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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 R€r system, thisletailed study explores the challenges and limitations

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

An investigation of iofirradiated Fel2%Cr using nanoindentation with a cube corner,
Berkovich and spherical tipnd microcantilever 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 t@ dose of 1.7dpa at a temperature of 288°C. Micantilever 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 neutrdérradiated alloy was approximately double
that of the ionirradiated alloy and exhibited increased work hardening. Similar differences
in hardening were observed in an Fe5%Cr alloy afteiriadiation to a dose ©0.6dpa at
400°C and doses rates of 6 x“@Pa/s and 3 x 1®dpa/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 migrechanical testing.

Page |lI



Christopher David Hardie ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS

First and foremost, | would like to thank my supervjsgteve 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. | am highly grateful to my supervisor, Sergei
Dudarev at CCFE, who has always shokgatgnterest in my work and contributed with

useful discussions.

| 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 d data (these are acknowledged and referenced in the text).

| thank staff at theCentre for Advanced Energy Studies (CAES) in Idaho Fallfo(US)

LINE GARAY3I (GKS WK20Q CL. FIFrOAtAGe FyR Fff GKS

Many thanks to Nianhua Peng and Adrian Cangethe Surrey lon Beam Centre, and
Shavkat Akhmadaliev at the Rossendorf lon 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 yes belowdeserve a mentiofior 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 whmatked 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.

Page |llI



Christopher David Hardie GLOSSARY OF ABREVIATIONS

GLOSSARY OF ABREVIATIONS

AFM Atomic Force Microsquy

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 andmbehemistry
CCFE Culham Centre for Fusion Energy

CLAM Chinese Low Activation Martensitic

CMCO Cambridge Metals, Crystals and Oxides
CSIRO Commonwealth Scientific and Industrial Research Organisati
CSM Continuous Stiffness Measurement

CVI Chemical ¥pour 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 DeuteriumTritium

EBSD Electron Backscattered fidaction

EDX EnergyDispersive Xay Spectroscopy

EFDA European Fusion Development Agreement
ENS Early Neutron Source

EU European Union

F/IM Ferritic/Martensitic

FCC Face Centred Cubic

FEA Finite Element Analysis

FEM Finite Element Modelling

FEPA Federation of the European Producers of Abrasives

Page |IV



Christopher David Hardie GLOSSARY OF ABREVIATIONS

FFTF Fast Flux Test Facility

FIB Focused lon Beam

GND Geometrically Necessary Dislocation
HD High Dose

HDR High Dose Rate

HFIR High Flux Isotope Reactor

HFR High Flux Reactor, Netherlands

HZDR Helmtoltz 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 BrighEeld

KMC Kinetic Monte Carlo

LD Low Dose

LDR Low Dose Rate

LEAP LocaiElectrode AtorAProbe

LVDT Linear Variable Differential Transducers
MD Molecular Dynamics

MD Medium Dose

MRF Materials Research Facility

NRT Norgett, Robinson and Torrens

OoDSs Oxde Dispersion Strengthened

PID ProportionatintegratDerivative

PKA Primary Knock On Atom

QMUL vdzSSYy al NEQ&a ! YAOSNEAGES [ 2
RAF Reduced Activation Ferritic

RAFM Reduced Activation Ferritic/Martensitic
RIS Radiation Induced Segregation

RNTSI Raating Target Neutron Source

RPV Reactor Pressure Vessel

SANS Small Angle Neutron Scattering

Page |V



Christopher David Hardie GLOSSARY OF ABREVIATIONS

SEM Scanning Electron Microscopy
SIA SelfInterstitial Atom

SNS Spallation Neutron Source

SRIM Stopping Range of lons in Matter
SRO Short Range Ordering

ST 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

Page |VI



Christopher David Hardie TABLE OF SYMBOLS

TABLE OF SYMBOLS

Reactor Efficiency

Electron Density

Energy Confinement Time

Collision Energy of Transfer

Atomic Displacement Energy

Number of Displacements

PKA Energy

Atomic Density

O| | ¢| +| O] O| 4| ™| &=

Incident Particle Energy

%00 EnergyDependent Partie Flux

, O EnergyDependent Displacement Cressction

, ORY | Probability of Incident Particle of Ener@yimparting an energyYonto
a Target Atom

O Q | Shear Stiffness Constant

" Thermal Component of Flow Stress

» Athermal Component of Flow Stress

» Yield Stress
O Shear Modulus
o Burgers Vector
a Defect Spacing
| Obstacle Strength
n Work Hardening Coefficient
%0 lon Fluence
0 Load on Sample
0 Raw Load
0 Raw Load at Surfac
Q Raw Displacement
Q Displacement at Sample Surface
) Spring Stiffness
Q Displacement into Sample Surface
0 Measured Thermal Drift

Page |VII



Christopher David Hardie TABLE OF SYMBOLS

Frame Stiffness

Stiffness

Peak Load

Displacement at Peak Load

Final Displacement After Unloading

Reduced Modulus

Contact Area

‘o:dD:KjC~1_<:C-

t2Aaa2yQa wl A2

Elastic Modulus

Hardness

System Compliance

ol ol o

Damping Coefficient

Frequency of Oscillation

Mass of Indenter Column

Phase Angle

Load at IncremeniQ

Measured Displacement

Displacement at Incremeri2

Tip Radius

Load at Unload

—’c-x_<".o=',o‘c-18\°s:~

Elastic Component of Indenter Displacement

Yo

Radius of Curvature of Indent Impression

Radius of Contact Area

Dimension Perpendicular to Tilt Axis

Dimension Orthogonal to Imaging Plane

Vertical Measured Distance

Working Distance

%0

Tilt Angle

Second Moment of Area

Radius of Curvature

Bending Moment

Maximum Perpendicular Distancef Neutral Axis

c| c:| c= _<~

Beam Width

Page |VIII



Christopher David Hardie TABLE OF SYMBOLS

Q Beam Height

- Maximum Plane Strain

1 Beam Displacement

a Beam Length

" Maximum Stress

Y Translational Degree of Freedom
Y Rotational Degree of Freedom

€ Number of Match Points

Q Plastic Displacement

- Plastic Strain

Aactual Actual Measured Contact Area

Acc Contact Area Measured Between Indent Corners

Oscillating Load

0
T Activation Stress for Dislocation Nucleation
T Resoled Shear Stress

" Proof Stress

0 Fitted Asymptotic Value of Proof Stress

Density of Geometrically Necessary Dislocations

” Contribution of Stress Caused by Dislocation-Bpeat the Neutral Axis

1 Beam Bendind\ngle

W Size of Plastic Zone

Dislocation Source Spacing

Page |IX



Christopher David Hardie CONTENTS

CONTENTS
1 INTRODUCTION. . .cctttuiieiit ettt ee b emee e e e e e e e e e aebbea s e e e e ameanas 1
2  LITERATURE REVIEW......uuiiiiii et 5
2.1 RESEAICH CONEXL.....cciiiiiieiiiiiieiiee et 5
2.1.1  The FUuSIiON ENVIFONMENL.......ooiiiiiiiiiiiiieee e e e 5
21.2 RaIAtION DAMEAGE. ... . et iiiirieiiie e e e e e e e 6
2.1.3  Candidate MaterialS............ccoeeriiiiiiiiiieeeiiiiie e 12
2.14 RS [ ] 4= /U 18
2.2  The Study of Radiationahage in SOlidS........ccccccvvviiiiiie e, 19
2.2.1  Computational Modelling Methods..............cooooiiiiiiiccii e, 19
222 Experimental Methods............ccooiiiiiiiii e 21
223 SUMIMABIY. ..o e e e e e e et e e e e e et e e e e e eeeeaeaeaesassaasaaaaannnns 30
2.3 Radiation Effectg Cascade Damage..........cuvvvveeiiiiiiiieieeei e 31
231 Primary Damage ProducCtion...............eeeeeeeeeiiiiiiiiiiiiieeeeeeeeeeeee e 31
2.3.2  BalliStiC PRaSE........eiiiiiiiiieeiee e 32
2.3.3  Thermal SPIKe Phase.........cooiiiiiiiiiieec e 34
234 [ SN o 01T (o Y PP 35
2.3.5 Cascades in FBr AllOYS..........uuiiiiiiiiiiiiiiiee et 38
2.3.6 RS [ 1] =/ 39
2.4  Radiation EffectsMicrostructural EVOIULION..............ccovviiiiiiiiiiiiiiciieee e 40
241 DOSE RALE......eiiiiieiiiiiiiiie e 40
242 Radiation TEMPEIATUIE. .......cccoiiiiiiiiieee et 44
2.4.3  RAiAtion DOSE..........uviiiiiiiiiiiiiie ettt 48
2.4.4  Void Growth and Transmutation Gas..........cccceviiiiiiiieeeeeeiiiiieeeee s 50
245 Cr contentg Phase Stability............ceeiiiiiiiiiiicecccn e 51
2.4.6 T [ 1]/ 53
2.5 Radiation EffectsStructural INtegrity..........ccccuuueiiimiiiiiiiiiiiiieieeeeeee e 54

2.5.1 Develogrd Reduced Activation Ferritic and Ferritic/Martensitic Steels..54
252 Pure Fe and FEI AllOYS........coouuiiiiiieeiiiie e 60
253 Deformation MOGE............oeiiiiiiiiiiiiie e 66



Christopher David Hardie CONTENTS

2.5.4  NonHardening Irradiation Embrittlement..............cccccooviiiiiiec e, 70
255 SUMIMABIY. ..o e e e e e e et e e et e e et e e e e e e e e e e e e e e e s e s s e e s saanannnns 72
2.6 Qonclusion and Research OULINE............coooiiiiiiiiiicii e 73
3  MATERIALS AND EXPERIMENTAL METHODS.........ccooiiiiiiiiiiiiiiie e 75
3.1  Materials and Sample Preparation............ccceeeeeeiieiiieiiiiiiieeceeeeee e 75
3.2 10N IMPIANTALION. ....eiiiie i e 75
3.2.1  Sample Temperature COoNtrOl...........ooeviiiiiiiiiieeeeeeee e 76
3.2.2 Damage CalCUlBNS.............cooooriiiiiiiiiiee e 79
3.2.3 Implantation Methods and Known Limitations.....................ccccoeeeeeniens 81
3.3 MeChaniCal TESHNG ......uuuiiiiiiiiiiiiiieeeeee e 82
3.3.1  NANOINUENTALION......ciiiiieiiiiii et 83
3.3.2 Micro-mechanical TESHING.........c.uuriieeeeiiiire e 95
3.4 ALOMIC FOICE MICIOSCOPY ... uvveeeeeiiiiitirieeeeesasibieeeeee e s s e e e e e s e s snbnneeeeeeaanes 103

3.5 Transmission Electron Microscopy (TEM) and Atom Probe Tomography..(AF5T)

4 MICROCANTILEVER DATA ANALY.SIS ... 107
4.1  SIMple BEam TREOLY.......coi e a e 109
4.2  Finite Element MOdelliNg........cccccociiiiiiiiiiiiiiiiiiiiieeeee e 111

4.2 1 TRE BASE....uiiiiiiiie ittt 111
4.2.2 LOAAING POINE.....oiiiiiiiieee et 114
4.2.3 TRE MESN... . e e 114
4.2.4  Experimental Data Analysis TQQIS.............ccccoeeiiiiiiii e, 117

5 MECHANICAL CHARACTERISATION OF IRRADIATED MATERIALS ON THE MICRON

S AL .. ettt ab e eaa s 124
5.1 Experimental DetailS..........c.uuviiiiiiiiiiiiiiiie e 125
511 Material and Sample Preparation...............ooo oo 125
5.1.2 1ON IMPlANtALION.. ... e e e e e e e e 125

5.2  Nanoindentation ofon Implanted Layers.............oooooiiioiiiiiiciieeeeeeeeeee 128
521 PIASHIC ZONE SIZE.....oiiiiiiiiiiiiiie e 129
5.2.2 Indentation Sinkn and Pileup ..........ccuvviiiiiiiiii e 135

Page |XI



Christopher David Hardie CONTENTS

523 INAENTALION DALAL........ceeeeeeeee e 141
5.2.4  Characteristics of Nanoindentation............ccccooccvivieveeiiiiiiiieiee e 150
5.3  Micro-mechanical Testingfdon Irradiated Materials.............cccccooviiiiieeneennns 156
5.3.1 Uniform CrossSection Beam TeStNg..........uvvvviiiiiiiiiiiieeiieeieeeeeeeeeeeeeeenn 156
532 W2 AaGSRQ ... SL.Y. .S ALAY. T 163
5.3.3  EMOr ANAIYSIS.....ccc oo 168
5.3.4  Characteristics of Micr€antilever TESHNG.........ccoovcvvriieeeniiiiiiieeeeeeene 172
5.4  Discssion: The Comparison of Mechanical Testing Methads.................... 176
5.5 SUMMAIY ... e e e e e e e e e e e e e eeeene 179

6 INVESTIGATINGRADIATION BY IONS AND NEUTRONS, ANDIZBHE-FECT IN

FEBUOCR. ... ettt re et e et e e et e et tne e et e e e aaae 180
6.1  INETOTUCTION. .....uiiiiieeiiitte et e e s e e e e e as 180
6.2  Experimental DetailS............uviiiiiiiiiiiiie e 181

6.2.1  Material: F& BYOCK........coiiiiiieiiiiie et 181
6.2.2  Neutron Irradiation.............cceviiiiiiieiiiieee e 183
6.2.3 10N IITAIALION. ...t 185
6.2.4  Nanoindentation and MicrCantilever TeStiNG...........cccvvveeeeriiiiinieeeeenn. 187
6.3 RESUILS ... 188
6.3.1 NANOINAENTATION. ... e e 188
6.3.2 Micro-cantileVer TESHNG.........uuuuiiriiiiiiiieeiereereree e ee e 190
6.4 DISCUSSION ... .utiiiiiiiiie ettt ettt e et e e e et e e e e b 196
6.4.1  Comparison ofon and Neutron Irradiation...........cccccvevviiiiiiennnnn. 196
6.4.2  Size Effects in Irradiated MaterialS...........ceevvieeiiiiiiiiiiiieieeeeeee 204
6.4.3  Comparison with Macr®cale Properties.........ccooocvvveieeeiiniiiiieieeeeneie 208
6.5  SUMMAIY...ciiiiiieee e r e e et e e et e e et e e e e e e eaaaaaaaaaaaeaas 210

7 IRRADIATION PARAMETERS AND THE ROLE OFCR ALEBYS................... 212
4% R [ 11 (0o [ Tox i o o APPSR 212
7.2  Experimental DetailS..........c..uviiiiiiiiiiiiiie e 213

721 Material: Fe and FEr AlloyS (EFDA) ... 213
7.2.2 [ON IMPIANTALION ..o 214

Page |XII



Christopher David Hardie CONTENTS

7.2.3  MechaniCal TESHNG ......ccuuiiiiiiiiieiie e 217
7.3 Nanoindentation RESUILS...........cccuuiiiiiiii e 217
7.3.1 [rradiatioN DOSE......cccciiiiiiiii et 220
7.3.2 Irradiation Dose Rate and Temperature.........cccceeeeeeeeeeeeee e 222
7.4 Micro-Cantilever RESUILS...........c.eoviiiiiiiiiiiic e 224
7.4.1 High Dose, High D0SE Rat@.......cccvvvviiiiiiiiiiieeee e 224
7.4.2 Low DOSE, LOW DOSE RALE.....ccuieeieee e 226
7.5  Microstructural Damage...........uueeieeiiiiiiiiieee e 227
7.5.1 TEM e e e e e e eeanne 227
7.5.2 AP T e 228
7.6 DISCUSSION ... .utiiiiiiiiie ettt et e et e e e n e e e e 231
7.6.1 Cascade Damage in Fe anddfeAlloysS.........ccooviiiiiiiiiieiiiniiiiiee e 231
7.6.2 Defect Mobility andDamage EVOIUtion............c.ceveeeviiiiieeiieeiiiiiieeenn 232
7.6.3  EffeCts Of IMPUIITIES......coiiiiiiiiiiee e 235
7.6.4 Irradiation Hardening...........uuueiieiiiiiieiiieeeeecceee e 236
7.6.5 FeCrPhase Stability...........cccoooiiiiiiiierer e 239
A A 11 1 1010 1 1= T Y PSP 241
8 DISCUSSION AND CONCLUSIONS.... oottt 243
8.1  Simulation of Fusion Relevant Radiation Environment...............cccccceeeeennns 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 FECK SYSIEM..cciiiiiiiiiiiiiieceeeee e 249
8.4 CONCIUSIONS. ...ttt e e 250
O REFERENCES. ... e et 252

Page |XIII



Christopher David Hardie INTRODUCTION

1 INTRODUCTION

By 2®0 there will be approximately 221 billion people living on the plangt], the global
demand for energy will haveore thandoubled (approaching 30TWYgnd the fossil fuel
reserves, which currently supp80% ofthis demand will have depleted2]. During this

time, increasing atmospheric levels of L&re forecast and will continue to cause
deleteriouseffects on the global climatf8]. This was recognised by the UK who committed
G2 GKS ¢2 NI RQAa onfermBrameviofk Bt cutling cabdn ¥rRigsignd, krfiown
Fa G4KS W/t AYLl G S[4]./Y&t) evidlefice bf(pdsitiva action @ deliver this
framework is scarce. A recent report from the UK regulatory body Ofgfice 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 yed8)

Fusion power generatiowould besafe, producesio harmful greenhouse gases, produces

no long lived radioactive waste and uses an abundant fuel source capable of supplying
energy for millions of yeardJnfortunately, sustained nuclear fusion is very hard to achieve.
The most promising reaction for criix@g energy on earth is betweemvd heavy isotopes of

hydrogen, deuterium (D) and tritium ([B):

0O Y  OQo® § Qo Q00 iptBEd Q® mAOF 4B -
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This reaction requires plasma temperatures to reach of over 100 million degrees Kelvin, held
by magnets in a torus shaped chambapWn as a tokamal’]. Lithium is the envisaged fuel

to supply the Tritium fudby the reaction8]:

0 Q& 0QcHd Qo Ye&D Qb mAOF «Bo -

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

reactors is virtually unlimite¢B].

In 1997 the Joint Europearoius (JET) reactor achieved the current world record for fusion
power generation by producing 16MW of electrici] and a gaind (Powerout/Power in)

of 0.65. Currently in construction in Cadarache, France, aeealted ITER will provide the

next step in fusion research tproducing roughly 500MW of output power with less than
50MW of input powerpx p 1f7]. Despite somedoubts (for example see ref10]), this
collaboration between seven partners (Japan, US, South Korea, China, the European Union,
India and Russia) follows a consistent progression towards a commercial poweffiglane (

1.2 [7].
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Figure 1.1- The progress of fusion produtvs. temperature for several experimental

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

(F>1)[71.

As the science behind nuclear fusion progresses towasthnical feasibility the

commercial success of nuclear fusion power generation is becoming increasingly dependent

on the development ofow-activaion materials to withstand the extreme environments

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

! The fusion product or Lawson criterion is a measure of plasma conditions for fusion reactions. It is
the product of plasma (electron) density.Jrand energy confinement time {jT
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in the safety and environmental impact of asfon reactor, they will also determine
operating temperature ranges and downtime required for maintenance/replacement, and

thus influence the efficiency and economicgugion power generatiofil2].

The work repaed in this thesis investigates the use of ion implantation and misoale
testing techniquedor the investigation of materials for fusion applicatioi$ie first ever
direct comparison of ion and neutron irradiation indicates the characteristics ¢ bo
radiation sources and how irradiated materials plastically deform in nscate testing
volumes.Accounting for the challenges and limitations discovered with these techniques,
chapter 7reports on a systematic study investigating irradiation tempermtulose and dose
rate on Fe and FE€r 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 stealluringoperation within a reactor.
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2 LITERATRE 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 infigure 2.1 [13]; these will be subject ttarge heat loads (up t8OMW/m?), high-

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

h. 16 toroidal
field coils

a. 176 blanket modules’

(5-6 yrs. lifetime) f. 8 upper ports

d. Vacuum vessel

(1B/OB:35/70 cm) e. 8 centre ports

c. 30cm cold shield

(permanent) g. 4 divertor ports

b. Divertor plates
(2 yrs. lifetime)

Figure 21 ¢ Schematic of future commercial fusion reactdRedrawn fromref. [13].

This severe radiation environment results in a number of materiggted problemsthese
problemshave beersummarised by Schill¢t4] in table 2.1. In addition to the radiological,
thermophysical and strength proptes of materials, attention must be given to corrosion
and compatibility issuedor example with reactor coolanand to technicamaturity such as

fabrication and welding techniqug5].
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Table 2.1 ¢ Main materids related problems resulting from the severe radiation

environment of a fusion reactof14].

Component

Plasma interaction

Consequences

First wall and divertor

Blanket structure

Blanket solid breeder

Shield

Insulators

Optical windows

Sputter erosion

Heat load pulses

Neutron flux

Disruptions

Heat load y-heating

Neutron flux

Neutrons
Radiation sintering

Heat load v-heating

Low neutron fluence y-heating

Neutron flux

Neutron flux

Plasma contamination
Reduction of thickness
Tritium permeation

Thermal stresses
Thermal fatigue

Hardening
Embrittlement

Swelling

Radiation creep
Activation

Creep-fatigue interaction

Surface melting and
Evaporation
Reduction in thickness
Thermal shocks

Thermal stresses

Hardening
Embrittlement
Swelling

Radiation creep
Activation

Tritium permeation

Swelling

Tritium permeation
Activation

Thermal stresses

Radiation damage
Activation

Change in resistivity
Swelling

Change in transmission

2.1.2 Radiation Damage

The effects of radiation concern many disciplines in science such as Biology, Medical Science,
Astronor@ | YR bdzOf SNt KéeaAaoad Ly amigel INSSEFSYNR Gy
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 giteethe 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 appicatithin

a fusion environment.

Radiationdamage is the produdif energetic collisions between incident particles and target
atoms which form the bulk of a material. If the transfer of enei@y) (n a collision is above

the displacement energy ), the target atom is displaced from its lattice qi16]. The first
target atom which is displaced by a collision with an incident particle is known as a primary
knock on atom or PKAhisPKAmay then transfer its energy by further collisions, displacing
lattice atomsuntil its energy falls below the displacement ener@y)( The result of this
interaction between the incident particle PKA and subsequent target atoms is a
displacement cascade eklfinterstitial atoms (SIA) with a vacandgh core[17-19]. The
number of displacementg, as a function of PKA energy,can be described by the model

of Kinchin and Peag20] as defined irequation 21 and shown irfigure 2.2

L MQETY O
v P Q0 Y C'O
fY —"0¢¢0 Y O mAOF <80 -

I,p 7oA €
I Qe 1Y O

= A

=

=

]

o

&

=

c

F ]

=]

E I

Z 0 L N »

Ey 2, E,
PEA energy (T

Fgure 2.2 - Thenumber ofdisplaced atoms as a function of the PKA energy according to

the model of Kincin and Pease (graph taken froref. [21]).
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The international standard for quantifying the magnitude of disphaeet damage is
WRA &LX I OSYSy (i §22]L0taiNg the (n@m5ed of dlisplattedenger unit volume
divided by the atomic densifty) . For example, a single displacement of every atom from

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

Displacement damagean be quantified by the damage rate equat{@ail]:

Y 0 %0, O mAOF 480 -

where%o O is the energydependent particle flux ang ‘O is the energ-dependent
displacement crossection.The displacement crossection is a probability for the

displacement of lattice atoms for each collision event producing a PKA of €ngrgy

, O , ORYf YQ vy m A0 F <Bo s

where, ‘ORY is the probability that a particle of enerdy will impart a PKA energito a
target atom, andt Y is the number of displacemengoducedas defined using the Kinchin

and Peasenodel inequation2.1

These parameters amiscussed in more detail Bection 2.3and are used for damage

calculations irchapter 6 Asshownin table 2.1 the production of displacement point
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defects dunng irradiation can cause dimensional instability such as swelling and creep and
degradation of mechanical properties such as hardening and embrittleriiéese problems
are limiting factors for the operational lifetime and efficiency of a reactor, thug dre

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 witha different density to that of the parent matrix and, more
commonly, void formation due to vacancy clustering (light areas shoviigure 2.3 [23]).
Irradiation creep is the enhancement of stredisected thermal ceep due to the constant
supply of point defects during displacement dama@svelling and creep are generally
treated together, as both are driven by the same point defect concentrati@d]. In
addition to point deéct concentrations, transmutation gases, particularly helium, have been

found to enhance swelling by enhancing cavity formafizii.

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 caedwutlatup or relief of
stressesin components, bolts and clamp<Creep also limits the maximum operating

temperature ofa material, which reduce®actor efficiency.
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Hardening and Embrittlement

During irradiation, the majority of point defectmapidly annihilate with one another
however many migrate within the bulk amanform extended structures such dsslocation
loops voidsand clusters(figure 2.3) [23, 24] This producesa population of dislocation
loops which act as obstacles to dislocation glide arali® the material to harden in a
similar manner to work hardening. A heightened concentrationmabile defectsenhances
diffusion, causing radiation induced segregation (RI&)27] resulting in the segregation of
alloying eéments to sinks such as grain boundarifeee surfacesnd dislocations; in some

cases this may cause phase transformation or precipitation.

Figure 2.3¢ Transmission electron image of a 300 series stainless steeRikal § SR | 4G pnne/
to a dose of 10dpd23], showing dislocation loops, voids (light areas) and clusters (black

spots).
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In addition to theintroduction of new phases, entirely new elements may be introduced in
the material matrix as a result of transtation processes. The combination of relatively
high energy anawuclear stopping interactioof fusion neutrons, gives rise to a number of
inelastic nuclear events. These inelastic events are responsible for the introduction of
gaseoustransmutation produts within the matrix, namely hydrogen and helium, which
agglomerate with surviving point defecf8]. The expected concentration of H and He in
candidate structural materialafter 5 years exposure in a typidast wall environment of a
fusion reactor is shown in tabl2.2 [29]. Hand He are highly insluble in many materials,

causingvoid and bubble formation in the matrix and at grain boundaf8$y.

Table2.2 ¢ Concentration of transmutation products H and He after 5 years (appm) (data

taken from [29]).

W\ \% Fe9%Cr SiC (50%%0%C)
H |76.3 2580 4920 4250
He | 33.6 363 1060 11300

The comhied effects of hardeningyoid formation and gas bubblesesults in the
embrittlement of severalmaterials, identified by an increase in Ductile to Brittle Transition

Temperature (DBTT) in Charpyatch tests[15, 31]or a decrease in ductiliy32].
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2.1.3 Candidate Materials

Currently, three candidate structural material typese under developmentbased on

vanadium alloys (€rTi), silicon carbide composites (SiC/SiC) and 89%LCr
ferritic/martensitic steel§11]® ¢ KS&S YIF G SNA LI f 43X GSNX¥YSR WNBRdJzOSF
been developed from the limited number of elements available (F&&), which will

produce acceptable levels of decay heat (for examileing maintenance or loss of coolant

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

decommissioning34].

Radiological Properties

As shownin table 2.1 reactor materials are also susceptible to induced activatibm.a
fusion environment, the energetic 14MeV neutrons interact with the structural materials
through elastic collisions, and in comparison lmwver energy fission neutrons more
frequently through inelastic nuclear events/absorptigh5], resulting in transmutation
processegdiscussed abovednd 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 halflife of 12.38 year$35]. In order to maintain the 'nomadioactive
waste' appeal of a fusiopower plant, all materials (including the coolant, tritium breeder
and structural materials) must be made from elements which predacceptable levels of

inducedactivity caused by transmutation procesgas].

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. The§&7gre
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(@ Longterm management of activatedeactor materials after removal from the
reactor;

(i) 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 material§usion power plants is
that they are compliant with US DOE Class C waste condji@hyshey must decay to a low
level of radioactivityequal to or less than the radioactivity of natural uranium, ~25kBqg/g

[38], within 100 to 500 years.

Vanadium Alloys

Vanadium alloys, particularly the-G£Ti system with principal reference composition V
4%CrA%Ti[39], are currently being developed due attractive thermal properties and

swelling resistancg40]. The combination of high thermal conductivity, low thermal

expansion and high creep strgih permits their operation at temperaturedzLd (12 dTtnne/ X

providingarelatively high thermal efficienayhich isdesirable in a fusion reactor.

Despite such promising characteristics little data exists regarding low temperature
hardening and high temperature embrittlement. Initial tensile testules of V4%Cr4%Ti

show a significant increase in yield stress after exposure to doses as little as 0.1dpa, which
approaches nearly a 500% increase afte3dfpa above which dose hardenirgaturation
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 irradjd22gn

This highlights a number of restrictions on the use of certain coolants, notably the use of
fAJdZAR 1S YR NIAaSa 02y OSNYpredideB FkeNFOR v 3
transmutation gases He and H (showrable 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 channel®ciatsd with

magnetohydrodynamic forcg4 1].

The dependence ahechanical integritypn theimpurity contentin vanadium alloy$eads to
important requirements involving the purity of the alloys in fabrication andijaj,
particularly on an industrial scale. Two large heats56Dkg and 1200k have been
successfly melted and fabricatedwvith similar impurity contents tesmaller scale (Kg)
laboratory heats[41]. Gas tungsten ar fullpenetration welds of M%C#%Ti have also
been successfully demonstrated without the need for pesld heat treatment;however,

control of strict atmospheric conditiong/as required[43].

SiC/SigSiliconCarbide Composites

The use of ceramic materials in the design of a fusion reactor was first proposed by Hopkins
and Price inl985[44], by virtue ofthe very low induced radioactivitgpf ceramicsduring
service[34, 45, 46] However,silicon carbide fibrereinforced silicon carbide (SiC/§ikas a

low activation because it has a small cresstion for interaction with neutrons. This
enhances netion penetration and produces a larger volume of active material in

comparison to materials with a higher neutron cresstion[47].
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SiC/SiCcomposites are under development as a candidate due to their high testye
creep strength and corrosion resistan¢48]. SiC/SiCcomposites maintain accégble
mechanical strengthat temperaturesup to mn nne / I , tKe2m@lSadrdidivity is
decreased considerably as a result of vimidmation during irradiation[48]. Thisdecrease,
shown infigure 2.4, reduces the composit@ power density capability to far below that of V

alloy and F/M steel candidat¢$5].

15 T E T . T

10

thermal conductivity (W m™! K1)

|

3
b=
L

0 0 2 4 6
dose level (dpa)

Figure2.4 ¢ Thermal conductivity of a SiC composite vs. displacement damdd8] (as

citedin [15]).

The high strength of SiC/Si€bmposites has been found to decreadematicallyin the
presence of He. Ha&gawaet al. [49] demonstrated a reduction in strength up to 20% in
some composites after He implantations to concentrations as little asg1BM appm.The

large crosssections or in-elastic(n, " {processes in SausesHe concentrations an order of
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magnitude larger tharthat of V-alloys and F/M steels (sdable 22). Thus, eductions in
strength at relatvely small He concentrations observed lgsklgaweet al.[49], are a major
concernwhen considering He concentrations after extended durations in a fusion reactor
The mechanical properties and dimensional stabilily SiC compositesare critically
dependent on differing rates of swelling/densification oheh constituent and the integrity

of interfaces between therf48].

SiC/Sizomposites are synthesised using a chemical vapour infiltration (CVI) method, which
provides a gas permeable structure with ~10% void voluraetibn, requiring theuse of a
hermetic sealant[50]. Further development is required to demonstrate large scale

manufacture and joining methods.

Ferritic Steels

Ferritic steels are preferred ov&CGtainless steslused in fission reactors, due to superior
swelling resistancebservedunder irradiation[51, 52] for example, hese steels have been
found to exhibit swelling below 2% over the entire tempeirat range to doses up to 200dpa

in the fast flux test facility (FFT[BB]. Howeverlittle is known regarding potential increases

in swelling caused by the He and H produced by transmutation reactions from 14 MeV
fusion neutrons Bvidence of enhanced swelling in the presence of He has been found in
boron dopedferritic 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 dag.

The mechanial properties of ferritic steels subjected to idiation are a primary focus of

this thesis and are discussed in more detailsettions 2.3and 2.4; thus only a brief
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introduction is given herelrradiation hardening occurs at low temperaturés400°CJ56-

58] and on few occasionssoftening has been observeidh some alloys>p n n [69]. At
temperaturesbelown nne/ > ANNI RAIF GA2Yy KIF NRSHBASBBOINS & dz G a

n 5 . idependent on irradiationemperature dose transmutationhelium production and

I NJ O2yiSyiod ¢KS LINRPYy2dzyOSR STHREIE25[BNBD2y iSy (|
61]. The radiationinduced increase in DBTT at Cr contents >9% may be due to segregation of

GKS Ff LKFE LINRARYS avell®riownlBr iCpenbrid f &% § y H&2,(6R]S F S O

The increase in DBTT in the alloys with decreasing Cr cdmgatalso beeindicatedin Fe

Cr model alloy§64], however he mechanisms controllingpis behaviourare not known The

role of Cr in irradiation hardening dprimary concern in the work reported in this thesis.
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Figure 25 ¢ Effect of Cr content on change in DBTT of ferritic alloys after neutron
irradiation in FFTH31].
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The database for ferritic steels in a radiation environment is large when compared to that of
other candidatefusion materials. Production of these steels with low impurity levels and
welding has been denmstrated successfullig5] 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

creepabovp pns/ ® hEAR RAALISNBEAAZ2Y A0NBy3IiKSYSR
increase creep resistance and reduce swelling due to the distribution of microstructural
traps for helium65]. These alloys have an ultiree dispersion of 2nm JiY- and O enriched
particlesformed by a mechanical alloying process, followed by hot extrusion, rolling or hot

isostatic pressingp5]. These alloys are early in development; the digbof ODS particles

during irradiation and particularly at weldsquires further investigation.

2.1.4 Summary

The environment in a fusion reactor is extren@mponents will be subject téarge heat

loads and radiation from energetic particles, causingesgivmaterials related problems
which may risk the commercial feasibility of fusion power generatiéfithe three candidate
structuralmaterials, lowactivation 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 desigaf the first prototype fusion reactor, DEM(56].
Nevertheless, further work is required to umdtand hardening and embrittlenme
mechanisms in these alloysamicularly therole of Crwhen subjected to irradiation
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2.2 The $udy of RadiationDamagein Solids

Radiation damage imaterials include pheomena at time scales from ateconds(10*%)
to decades, and length scales from angstroms™{if) to metres; hence, this discipline
requires a multi-scale approach which includescomputational modelling[67, 68]

microscopytechniqueg69] and mechaical testing[70].

2.2.1 Computational Modelling Methods

The development of computational modellihgs enabled the simation of collision events
defect production andnigration, microstructural evolutioand the resultingeffects on the
mechanical properties o$olids. Investigating the wide range dfime and lengthscales
involved is computationally expensive antequires a multlayered approach where

simulation daa are used to pass parametersdobsequent modal of ahigher scale

At the smallest time and length scaledensity functionaltheory (DFT) modellingises
guantum mechanisto simulate elementary defects armin beused todevelopinteratomic
potentials. These models are limited tsystems with relatively small ciNJ W62 EQ &aAl Sa
100-200 transition metal atomswhich are repeated with periodic boundary conditiots

representlarger or infinite volumes of material this limits thecomplexty and disorder of

structureswhich can be modelled.
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Potentials gained from DFT modelling or fitted to bulk material properties camudesl in

MD calculations to simulate collision cascades produced by energetic particles and the
microstructural evolution of redtant point defectsinto clusters and dislocation loopn

the order of nm and psThis may resulin improved accuracy in relationships between
radiation conditions and defect productipmluster fraction and typéfor example see MD
simulations of cascax$ produced by Bacon et #iI'1]). More recently, MD simulations have
been used to study the complex reactions between glissile dislocations and various radiation

defects[72, 73]

To simulate theevolution of cascade products beyoilde length and time scales &D
simulations, Kinetic Monte Carlo (KMC) mod@&ls 75]usestatistical mechanics cal@tions

to predict large scale defect evolution resulting from a considerable number of damage
events expected in a fusion environmenKMC methods can includecomplex
microstructures, such as the effects of impurities, dislocations and grain boundariesutvi

the need for excessive computational resources.

Finally, Dislocation Dynamics (DRpupled with continuum mechanics ammployed to

model the flow and fracture behavio® ¥ NBadz Fyd WRIYmMHMERQ YA ONZ
relatively large scale of thesaethods anametres to micrometre} an accuratesimulation

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

the microstructure of the solidincreasing computational demandt the largest scales,

Finite Element Aalysis (FEA) modedse usedwith empirical constitutive lawslerived 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 is range of validity67]. The inherent assumptions, limitations and errors within
each model are liable to be exaggeraiedparameterswhich are passed on tsubsequent
models; this emphasisesthe importance of experimental methods, to validate the

fundamentaltheory 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 materialsspecific 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 af fusion reactor has been detailed section
2.1.1. In order to study the effects of radiatiom a fusion environmenexperimentally,
access to a radiation source of some kind is requiredhe absence o& working fusion
reactor andthe much anticipaed International Fusion Materials Irradiation Facility (IFMIF)
[76], alternative radiation sourcesfor simulating fusion neutron spectraare available

several of these methodsave beerevaluatedby Ishino[77].
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The effects of a fusion environmerare often studied by usingenergeticneutrons from
current mixedspectium and fast fission reactorsrequiring correlation with likely effects

from fusion spectrum neutrong/8]. In order to successfully apply data from fission reactor
studies to the fusion environmenthe radiation conditions (such as those discusged
section 2.3 must be taken into account; unfortunately, many of the previougdss have
recorded such data inaccurately and in some cases important parameters were neither
recognised nor documentedsarner et.al[78] showed thatwhen comparing two radiation
environments,differences in doseate are a dominant determinant of an al@yresponse

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.

Radiation Source Dose Rate in irofbased alloygdpa/s)

First Generation Fs$on Reactor Pressure | 104 ¢ 107
Vessels (RPY)1] G

Rotating Target Neutron Source (RNIJ§&9] | ~ 10°

Fast Flux Test Facility (FFB) ~10%c10°®

Charged Particle ImplantatidB0] ~10°c 10°

In addition, M. Kiritani et.glB1] suggested the exposure to neutrons durirg@ctor stat up
and shut down, producing an irradiation withffering temperature, may result in up toa
one hundred percent difference in the final defect structe@mpared to an irradiatiomith

constant temperature

Fission based sources havenachlower neuton energy spectrdtypically 200keV)when

compared with that envisageir a fusion reactor. These energies a sufficient tocause
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the Wi K NB & K 2 f whizh praBukeQlie NeRefs dfransmutation productsexpected in
fusionreactors requiring d@ing of materialgorior to irradiation if transmutation products
are to be simulated82, 83] Typical dopants includeickel *®Ni and Boron!°B which form
He in mixeespectrum or higHlux fission reactofs however, these element produce

artefacts such as Precipitateformation [84], in thealloy during and after irradiatiof85].

Otherhigher erergyneutron-based radiabn sources include acceleratbased DT neutron
sources, such as the Rotating Target Neutron Source (RNfBSIlity [86] and Sallation
Neutron Source (SNS). These methods can provide laiities to a fusion radiation
environment;however a low neutron flux in RTNISand broad energy spectrum SNSimit

comparability

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

solids require the use of Hot celQThis involves the transportation of radioactive materials,

0KS K2id OSftf G2 0SS 2yaridsS gAGK | tstinRAlF GA2Y @
equipment A relatively less expensive way to simulate radiation damage in solids can be
achievedby ion implantationusing a charged particle accelerator, where each incident ion

simulates a PKRB7]. The use of heavy igmas a radiation source produces interactions with

a considerable increase in the elastiosgsection b that of neutron radiation, whichesults

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

with neutrons. This limits the range of ions indosolid to a few micronsbut gives the

Wdvantag®of high dose ates capable of producindevels of displacement damage

2%8\jiforms He by the twestep reaction with thermal neutrond® A & yIEA ¢ dgy’se.'B 0

forms He bythe reaction,®. 0 ¥ Xi. h 0
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equivalent to a decad@ a fusion reactom a matter of hours. Lig particles such as alpha
particles,protons and electrons can based for increased@nplantation depth The fraction
of energy lost in the form of electronic stopping is largéth lighter ions producing
significant beam heating and low energy transfer in elastic collisflowg PKA energies)
Inelastic nuclear events are not directly simulated with charged particle itiadiarequiring
subsequent oifin-situ duatbeamor triple-beamimplantation if transmutation products are

to be simulated88].

In comparisonwith each other andvith conditions expected in a fusion reactor, all cuntlg
availableirradiation methods have significandifferences in radiation environment. The

effects of these differences adiscussedurther in section2.3.

Materials Characterisation

A dgnificant restrictionfor many experimentaltechniques availakl is limited irradiated

sample volumes, as a result ablume or technologylimitations ofthe radiationsourcesor

due to maximum activity restrictions A number of microstructural and chemical
characterisation techniques such dsansmssion Hectron Microscopy (TEMpand Atom

Probe Tomography (APTherentlyrequire sub-micronscale specimens and are commonly

used to investigate small volumes of irradiated matefldlese techniquescan be applied to

materials which have been irradiated with either nearis or charged particleor example,

material subjected to charged particle irradiation can be investigitgdyk (G dzQ Ay GKS ¢9a

dynamic observations gadiation phenomeng89].
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Traditionally, mechanical &#ing is conducted on specimens af least several tens of
millimetres in sizeand is defined in severalstandards.Volume constraints for irradiated
materials has resulted in the developmentsrhall specimen test technology (SSTT), which
involves the miiaturisation of several standard test specimens for different mechanical
testing technique$90]. SSTTisesspecimens in the order of a femillimetres; however, test
data are subject to scaling effects associatechvdonstraint loss and requiradjustment

[90].

Micro-mechanical Testing of Irradiated Materials

Micro-mechanical testing of irradiated materials is receiving growing intefesttwo
reasons. Firstly, irradiation ofiaterials by high energyeutronscan cause the formation of
radioactive isotopes (such as M and Ce50 in structural steels), which complicates
handling and testing dfarge scale test specimenSecondly, the small volumes of material
produced by heay ion irradiation limits test specimen geometries to dimensitma few
microns. Nanoindentationis increasinglybeing used for ion-implanted material tostudy
changesin mechanical behaviour of the thidamaged layer at the surfage4, 9196]. These
methods are useful for the quantitative comparison of misgale irradiated veimes;
however they provide little qualitative information on the miemeechanical deformation

behaviour.

Since the development of focused ion beam (FIB) microscopes, the ability to mill material at
a scale asmall as a few tens of nanomes hasled to the development of sitespecific
specimen manufacture for TEM and APT anal@si as well as variousmicro-mechanical

test geometries[98]. Micro-mechanicaltechniques can be used on thin damage layers

Page |25



Christopher David Hardie LITERATURE REVIEW

produced by charged particle irradiation and have the poteribasubstantially reduce the

complexity andexpense involved in thenechanical testingf active materials

Micro-pillar compression is aommon micro-mechanical testing method dudo its simple

geometry; this reduces ntilhg requirements and providdassts with a simple stress state for

analysis. Hosemann et §r.0] have used this technique for investigating the gridces of

used tensile test specimens of neutron irradiated-#HBteel. The volume of neutron

irradiated material enabled the testing oélatively large 8 x 8 um square pillarsesults

from which agreed well with trends yield stresfound by tensile ad micro hardness of

the same irradiated material; a direct comparison was not possible due to significant
differences in test temperaturei-or the testing of ion implanted material, pillars must be
manufactured lateral to the ion beam. This has been &@l8eR o0& Wal YyRgAOKAY 3IQ
milling into a crossection of the implantation damag®9] and by implantation of a pre

fabricated FIB milled 5um thick lame]liz00].
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FHgure 26 - Sizedependent yield stress for (100) orientated irradiated and -imadiated

copper nanapillar tests[100].
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Kieneret al. [100] clearly demonstrated thathe measued yield stressn urn-irradiated and
irradiated copperwas dependent b specimen sizgfigure 2.9 and followed the well-
establishedsize effect for small scale testiig01]. In the pillars with a diameter smalte
than 400nmthere was no observable difference in the yield strbstweenirradiated and
un-irradiated Cu and plasticity was dominated by thecleation of dislocation sources.
Above a diameter of 400nm, the irradiated material exhibitedoastantyield stress with
increasing specimen size, whilst the-iaradiated material continued to exhibit a size effect
with decreasing yield stressheiron-basedpillars tested by Grieveson et 4B9] were
limited to 1um in diameter (corresponding téhe maximum implantation depth) and
difference in the yield stress between irradiated andituadiated iron was not observable;
it was suggested that plasticity was controlled by dislocation nucleadiorilar to the

descrption givenby Kiener et al[100].

The mechanical testing of materials using mipiitars is hindered by several problems. A
poor lateral stiffness due to deformation of material surrounding the base of the beam is
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 & stress gradient along the length of the beam;
pillars of this geometry always exhibit plastic deformatanly 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 ana flat surface are usually masked by the edges of the
hole they sit in; this necessitates imaging tlest specimensvith a high angle of incidence

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

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

The measurement of mechanical properties of-iomplanted material using microantilever

testing has been attempted by Halliday et[8¥]. Pure Fe was subjected itatn implantation
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using 2MeV followed by 0.5MeV, to average doses of 0.35dpa and 5.33dpa at a temperature

of 30C°C. MicreOl Yy i Af SOSNJ 6SIYa ¢gSNB YI ydZFl OGdz2NBER 08
NEIAZ2YQ mMxY AY RSLIIK &G K S$cofcknidieitheStyeseto2 T (K S
a small volumewithin the implanted layer during testingAs shown infigure 27, the

observed yield stress was found to increase as a function of dose and thehaai#ning

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

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

with the highest dose.
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Figure 27 - Stressstrain curves for micrecantilevers close to [0 0 1] in pure Fe, un

irradiated ard irradiated to a low dose (0.35dpa) and high dose (5.33d[g)].

The data wasanalysedby using simple beam theory calculatgseveral assumptions are
used inthese calculations which may have resultedsignificant erros. Most notably the
beam is assumed to have a constanbsssection along its length.iflerences in the beam
stiffness due to the small waist cresection compared to the relatively large beam cross

sectionmayresult in an underestimatioof 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. fially, loading should be applied and all deflections sthadcur in

the plane of bendingan image showing a tested beam indicathat the beam may have

been subject to torsion stresses duribgnding {igure 2.8).

— 7 um — — 4pm —

Figure2.8 ¢ Micro-cantilevers in urimplanted 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 tamhasources which accurately
simulate a fusion environment requiring the use of various extrapolation metfitls81,

83, 103, 104]In many casese investigations of radiation effects in materials require the
use of experimental techniques at smaller length scf®g. The use of miniaturised test
volumes in laboratories with &igity restrictionsor for ion implanted materialpresents
several discrepanciewhen compared tocharacteristic bulk behaviour. Observations and
test data from each investigatioare dependent on the characteristics of the radiation
source and charactesation 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 toéstigate mechanical properties.
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2.3 RadiationEffectsq Cascade Damage

The methodglescribedin section 2.zhavebeen employed to gaian understandingof the
effects of radiationin ferritic materials anddevelopalloys for nuclear energy applications.
This section describes the fundamental processes whiotraaradiation damage, from the
production of elementary defects in displacement cascades teetlwution of the damage
microstructure. These processes are important for investigating the response of a material,
which has been irradiated in a radiatioouwce with characteristic parameters including

irradiation temperature, dose and dose rate.

2.3.1 Primary Damage Production

Displacement cascadebegin with a ballistic phasewhich consistsof all displacement
collisions resulting from a PK&s describedn section 2.1.2 Thisis followed by a thermal
spike phasewhichincludesthe cooling of the cascademlumefrom temperatures exceeding
the melting temperature of the alloyNeutrons have no net electronic charge and transfer
energy by direcelasticcollisbns with atomic nuclei in the target structuréhese collisions
are commonly modelleagquivalent to those ohard sphereq105]. In contrast, bharged
particles such as those used in ion implantation and PKAs transfegyeby three processes

[106];

() ElectronicStopping(e) - Inelastic interactions with bound or free electrons

in the target structure;
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(i) NuclearCollisiongn) - ElasticCoulomb interactions between the 'screened’

nuclear charges of charged particle and target atom;

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

during close proximity

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

Q0 QO Q0 Q0 R + <B
Qw Qw Qw Qw u 22

At higherenergieshe majority of energy is logshrough electronicstoppingwhich generats
heat However at lower energiesenergy is predominantly lost through nuclear collisions
which cause atomic displacemél2tl]. The energy loss due to all interactions with energetic
particles (neutrons and charged particlespre calculated with the energydependent

displacementrosssections,, O , as defined irequation 2.3

2.3.2 Ballistic Phase

The initial ballistic phase of damage productisaffected by the ordered array of atoms in a
crystalline lattice.Erginsoy et.a[107] used MD and fond large differences in threshold
displacement energy with crystallographic orientationiron, as shown irfigure 2.9. This
showed that lattice atoms are displaced at lower energies in collisions along the low index

directions and that higher energiesearequred in high index directions. Simildifferences
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were later confirmed by resistivity change experiments using electron radi§tio®, 109]

and simulations with more advanced potentials fath Fe and F€r[110].
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Figure 2.9 ¢ Contours of threshold displacement energie¢in eV) in iron with crystal

direction in inversepole figure[107].

Erginsoy et al107] also showed that collision cascades wpredominantlythe product of

a number of supersonic velocity collision chain®? O N2 ¢ R A 2 with préfidrretl Tlds€ NI 0

packed diretton of <111> in iron, despite théower 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 matds (known as channellingBeeler[111] used

MD simulations to showhat channelling andin particular quasthannelling of knockedn

atoms of second or higher ordeplays a significant role in determining thetent of a
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collision cascade iron. It was shown that channelling is preferred along @1knd <100>

directions anccollided atom volumes werdistributed in these orientations.

Stoller et al.[112] produced a nmber 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 inlte <111> direction, as shownfigure 210. These simulations modellqulire

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

1ﬁ T L) I 1
w
w B J
E ']
1=
— 6 - .
g )
=
g
® 4F 4
;
§ J| I
= n 1 keV cascadas at 100 K
e results from Calder and Bacon
u [l i [ |
<100> <110 <111> <135>

PKA direction

Figure 210 ¢ Point defect survival vs PKA direction with standard deviations from six

cascade simulationsof each PKA direction (redrawn frofd12]).

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 anether 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 cas¢adé]; however, variation of
composition and radiation environmemay affect the subsequent recombination (thermal
spike) phase, as point defects coalesce forming stable clusters and dislocationTlo@ps.
data produced by Stolleet al. [112] were obtained in cascade simulations tviaan initial
temperature of 10K and no boundary atom dampening, which potentially modelled a large
temperature increaseand a prolonged thermal spike during simulation; this may have

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

Experimental and MDnvestigations into theeffects of temperature onthe production of
cascadealefects in iron or related materials are scarce. MD simulations have shown that the
number of defects produced decreases by approximately3R06 with increasing irradiation
temperature from G900K[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 eneugigs 1MeV[116] with an
average of 0.5MeV117]. In contrast, PKAs producedfigsion reactors have energiep to
200KeV[118]. The incident ions used in sah 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

enoughfor 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 energiosdlhplantation create PKA
energies which are comparable to those expected in a fusion reactor. lonritaptan at

lower energies, such as the 1®0KeV Féions used for the irradiation of TEM foils in ref.
[89] are more comparable to PKAs produced in fission reactbl@wever, both fission and
fusion neutron energgpectra 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 fnal number of defectas a function of PKA energyefined by thefraction of NRT
valué (defect production efficiency]22], has been studiedby MD simulationg119-122] as
shown infigure2.11 [119]. Thedecreasédn defect production efficiency with cascade energy
up to 10keV may be exgihed by collion interference, causing an increase in defect
recombination within a single cascade. This supports the argument that-casisade
formation at higher cascade energies results in a saturatiotefect recombination and a

constantNRT fraction around 0-2.3 for energies >10kel\{17].

® NRT¢ Norgett, Robinson and Torrens standard formula (modified Kirekimse model) for number
of Frenkel pirs (vacancynterstitial) created by a cascade with PKA energy TR0
(thermal spike effects not included)
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Figure 2.11 ¢ MD simulation data of @fect production efficiency ¢ Frenkel pair NRT
fraction vs PKA energyl19].

Recent simulations cwlucted using the HECTOR supercomputefl23] modelled

displacement cascades produced with PKA energies frdnto00.5 MeV in iron at 300K

[113, 124] Unlike the sukcascade formation identified in reffL17], these simulations found

that cascades were in the form of a continuous distribution of damage acros$300n for

0.5MeV PKA energies. The NRT fractbulefects was still ~0.a8nd consisted of isolated

and clustered vacancies and SlIAs as showable 2.4.

Table2.4 - Defect statistics for0.1,0.2 and 0.5 MeV cascade simulations in iron at 300K.

The values in brackets shows the standard error oveuif simulations Data taken from

[113, 124]

Number of  NRT Number of  Number of Number of Number Largest Largest
Cascade Frenkel fraction of isolated isolated vacancy of SIA vacancy SIA
energy  pairs (\Np) defects vacancies SlAs clugers clusters cluster  cluster
0.1 MeV 550 (200) 0.55 (0.2) 15 (2) 58 (9) 26 (4) 3(1) 18 11
0.2MeV 900 (200)  0.44 (0.11) 70 (5) 65 (4) 17 (1) 46 (7) 54 89
0.5MeV 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 Fer Alloys

Information regarding the primary damage producti@am more complex alloy systems,
particularly binary F€r alloysjs again rather limitedThe compaison of pure Fe with Fe
10%Cr g the subject of the majority d MD simulation attemptg119-122]. Fel0%Cr is
chosendue to the lack of a concentration dependent, thermodynamically correeCi~e
potential, which correctly describsthe tendency for short range ordering (SRO) @ 10%

and phase separation in the miscibility region at>C0% Despite Fel0%Cr being
consideredthermodynamically stable, the interatomic potentials used in many of these
simulatobns have inherent discrepancies with both experimental data andnitib
calculations.To emphasise this point, Shim et §.22] produced MD simulations of
displacement cascades in pure Fe anelfavith two diferent interatomic potentials. It was
found that the presence ofCr and thus the potentiaiseddid not influence the ballistic
phase of a displacemertscadehowever,it did reducethe subsequent recombination and
mobility of SIAs. This provides a googblanation for the large discrepancies in the fraction

of Cr in SlAs and clusters between many of the simulations. For example, Terentyev et al.
[119] found a 50-70%volume fractionof Cr in interstitial positiongdependat on cascade

MD. TEM observations of Cr enrichment at the edgelisfocationloops in FeCr alloys by
Yoshida et al[125] were offered as supporting evidencélowever, gnilar more recent
simulations carried out by Tikhonchev et [dI20] with a further developed! Y I y & &2 R& Q
Cr poential, predicteda Cr fraction innterstitialsin the range of % a Cr fraction which is
essentially lower than that of thedse alloyand not in agreement withthe simulations by

Terentyev et al[119].
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2.3.6 Summary

MD simulations of displacement cascades wh 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, independentca$cade energy. There is evidence that

the number of surviving defectdecreases with increasing irradiation temperature due to
heightened rates of recombination and th@r atoms may prefer to occupy interstitial sites

in FeCr alloys However, these simations are subject to errors associated with the

interatomic potentials used.

Page |39



Christopher David Hardie LITERATURE REVIEW

2.4 Radiation Effects Microstructural Evolution

The information provided irtable 2.4 shows the elementary defect population formed in
high energy cascades in iron. This setitoncerns the migration and interactions of these
defects after a cascade event and ttependence of microstructuravolution ofdamage

on radiation parameters.

With accurate interatomic potentials, MD simulations can provide information on the type
and mobility of different defectswhich coalesce forming extended defects in the
microstructure. For example,simulations by Stoller et al[126] suggested that self
interstitials were most stable ia <110> dumbbetionfiguration.However, in clusters of two

or more interstitials the stable configuration chged from <110> to <111>, withlarger
fraction of dumbbells transformingnto <111>crowdions with increasingcluster size.
Atomistic stacking of interstitialsfathis natureis consistent with perfect énnsic dislocation
loops withBurgers vector a/2<111ound in TEM observationsf irradiated iron[89, 127,

128]

2.4.1 Dose Rate

The irradiation dose rate may be expressed in the units of dpaés;the number of
elementary displacement defects (interstitiavacancy pairs) per atom (dpa) per unit time.
The rate of interaction between these defects is dependent on their mobilitg &

proportional to the square of their densifi29].
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The types of interaction and fate of these defects can be classified into three possible

reaction pathg4103]:

o
Q =
S| SA
o Q (i) Loss of defects at extended sinks such as dislocations and grain
3| E
() .
@) [ boundaries;
2| 2
'% % (i)  Growth or shrinkage of defect clusters by the capture of point defects;
3} 3]
SV £ (i) Mutual annihilation by the recombination of a vacancy and interstitial.

Several authors have discesk the dose rate depelence of materials exhibitingink
dominant and recombination dominant regim§l03, 104, 13Q]At low dose rates and/or
high irradiation temperatures,eaction path (i) (sinks) dominates and at a high dose rates
and/or low irradiation temperaturereaction path (iii) (recombination) dominat¢s03]. The
evolution of radiation damage such as dislocation loops andsvand 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 microstructirevolution 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 fountb have significantly higher activation energy for migration
compared to interstial type defects in iron; e migration energy for a vacancy is 0.67eV
and that of an interstitial is 0.34eVDefect migration in iromdepends strongly on the

presence of imprity atoms[131]; carbon formsstrongly bound complexes with vacancies
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and a vacancgarbon complex has migration energy of 1.08gM31]. Dependingon
temperature,these efects may result in unequéllixes of mobile interstitials and vacancies,
known as a production bigd32], and thus influence the relative fractions of the various

reaction paths described above.

The majority of resarch regarding the dose rate dependence of radiation damage was
O2yRdzOGSR Ay (KS Moy nQia ihyeswaligldadizepRateR A & G A y O
austenitic stainless steelsradiated in fission reactorwith variations in neutron fluxFor
exanple, Seran et a[133] showed thatthe swelling incubation period of 316 stainless steel
claddingincreased from approximately 20 to 70 dpa with increasing dose rate from 5 x 10
to 25 x 10 dpa/s. In addition, he creep rate of numerous steels has been shown to
decrease with increasingpserate within the range of 18to 107 dpa/s[134]. This decrease

in swelling and creep with increasing dose rate is likely to ®etdwa reduction in available
point defects resulting from heightened rates of defect clustering or, as suggested by Okita
et al.[130], a higher fraction of recombinatiofihe rate at which materialare subjected to
radiation is lessdiscussed irecent 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 crucidbr interpreting results

To identify the effect of dose rate on the damage evolution in the microstructure, Muroga et
al. [135] compared the satureed dislocation loop densities in #&-Ni austenitic alloys after
irradiation with high flux electron, fast neutron and fusion neutron sourd¢égure2.12
shows the considerable increase in saturated dislocation loop dewdityincreasing dose

rate found in the irradiated alloys aftérradiation withdose rates from <1dto >10* dpa/s.
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Figure2.12 ¢ Saturated dislocation loop density in several f=Ni austenitic alloys after
electron (, ), fast neutron(A) and 14MeV neutron (* ) irradiations of various dose rates
[135].

Unlike large cascades produced by ions and neutrding, low PKA energy spectrum
characteristic of electrosm produce displacements of one Frenkel pair with smalvatancy
separation distane. The increase in loop density figure 2.12 was thought to be minimised
in the higher dose rate regidoy a higher fraction recombination in the electron irradiations
A later study carried out by Okita et §l36], investigated F&5Cr16Ni irradiated with
4MeV Niions at similar dose rates to the electron irradiationgef. [135]. At a dose rate of
10* dpa/s, saturated loop densities were 6.10 ¥?h@° and 2.09 x 18m™ at 673K and 773K
respectively. Thee larger loop densities associated with ionplantation strengthens the
argument that lower PKA energies in electiomplantation may lead to heightened

recombination. The ion implantation datacrease the fitted slope gradienton the log
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