mechanical behaviour of the thin damaged layer at the surface [54, 91-96]. These 

methods are useful for the quantitative comparison of micro-scale irradiated volumes; 

however they provide little qualitative information on the micro-mechanical deformation 

behaviour.  

Since the development of focused ion beam (FIB) microscopes, the ability to mill material at 

a scale as small as a few tens of nanometres has led to the development of site-specific 

specimen manufacture for TEM and APT analysis [97], as well as various micro-mechanical 

test geometries [98]. Micro-mechanical techniques can be used on thin damage layers 
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produced by charged particle irradiation and have the potential to substantially reduce the 

complexity and expense involved in the mechanical testing of active materials. 

Micro-pillar compression is a common micro-mechanical testing method due to its simple 

geometry; this reduces milling requirements and provides tests with a simple stress state for 

analysis. Hosemann et al. [70] have used this technique for investigating the end pieces of 

used tensile test specimens of neutron irradiated HT-9 steel. The volume of neutron 

irradiated material enabled the testing of relatively large 8 x 8 µm square pillars, results 

from which agreed well with trends in yield stress found by tensile and micro hardness of 

the same irradiated material; a direct comparison was not possible due to significant 

differences in test temperature. For the testing of ion implanted material, pillars must be 

manufactured lateral to the ion beam. This has been achieǾŜŘ ōȅ ΨǎŀƴŘǿƛŎƘƛƴƎΩ ǎŀƳǇƭŜǎ ŦƻǊ 

milling into a cross-section of the implantation damage [99] and by implantation of a pre-

fabricated FIB milled 5µm thick lamella [100].  

 

Figure 2.6 - Size-dependent yield stress for (100) orientated irradiated and un-irradiated 

copper nano-pillar tests [100]. 
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Kiener et al. [100] clearly demonstrated that the measured yield stress in un-irradiated and 

irradiated copper was dependent on specimen size (figure 2.6) and followed the well-

established size effect for small scale testing [101]. In the pillars with a diameter smaller 

than 400nm there was no observable difference in the yield stress between irradiated and 

un-irradiated Cu and plasticity was dominated by the nucleation of dislocation sources. 

Above a diameter of 400nm, the irradiated material exhibited a constant yield stress with 

increasing specimen size, whilst the un-irradiated material continued to exhibit a size effect 

with decreasing yield stress. The iron-based pillars tested by Grieveson et al. [99] were 

limited to 1µm in diameter (corresponding to the maximum implantation depth) and a 

difference in the yield stress between irradiated and un-irradiated iron was not observable; 

it was suggested that plasticity was controlled by dislocation nucleation similar to the 

description given by Kiener et al. [100]. 

The mechanical testing of materials using micro-pillars is hindered by several problems. A 

poor lateral stiffness due to deformation of material surrounding the base of the beam is a 

major problem [102] and has led to inaccurate measurements of strain during testing and 

unrealistic values observed for elastic modulus. Pillars machined by annular milling are 

prone to having tapered walls leading to a stress gradient along the length of the beam; 

pillars of this geometry always exhibit plastic deformation only very close to the top of the 

beam. Scatter in data may occur in some part due to errors in pillar geometry 

measurements. Pillars machined into a flat surface are usually masked by the edges of the 

hole they sit in; this necessitates imaging the test specimens with a high angle of incidence 

and measurement values are weighted heavily on assumptions regarding the orientation of 

the sample and pillar with respect to the imaging beam column.  

The measurement of mechanical properties of ion-implanted material using micro-cantilever 

testing has been attempted by Halliday et al. [94]. Pure Fe was subjected to ion implantation 
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using 2MeV followed by 0.5MeV, to average doses of 0.35dpa and 5.33dpa at a temperature 

of 300°C. Micro-ŎŀƴǘƛƭŜǾŜǊ ōŜŀƳǎ ǿŜǊŜ ƳŀƴǳŦŀŎǘǳǊŜŘ ōȅ CL. ƳƛƭƭƛƴƎ ŀƴŘ ƛƴŎƭǳŘŜŘ ŀ Ψǿŀƛǎǘ 

ǊŜƎƛƻƴΩ мҡƳ ƛƴ ŘŜǇǘƘ ŀǘ ǘƘŜ ŦƛȄŜŘ ŜƴŘ ƻŦ ǘƘŜ ōŜŀƳΤ ǘƘƛǎ ƎŜƻƳŜǘǊy concentrated the stress to 

a small volume within the implanted layer during testing. As shown in figure 2.7, the 

observed yield stress was found to increase as a function of dose and the work hardening 

rate was found to increase in the material irradiated to the highest dose. Interestingly, a 

large increase in the observed elastic modulus was also measured for material irradiated 

with the highest dose.  

 

Figure 2.7 - Stress-strain curves for micro-cantilevers close to [0 0 1] in pure Fe, un-

irradiated and irradiated to a low dose (0.35dpa) and high dose (5.33dpa) [94]. 

 

The data was analysed by using simple beam theory calculations; several assumptions are 

used in these calculations which may have resulted in significant errors. Most notably the 

beam is assumed to have a constant cross-section along its length. Differences in the beam 

stiffness due to the small waist cross-section compared to the relatively large beam cross-

section may result in an underestimation of strain. This may have resulted in the calculation 
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of high elastic modulus in some cases. The fixed end of the beam is assumed to be fully 

constrained; however the free surface and plastic deformation at the fixed end may cause 

further complications. Finally, loading should be applied and all deflections should occur in 

the plane of bending; an image showing a tested beam indicates that the beam may have 

been subject to torsion stresses during bending (figure 2.8). 

 

 

Figure 2.8 ς Micro-cantilevers in un-implanted pure Fe before (left) and after (right) testing 

[94]. Tested beam orientation indicates deformation by both bending and torsion. 
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2.2.3 Summary 

 

In the absence of a working fusion reactor, there are no radiation sources which accurately 

simulate a fusion environment requiring the use of various extrapolation methods [78, 81, 

83, 103, 104]. In many cases the investigations of radiation effects in materials require the 

use of experimental techniques at smaller length scales [90]. The use of miniaturised test 

volumes in laboratories with activity restrictions or for ion implanted materials presents 

several discrepancies when compared to characteristic bulk behaviour. Observations and 

test data from each investigation are dependent on the characteristics of the radiation 

source and characterisation methods used. This is of considerable importance in the work 

reported in this thesis, which uses ion implantation to produce damage, followed by 

nanoindentation and micromechanical testing to investigate mechanical properties. 
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2.3 Radiation Effects ς Cascade Damage 

 

The methods described in section 2.2 have been employed to gain an understanding of the 

effects of radiation in ferritic materials and develop alloys for nuclear energy applications. 

This section describes the fundamental processes which control radiation damage, from the 

production of elementary defects in displacement cascades to the evolution of the damage 

microstructure. These processes are important for investigating the response of a material, 

which has been irradiated in a radiation source with characteristic parameters including 

irradiation temperature, dose and dose rate. 

 

2.3.1 Primary Damage Production 

 

Displacement cascades begin with a ballistic phase, which consists of all displacement 

collisions resulting from a PKA as described in section 2.1.2. This is followed by a thermal 

spike phase, which includes the cooling of the cascade volume from temperatures exceeding 

the melting temperature of the alloy. Neutrons have no net electronic charge and transfer 

energy by direct elastic collisions with atomic nuclei in the target structure; these collisions 

are commonly modelled equivalent to those of hard spheres [105]. In contrast, charged 

particles such as those used in ion implantation and PKAs transfer energy by three processes 

[106]: 

 

(i)  Electronic Stopping (e) - Inelastic interactions with bound or free electrons 

in the target structure; 
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(ii)  Nuclear Collisions (n) - Elastic Coulomb interactions between the 'screened' 

nuclear charges of charged particle and target atom; 

(iii)  Charge Exchange (ch) - electron exchange between moving atom and target, 

during close proximity. 

 

Hence, the total energy loss of an energetic charged particle in a target material is given by: 

 

ὨὉ

Ὠὼ
 
ὨὉ

Ὠὼ
 
ὨὉ

Ὠὼ
 
ὨὉ

Ὠὼ
                                                                              ▄▲◊╪◄░▫▪ Ȣ 

     

At higher energies the majority of energy is lost through electronic stopping which generates 

heat. However at lower energies, energy is predominantly lost through nuclear collisions 

which cause atomic displacement [21]. The energy loss due to all interactions with energetic 

particles (neutrons and charged particles) are calculated with the energy-dependent 

displacement cross-sections, „ Ὁ , as defined in equation 2.3.  

 

2.3.2 Ballistic Phase 

 

The initial ballistic phase of damage production is affected by the ordered array of atoms in a 

crystalline lattice. Erginsoy et.al [107] used MD and found large differences in threshold 

displacement energy with crystallographic orientation in iron, as shown in figure 2.9. This 

showed that lattice atoms are displaced at lower energies in collisions along the low index 

directions and that higher energies are required in high index directions. Similar differences 
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were later confirmed by resistivity change experiments using electron radiation [108, 109] 

and simulations with more advanced potentials for both Fe and Fe-Cr [110]. 

 

 

 

Figure 2.9 ς Contours of threshold displacement energies (in eV) in iron with crystal 

direction in inverse-pole figure [107]. 

 

Erginsoy et al. [107] also showed that collision cascades were predominantly the product of 

a number of supersonic velocity collision chains όΨŎǊƻǿŘƛƻƴ ǘǊŀƴǎŦŜǊΩύ with preferred close-

packed direction of <111> in iron, despite the lower threshold displacement energy in 

<100>. In addition, long range trajectories of charged particles have been found along low 

index directions as a result of glancing collisions, which 'steer' the particle within open 

channels in many different crystalline materials (known as channelling). Beeler [111] used 

MD simulations to show that channelling, and in particular quasi-channelling of knocked-on 

atoms of second or higher order, plays a significant role in determining the extent of a 



Christopher David Hardie  LITERATURE REVIEW 

Page | 34  

 

collision cascade in iron. It was shown that channelling is preferred along <110> and <100> 

directions and collided atom volumes were distributed in these orientations.  

 

Stoller et al. [112] produced a number of MD simulations which directly investigated the 

effects of crystallography and PKA direction on the number of surviving defects in iron. This 

investigation showed that the number of surviving defects is lowest in the <100> direction 

and highest in the <111> direction, as shown in figure 2.10. These simulations modelled pure 

iron in cells equilibrated at 100K and with PKAs of a low energy. 

 

 

Figure 2.10 ς Point defect survival vs PKA direction with standard deviations from six 

cascade simulations for each PKA direction (redrawn from [112]). 

 

2.3.3 Thermal Spike Phase 

 

In the tens of ps time frame of a displacement cascade, approximately 97% of point defects 

produced during a displacement cascade annihilate with one another by recombination 
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[113]. It has been suggested that factors such as material composition and temperature do 

not have an effect on the ballistic/collision phase of a cascade [110]; however, variation of 

composition and radiation environment may affect the subsequent recombination (thermal 

spike) phase, as point defects coalesce forming stable clusters and dislocation loops. The 

data produced by Stoller et al. [112] were obtained in cascade simulations with an initial 

temperature of 100K and no boundary atom dampening, which potentially modelled a large 

temperature increase and a prolonged thermal spike during simulation; this may have 

resulted in the reduction of the total number of surviving defects. 

 

Experimental and MD investigations into the effects of temperature on the production of 

cascade defects in iron or related materials are scarce. MD simulations have shown that the 

number of defects produced decreases by approximately 20-30% with increasing irradiation 

temperature from 0-900K [114, 115]. This effect is relatively small in the range of cascade 

energies simulated (2, 5, 10keV), however, appears to increase with increasing cascade 

energy. This could prove more significant considering the higher cascade energies predicted 

in a first wall structure. 

 

2.3.4 PKA Energy 

 

PKAs produced by 14MeV fusion neutrons can reach energies up to 1MeV [116] with an 

average of 0.5MeV [117]. In contrast, PKAs produced in fission reactors have energies up to 

200KeV [118]. The incident ions used in self-ion implantation simulates PKAs within the 

target material at energies equal to the incident ion. For high energy implantations 

(>0.5MeV), the incident ion is subject to electronic stopping until the energies are low 

enough for Coulomb interaction with the target atoms. This process is identical for the high 
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energy PKAs produced by fusion neutrons, thus high energy self-ion implantation create PKA 

energies which are comparable to those expected in a fusion reactor. Ion implantation at 

lower energies, such as the 100-150KeV Fe+ ions used for the irradiation of TEM foils in ref. 

[89] are more comparable to PKAs produced in fission reactors. However, both fission and 

fusion neutron energy spectra include a tail of lower energy PKAs resulting from the range of 

nuclear stopping events during the path of the neutron. The lower energy PKAs are not 

represented in ion implantation studies and may produce a difference in the final damage 

microstructure.  

 

The final number of defects as a function of PKA energy, defined by the fraction of NRT 

value3 (defect production efficiency) [22], has been studied by MD simulations [119-122] as 

shown in figure 2.11 [119]. The decrease in defect production efficiency with cascade energy 

up to 10keV may be explained by collision interference, causing an increase in defect 

recombination within a single cascade. This supports the argument that sub-cascade 

formation at higher cascade energies results in a saturation in defect recombination and a 

constant NRT fraction around 0.2-0.3 for energies >10keV [117].  

                                                           

3
 NRT ς Norgett, Robinson and Torrens standard formula (modified Kinchin-Pease model) for number 

of Frenkel pairs (vacancy-interstitial) created by a cascade with PKA energy - ὔ πȢψὝȾςὉ  

(thermal spike effects not included). 
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Figure 2.11 ς MD simulation data of defect production efficiency ς Frenkel pair NRT 

fraction vs PKA energy [119]. 

 

Recent simulations conducted using the HECToR supercomputer [123] modelled 

displacement cascades produced with PKA energies from 0.1 to 0.5 MeV in iron at 300K 

[113, 124]. Unlike the sub-cascade formation identified in ref. [117], these simulations found 

that cascades were in the form of a continuous distribution of damage across 100-130nm for 

0.5MeV PKA energies. The NRT fraction of defects was still ~0.3 and consisted of isolated 

and clustered vacancies and SIAs as shown in table 2.4. 

 

Table 2.4 - Defect statistics for 0.1, 0.2 and 0.5 MeV cascade simulations in iron at 300K. 

The values in brackets shows the standard error over four simulations. Data taken from 

[113, 124]. 

Cascade 

energy 

Number of 

Frenkel 

pairs (NF) 

NRT 

fraction of 

defects 

Number of 

isolated 

vacancies 

Number of 

isolated 

SIAs 

Number of 

vacancy 

clusters 

Number 

of SIA 

clusters 

Largest 

vacancy 

cluster 

Largest 

SIA 

cluster 

0.1 MeV 550 (200) 0.55 (0.2) 15 (2) 58 (9) 26 (4) 3 (1) 18 11 

0.2 MeV 900 (200) 0.44 (0.11) 70 (5) 65 (4) 17 (1) 46 (7) 54 89 

0.5 MeV 1450 (220) 0.29 (0.04) 150 (14) 170 (15) 36 (7) 84 (13) 47 36 
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2.3.5 Cascades in Fe-Cr Alloys 

 

Information regarding the primary damage production in more complex alloy systems, 

particularly binary Fe-Cr alloys, is again rather limited. The comparison of pure Fe with Fe-

10%Cr is the subject of the majority of MD simulation attempts [119-122]. Fe-10%Cr is 

chosen due to the lack of a concentration dependent, thermodynamically correct Fe-Cr 

potential, which correctly describes the tendency for short range ordering (SRO) at CCr<10%, 

and phase separation in the miscibility region at CCr>10%. Despite Fe-10%Cr being 

considered thermodynamically stable, the interatomic potentials used in many of these 

simulations have inherent discrepancies with both experimental data and ab-initio 

calculations. To emphasise this point, Shim et al. [122] produced MD simulations of 

displacement cascades in pure Fe and Fe-Cr with two different interatomic potentials. It was 

found that the presence of Cr and thus the potential used did not influence the ballistic 

phase of a displacement cascade; however, it did reduce the subsequent recombination and 

mobility of SIAs. This provides a good explanation for the large discrepancies in the fraction 

of Cr in SIAs and clusters between many of the simulations. For example, Terentyev et al. 

[119] found a 50-70% volume fraction of Cr in interstitial positions (dependent on cascade 

energy), after cascade recombination in Fe-10%Cr, using ŀƴ ΨŜƳōŜŘŘŜŘ-ŀǘƻƳΩ ǇƻǘŜƴǘƛŀƭ ƛƴ 

MD. TEM observations of Cr enrichment at the edge of dislocation loops in Fe-Cr alloys by 

Yoshida et al. [125] were offered as supporting evidence. However, similar more recent 

simulations carried out by Tikhonchev et al. [120] with a further developed ΨƳŀƴȅōƻŘȅΩ Fe-

Cr potential, predicted a Cr fraction in interstitials in the range of 2-5%; a Cr fraction which is 

essentially lower than that of the base alloy and not in agreement with the simulations by 

Terentyev et al. [119]. 
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2.3.6 Summary 

 

MD simulations of displacement cascades with various energies have enabled the 

investigation of elementary defects produced under various irradiation and material 

parameters. PKAs with energies greater than 10KeV produce cascades with ~30% of the 

calculated NRT fraction of defects, independent of cascade energy. There is evidence that 

the number of surviving defects decreases with increasing irradiation temperature due to 

heightened rates of recombination and that Cr atoms may prefer to occupy interstitial sites 

in Fe-Cr alloys. However, these simulations are subject to errors associated with the 

interatomic potentials used. 
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2.4 Radiation Effects - Microstructural Evolution 

 

The information provided in table 2.4 shows the elementary defect population formed in 

high energy cascades in iron. This section concerns the migration and interactions of these 

defects after a cascade event and the dependence of microstructural evolution of damage 

on radiation parameters. 

 

With accurate interatomic potentials, MD simulations can provide information on the type 

and mobility of different defects which coalesce forming extended defects in the 

microstructure. For example, simulations by Stoller et al. [126] suggested that self-

interstitials were most stable in a <110> dumbbell configuration. However, in clusters of two 

or more interstitials the stable configuration changed from <110> to <111>, with a larger 

fraction of dumbbells transforming into <111> crowdions with increasing cluster size. 

Atomistic stacking of interstitials of this nature is consistent with perfect extrinsic dislocation 

loops with Burgers vector a/2<111>, found in TEM observations of irradiated iron [89, 127, 

128]. 

 

2.4.1 Dose Rate  

 

The irradiation dose rate may be expressed in the units of dpa/s; i.e. the number of 

elementary displacement defects (interstitial ς vacancy pairs) per atom (dpa) per unit time. 

The rate of interaction between these defects is dependent on their mobility and is 

proportional to the square of their density [129].  
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The types of interaction and fate of these defects can be classified into three possible 

reaction paths [103]:  

 

(i) Loss of defects at extended sinks such as dislocations and grain 

boundaries;  

(ii) Growth or shrinkage of defect clusters by the capture of point defects;  

(iii) Mutual annihilation by the recombination of a vacancy and interstitial.  

 

Several authors have discussed the dose rate dependence of materials exhibiting sink 

dominant and recombination dominant regimes [103, 104, 130]. At low dose rates and/or 

high irradiation temperatures, reaction path (i) (sinks) dominates and at a high dose rates 

and/or low irradiation temperatures reaction path (iii) (recombination) dominates [103]. The 

evolution of radiation damage such as dislocation loops and voids and phenomena such as 

radiation induced segregation, swelling and creep, depend on the fraction of point defects 

which migrate to sinks, recombine or cluster within the lattice and will be influenced by the 

reaction path that dominates the microstructural evolution of the material under irradiation. 

 

The relative proportions of these reaction types are directly dependent on the density and 

mobility of the defects, and hence dependent on dose rate and temperature. Vacancy type 

defects are generally found to have significantly higher activation energy for migration 

compared to interstitial type defects in iron; the migration energy for a vacancy is 0.67eV 

and that of an interstitial is 0.34eV. Defect migration in iron depends strongly on the 

presence of impurity atoms [131]; carbon forms strongly bound complexes with vacancies 
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and a vacancy-carbon complex has migration energy of 1.08eV [131]. Depending on 

temperature, these effects may result in unequal fluxes of mobile interstitials and vacancies, 

known as a production bias [132], and thus influence the relative fractions of the various 

reaction paths described above. 

 

The majority of research regarding the dose rate dependence of radiation damage was 

ŎƻƴŘǳŎǘŜŘ ƛƴ ǘƘŜ мфулΩǎ ŀƴŘ ǊŜǇƻǊǘŜŘ ŘƛǎǘƛƴŎǘ ŘƛŦŦŜǊŜƴŎŜǎ in the swelling and creep rates of 

austenitic stainless steels irradiated in fission reactors with variations in neutron flux. For 

example, Seran et al. [133] showed that the swelling incubation period of 316 stainless steel 

cladding increased from approximately 20 to 70 dpa with increasing dose rate from 5 x 10-7 

to 25 x 10-7 dpa/s. In addition, the creep rate of numerous steels has been shown to 

decrease with increasing dose rate within the range of 10-8 to 10-7 dpa/s [134]. This decrease 

in swelling and creep with increasing dose rate is likely to be due to a reduction in available 

point defects resulting from heightened rates of defect clustering or, as suggested by Okita 

et al. [130], a higher fraction of recombination. The rate at which materials are subjected to 

radiation is less discussed in recent work and the dose rate is often not reported. With 

strong evidence proving that the radiation response of a material is dependent on dose rate 

[133-136], this information is crucial for interpreting results.  

 

To identify the effect of dose rate on the damage evolution in the microstructure, Muroga et 

al. [135] compared the saturated dislocation loop densities in Fe-Cr-Ni austenitic alloys after 

irradiation with high flux electron, fast neutron and fusion neutron sources. Figure 2.12 

shows the considerable increase in saturated dislocation loop density with increasing dose 

rate found in the irradiated alloys after irradiation with dose rates from <10-9 to >10-4 dpa/s. 
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Figure 2.12 ς Saturated dislocation loop density in several Fe-Cr-Ni austenitic alloys after 

electron (  ̧), fast neutron (Ä) and 14MeV neutron (¹) irradiations of various dose rates 

[135]. 

 

Unlike large cascades produced by ions and neutrons, the low PKA energy spectrum 

characteristic of electrons produce displacements of one Frenkel pair with small SIA-vacancy 

separation distance. The increase in loop density in figure 2.12 was thought to be minimised 

in the higher dose rate region by a higher fraction recombination in the electron irradiations. 

A later study carried out by Okita et al. [136], investigated Fe-15Cr-16Ni irradiated with 

4MeV Ni ions at similar dose rates to the electron irradiations in ref. [135]. At a dose rate of 

10-4 dpa/s, saturated loop densities were 6.10 x 1022m-3 and 2.09 x 1021m-3 at 673K and 773K 

respectively. These larger loop densities associated with ion-implantation strengthens the 

argument that lower PKA energies in electron-implantation may lead to heightened 

recombination. The ion implantation data increases the fitted slope gradient on the log 




































































































































































































































































































































































































































