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Abstract 

  

The Queen’s Reactor Material Testing Laboratory uses proton irradiation to simulate the damage 

induced in a material from neutrons, within a nuclear reactor environment. Inconel X-750 is a 

70wt% Ni superalloy, used for the spacer material in the CANDU® reactor. In this work, 99.4% 

Ni is irradiated to 0.1dpa, with 6MeV protons, at an average temperature of 120oC using the 

Proton Irradiation Sample Holder. The motivation for this work was to distinguish between 

damage mechanisms versus phase transformation effects that are exhibited in X-750 from γ’ 

precipitates and disordered phases. Cross-sectional nano-indentation showed an increase in 

hardness with increasing dpa from proton irradiation. The Nix-Gao (NG) model, a strain gradient 

plasticity model, was applied to Indentation Size Effect (ISE) experimentation. A bi-linear trend 

was observed in the NG model for both the irradiated and unirradiated material.  The increase in 

hardness, in the micro-scale regime, was measured to be 558.3±138.1MPa and using the Busby 

relationship the increase in the shear yield strength was measured to be 171.4±42.2MPa. TEM 

characterization identified three types of irradiation induced defects: 1/3<111> Frank Loops, 

½<110> Perfect loops and SFTs, with a mean loop size of 7.20, 11.50 and 3.02nm, respectively. 

The total defect density was measured to be 3.1∙1022m-3, with 24.3% consisting of SFTs, 49.5% 

and 26.2% consisting of Frank Loops and Perfect Loops respectively. Using the hardening 

contributions of various microstructural features proposed by G.E Lucas, obstacle barrier 

hardening models and the super-position principle, the increase in shear tensile strength was 

calculated. The Bacon-Kocks-Scattergood model yielded a value of 169.8±25.8MPa, which 

directly agrees with the experimentally measured value. It is proposed that irradiation induced 

defects result in a smaller ISE, bi-linear transition at a shallower depth and a larger density of 

geometrically necessary dislocations (GND) to accommodate an indentation of specific depth, 



iii 

 

shallower than 500nm. The Ma and Clarke model and independent SEM/EBSD analysis provide 

evidence for a larger GND density in an irradiated material compared to an unirradiated material. 

It is believed that irradiation induced defects reduced the size of plastic deformation from an 

indentation and produced larger elastic recovery.   
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Chapter 1 Introduction  

 

1.1 Queen’s Reactor Materials Testing Laboratory  

Materials behave quite differently in a nuclear power reactor environment than in conventional 

applications. The differences are due to the damage to the atomic structure of the materials 

caused by particles produced in nuclear reactions. In a reactor, the main particles are the 14MeV 

fast neutrons and 0.025eV thermal neutrons that allow the nuclear reaction to occur. The primary 

reaction within a nuclear reactor that produces fast neutrons is; 

𝑈235 + 𝑛 → 𝐵𝑟144 + 𝐾𝑟90 + 𝑛21  

From the conservation of mass and energy, the total binding energy released in the fission of 

235U is, on average, 200MeV. This is equivalent to 82TJ/kg and produces 2.5 million times more 

energy than carbon burned in fossil fuels. The increasing demand for safe and sustainable energy 

is ever present and nuclear power is a viable option to meet this demand. 

The Reactor Materials Testing Laboratory (RMTL) uses proton irradiation to simulate the 

damage induced by neutron and gain a better understanding of materials in nuclear reactor 

environments. The RMTL is equipped with a HV Tandetron 4MV tandem accelerator. The 

accelerator produces up to 8MeV Hydrogen ions, i.e. protons, or 12MeV Helium ions to simulate 

irradiation damage and facilitate implantation studies. As will be seen in section II, protons 

mimic the damage to the atomic structure of a material induced by neutrons, while producing 

different radioactive decay products. Often, the products produced from proton irradiation are far 

less radioactive than those produced in similar neutron reactions. This directly results from the 

physical difference of the proton and neutron, i.e. different charges and interaction cross-
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sections. Less radioactive products allow for safe in-situ mechanical testing and characterization 

of nuclear materials.  

The Queen’s RMTL is equipped with The Mechanical Testing and The Characterization 

Laboratory. The Mechanical Testing Laboratory includes in ion-beam/in-situ quasi-static testing 

at elevated temperatures, in-situ mechanical creep testing and post-irradiation nano and micro 

indentation from ambient to elevated temperature. The Characterization Laboratory includes a 

scanning electron microscope (SEM) for surface topography and high resolution chemical 

composition analysis. The SEM capabilities include electron backscattered diffraction (EBSD), 

energy dispersive x-ray spectroscopy (EDX) and in-situ heating and straining. There is also a 

transmission electron microscope (TEM), used to examine fine microstructural details at 

extremely high resolution, down to an atomic scale. The TEM capabilities include scanning 

transmission electron microscopy (STEM), EDX or EDS for high resolution chemical 

composition on the order of nanometers and electron energy loss spectroscopy (EELS).  The goal 

is to characterize the microstructural changes induced from irradiation and determine the effects 

on the properties of the material, from the nano-scale to the macro-scale.    

1.2 Motivation  

When a material is subjected to irradiation during its operational life time in a nuclear reactor the 

structural changes often result in material degradation, a non-favorable result. The changes in 

mechanical properties, at low irradiation doses, often exhibited are a significant hardening, loss 

of ductility and fracture toughness. At high irradiation doses, dimensional instability is observed 

as a result of gas bubble and void formation. These changes are one of the life cycle determining 

factors for nuclear reactors. Therefore, a better understanding of the irradiation effects and 
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material degradation mechanisms will directly lead to an increased reactor life cycle and safer 

operation.  

One of the main components of the CANDU® reactor is the fuel channel, shown in Figure 4.1 of 

section IV. The fuel channel is made up of several different components, utilizing several 

different metal alloys. Traditionally, zirconium (Zr) and zirconium alloys have been used for 

Calandria Tube and Pressure Tube material, while a nickel (Ni) alloy is used for the spacer 

material. One of the major differences between Zr and Ni, that material scientists are concerned 

with, is the atomic structure of the crystal lattice. Zr has a hexagonal-close-packed (HCP) crystal 

lattice, while Ni has a face-centered-cubic crystal (FCC) lattice. The goal at the RMTL at 

Queens’s is to further our understanding of irradiation damage in these materials. The subsequent 

research presented in this thesis, is the first irradiated and characterized material completely 

conducted at the RMTL. The main focus of the work will be on the irradiation and full 

characterization, both mechanical and microstructural changes, in pure FCC materials, namely 

Ni. The motivation for using FCC Ni is its relevance to the spacer material in the CANDU® 

reactor and the relatively low radioactive products when irradiated with protons, with energy on 

the order of 8MeV.  The two main objectives of the work can be summarized in the points below  

i. Safely and accurately irradiate pure FCC Ni to a desired dose at a desired temperature, 

proving the viability of controlled irradiations at RMTL. The irradiation will be 

conducted using an apparatus and control system designed for proton irradiation. A full 

characterization of the unirradiated and irradiated material will then be conducted. These 

results will be compared with the results seen in literature to provide proof of a controlled 

irradiation.  
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ii. Conduct nanomechanical testing and EBSD analysis on both unirradiated and irradiated 

Ni to provide insight on the basic mechanism underlying the material changes observed 

from irradiation. Using a pure FCC material will help to identify the basic process 

governing deformation.  

In the following chapter, literature and the previous work done on the irradiation of pure FCC 

materials will be reviewed. We will examine the damage that occurs to pure FCC material from 

irradiation and material issues that arise in a nuclear reactor environment. A brief review of the 

theory behind electron microscopy characterization will also be provided.  

In chapter 3, the experimental apparatus used for temperature controlled irradiation, the proton 

irradiation sample holder, will be introduced. The control systems behind both temperature 

control and beam current measurement and control will be provided. The experimental methods 

used for mechanical testing and deformation studies will also be summarized. Lastly, the 

experimental methods used for material characterization, using both SEM and TEM, will be 

provided. 

Chapter 4 provides the experimental results for unirradiated 99.4% Ni and 0.1dpa 99.4% Ni, 

irradiated with 6MeV protons at about 120oC. Both cross-sectional nano-indentation and 

indentation size effect experiments were conducted. Using SEM/EBSD analysis, the mean GND 

density in the plastic zone around an indentation, of specific depth, was determined. TEM 

microscopy was used to characterize irradiation induced defects. The distribution, average size 

and defect density was determined.  

In chapter 5, experimental results are discussed and models are applied to explain the results 

observed. From TEM characterization, obstacle barrier hardening models are provided to predict 
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changes in mechanical properties. Strain Gradient Plasticity modelling is used to explain the 

indentation size effect results and further analysis of the SEM/EBSD data is done to support the 

modelling. Possible sources of error and a discussion on mechanisms describing the observed 

results is provided.  
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Chapter 2 Literature Review  

 

2.1 In-Reactor Deformation  

When a material is subjected to nuclear irradiation, deformation occurs. The word ‘deformation’ 

describes a wide range of phenomenon observed in the material. Firstly, deformation can be 

separated into two categories based on constant volume shape change processes and volume 

change processes [1].  

When deformation occurs with a constant volume, the deformation consists of three components 

[1]; 

i. Irradiation growth 

ii. Thermal Creep 

iii. Irradiation Creep  

Note that irradiation growth usually occurs in anisotropic material such as Zr, in the absence of 

applied stress. This being said, a material that exhibits a deformation processes with a constant 

volume, i.e. irradiation creep, may also deform due to a volumetric change process. When a 

material deforms with a change in volume the processes include [1]; 

i. Irradiation induced void swelling in the absence of applied stress 

ii. Stress assisted void swelling or volumetric swelling 

iii. Densification from thermal or irradiation induced microstructural instability    

In this literature review we will review the interactions between a target material and irradiation 

particles, section 2.3. The irradiation induced defects from these interactions and the subsequent 

changes to the microstructure will be discussed in sections 2.4.1 to 2.4.3, as well as chapter 2.5. 
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The mechanisms that are responsible for the deformation of pure FCC materials will be provided 

in section 2.3.2, 2.4.4 and 2.4.5.  

2.2 Irradiation of Pure FCC materials  

The proposed research will study the microstructural changes and resulting changes in 

mechanical properties in irradiated pure FCC materials. Proton irradiation in the energy range 

from 1 to 8 MeV will be used to irradiate the material. Let us first examine the possible nuclear 

interaction between aluminum and a colliding particle. Note that Al, Ni and Cu have very similar 

atmoic interactions when subjected to irradiation, with the exception of interaction cross-

sections, binding energy and products. In this literature review, different particle interactions of 

irradiated Al and Ni will be discussed.  

2.2.1 Nuclear Interactions of FCC materials with Protons and Neutron  

Although neutron irradiation of FCC materials will not be studied, the nuclear interactions help 

one to understand the microstructural changes and irradiation damaged observed. When 

aluminum is subjected to neutron irradiation, the radiation damage is caused by the interaction 

and capture process. For fast neutrons, energy range from 1 to 20 MeV, displacements of atoms 

occur, refereed to a displacement cascades. This also results in the nuclear reactions shown 

below[2]; 

𝐴𝑙(𝑛, 𝛼)𝑁𝑎  

𝐴𝑙(𝑛, 𝑝)𝑀𝑔 

It is well known that thermal neutrons are necessary from nuclear reactions of the fuel elements 

to occur within PWR and CANDU reactors. When aluminum is subjected to a thermal neutron 
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field, energy 0.025 eV, a transmutation of Al occurs and Si is produced through the nuclear 

reaction; 

𝐴𝑙(𝑛, 𝛽)𝑆𝑖 

The effects of these nuclear reactions on the microstructure and properties of the FCC materials 

will be discussed in a later section. Note that this reaction is very similar to what occurs when Al 

interacts with protons, with the energy of interest for this research. This will be discussed further 

below.  

Let us now consider the irradiation of Al with protons. The nuclear reactions that occur depend 

highly on the energy of the proton beam and the thickness of the Aluminum. Firstly, consider the 

research conducted by T. Renger et al. on low energy protons (≤100keV) impingent upon a 7.5 

μm Polyamide foil with a 100 nm Al-layer vacuum deposited on both sides [3]. As shown by the 

SRIM simulation in Figure 2.1 below, it is evident that the proton beam does not fully penetrate 

the Al layer.  
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Figure 2.1: SRIM simulation for 100nm Al layer on Uplix-S® foil irradiated with 2.5 keV protons [3] 

As expected, this results in the formation of bubbles or blistering at the aluminum surface. The 

bubbles result from molecular hydrogen gas created by the recombination of free electrons in the 

Al with the proton beam. Without delving to deeply into the physics of the recombination 

processes in the metal lattice, Renger et al. define four recombination processes of ions into 

neutral atoms. 

i. The Auger Process 

ii. The Resonant process  

iii. The Oppenheimer-Brinkman-Kramers process 

iv. The Radiative Electron Capture process 

Note, this blistering has been observed by Dr. Fei Long, a member of the Queen’s Nuclear 

Materials Research Group, when using Al as a substrate material behind irradiated targets. In the 
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sub section below (section 2.2.2) a paper by San Chae et al. is reviewed to provide more 

information regarding surface effects of pure Al from 18 MeV He+ ions. 

More related to the proposed research, is the irradiation of aluminum with high energy protons, 

in the range of 800 MeV, using facilities such as the Los Alamos Meson Physics Facility. The 

major difference between high energy proton irradiation of Al and the energies specified in this 

research is the transmutation of aluminium into other elements. As will be highlighted later when 

discussing defect formation in FCC materials, high energy proton irradiation of FCC materials 

leads to swelling. The main nuclear reactions that occur when Al is bombarded with high energy 

protons is the production of hydrogen gas and He implantation from the transmutation of Al. 

These transmutation products lead directly to swelling from void formation. This is highlighted  

by Walter F. Sommer et al. in the study of ‘Proton irradiation damage in Cyclically Stressed 

Aluminum’ [4]. The He transmutation is a direct result from the (𝑝, 𝛼) reaction, which was 

inferred from paper [5]. If one wants to understand how the transmutation-produced He interacts 

with the Al crystal lattice, the paper by D.B Poker in reference [6] gives a good explanation. In 

the paper, the research is conducted on nickel. D.B. Poker states that the activation energy for 

interstitial migration of He in FCC metals are theoretically estimated to range from 0.1 to 0.4 eV.  

Additionally, the binding of He atoms to defect traps is high, 2.6eV to a vacancy in Ni. With a 

low migration energy and high binding energy He atoms can be captured by these defects traps, 

altering the radiochemistry of the once pure Ni crystal lattice.  

Lastly, considering the interactions of protons in the energy range from 6 to 8MeV with Al, the 

energy of interest for this research, the dominant transmutation is predicted to be the 

transmutation of Al to Si. The transmutation can be expressed as the simple addition of a proton 

to the Al, shown below. 
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 𝐴𝑙 + 𝑝 → 𝑆𝑖 

Similar nuclear reactions occur for the irradiation of pure Ni. Let us review the irradiation of Ni 

with a thermal neutron. The two reactions are given by [7]; 

 𝑁𝑖58 + 𝑛 → 𝑁𝑖59 + 𝛾 

 𝑁𝑖59 + 𝑛 → 𝐹𝑒56 + 𝐻𝑒(𝛼)4  

 𝑁𝑖59 + 𝑛 → 𝐶𝑜59 + 𝐻(𝑝) 

𝑁𝑖59 + 𝑛 → 𝑁𝑖60 + 𝛾 

The major difference between proton and neutron irradiation of Ni arises from the production of 

He from the α product. The α reaction is not present during proton irradiation and therefore He 

implantation does not occur. Again, we see the stabilization of void and void swelling when He 

bubbles are introduced.  

 Note that many more radioactive products may be released in proton bombardment of a target, 

however in terms of a materials science stand point we are interested in the residual effect on the 

pure FCC material and not the radiative daughters/products released. With lower energy protons, 

compared to the 600 to 800Mev range discussed prior, one can expect less formation of gas 

bubbles, namely He. This does not rule out the possibility of void growth within the material. 

Instead a much larger dose, measured in dpa, will have to be delivered to observe the void 

formation. As will be discussed later in the microstructural effects of irradiated FCC materials, 

void formation is dependent on several factors.  
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2.2.2 Spectroscopic and microstructural characterization of 18 MeV He+ ions irradiate pure Al 

In the paper by San Chae et al. the surface effects observed in pure Al from irradiation of 18 

MeV He+ ions are reviewed [8]. Note that the penetration depth of the 18 MeV He+ ions is less 

than the thickness of the Al target. When the ions interact with the Al target material they lose 

energy through elastic and inelastic collisions, depositing energy by displacing and ionizing the 

lattice atoms. When an inelastic collision occurs, ions transfer energy to lattice atoms through 

electron-phonon coupling. This produces localized heating and thermal spikes. The interactions 

induced from the irradiation lead to melting, exfoliation and sputtering of the Al surface. Figure 

2.2 shows the field emission SEM (FESEM) images of the unirradiated Al surface and the Al 

surface irradiated at several different fluences.   
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Figure 2.2: Field emission SEM  images of the unirradiated Al surface and the Al surface irradiated with 18MeV He+ ions at 

different fluences [8] 

 

2.3 Irradiation Damage in FCC materials  

2.3.1 Primary knock-on-atom (PKA) 

Point defects are generated when atoms are displaced from their crystallographic site. This 

displacement is a result of the elastic interaction between fast neutrons and atoms of the target 

material. Interaction probabilities depend on the collision differential cross section, a function of 

both the neutron kinetic energy and the transferred energy from the collision.  

In order for a displacement of an atom to occur the interaction must produce enough energy to 

overcome the potential barrier formed by the field of atoms. The minimum amount of energy that 

produced a displacement is defined as the threshold displacement energy and is denoted as Ed. In 
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Ni, the threshold displacement energy is 40eV and the minimum neutron energy needed to 

displace an Ni atom from its lattice site is approximately 600eV [7]. When an atom overcomes 

the threshold displacement energy a primary-knock-on-atom (PKA) is produced, creating an 

interstitial atom and vacancy point defect, i.e. a Frenkel Pair. The PKA, which has a charge 

associated with it, is slowed from electrical repulsion and results in localized thermal spikes. 

Additionally, the PKA transfers energy to nearby nuclei in secondary collisions. The result is a 

collision cascade, described further in section 2.3.2 below. Post thermal cascade recombination 

of self interstitial atoms with vacancies can occur. If we consider pure FCC Ni, at low reactor 

temperatures, below about 250oC, total recombination can occur and literature refers to this as 

the “Recombination-dominated” regime. For typical reactor operating conditions, around 300oC, 

the interstitial and vacancy point defects migrate to separate sinks. This results in microstructural 

evolution and is defined as the “sink-dominated regime”. We can define the low temperature 

irradiation regime as ˃ 0.2Tm, where Tm is the melting temperature for pure Ni.  

In an average CANDU® fuel channel power profile an Ni atom will be displaced approximately 

once per year from its crystal lattice site by fast neutrons.  Thermal neutrons, including the 

products defined in section 2.1.1 and fast neutrons produce 60 displacements per atom (dpa) in 

the CANDU spacer material, an Ni alloy, by end of life conditions [7]. More specifically, for the 

(n,α) with 59Ni the total damage energy is 176.2keV per thermal neutron [9].  

2.3.2 Classical Void formation in FCC crystal 

Classically, void swelling from proton irradiation of FCC materials has been a major area of 

interest for research. Void swelling is a life limiting deformation mechanism exhibited in FCC 

metals such as copper, nickel and aluminum. When a material is subjected to nuclear irradiation 

a displacement cascade occurs, resulting in the creation of interstitial and vacancies defects 
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(Frenkel Pairs). Note that the number of defects during the displacement cascade is much larger 

than the residual defects after the cascade. As described in the paper ‘Proton Irradiation Damage 

in cyclically Stressed Aluminum’ by W.F. Sommer et al., interstitial and lattice vacancy defects 

created from the displacement cascade can travel independently [4]. Through mutual 

recombination, both defects are annihilated when they interact with one another.  On the other 

hand, the defects can also be annihilated at an unbiased sink, one without a long-range stress 

field. These include grain boundaries, precipitate interfaces, voids or a dislocation.  As described 

by Walter F. Sommer et al., dislocations are preferred sinks for vacancies and interstitials. This 

results from the long-range interactions of a dislocations stress field with local relaxations near 

point defects. It states in [4] that the “bias factor” for aluminum is about 1.08, whereby the ‘bias 

factor’ is a term referencing the stronger interaction between dislocations and interstitial defects, 

when compared to vacancies. This results in the annihilation of interstitials upon climb of edge 

dislocations, thus creating new lattice sites and swelling the crystal. The remaining vacancies, 

after the annihilation of corresponding interstitials, conglomerate to produce voids. Factors that 

effect void swelling include [4]; 

i. Microstructural features, other than voids, which absorb vacancies reduce void growth 

ii. Void growth decreases with decreasing purity of the material. Impurity solute atoms 

interact with vacancies to reduce the total number of vacancies, by slowing diffusion and 

making recombination more likely 

iii. High dislocation densities from cold-work reduce void growth as radiation induced 

vacancies diffuse to dislocations 

The above description of void swelling is based on conventional mean field theory. This being 

said, the experimental cavity formation observed cannot be rationalized by this theory alone.  



16 

 

This serves as a starting point in understanding cavity formation. As will be discussed in the 

following section, the microstructural evolution can be explained by considering the nature of the 

cascade damage, which is the intracascade recombination and clustering of interstitials and 

vacancies after the thermal spike in a multi-displacement cascade [10]. 

2.4 Defect Accumulation in Void Swelling Transient Regime 

 Let us now take a look at the dose dependence on the build-up of cluster density, void density 

and void swelling from experimental evidence presented in [10]. In the review entiled ‘Defect 

accumulation in pure FCC metals in the transient regime’, the authors B.N. Singh and S.J. Zinkle 

have identified three significant aspects of defect accumulation under cascade damage. These are 

defined as; 

i. High swelling rates at very low doses when the dislocation density is negligibly low 

ii. Evolution of cavity microstructure in spatially heterogeneous and segregated fashion 

iii. Enhanced vacancy accumulation in the vicinity of grain or subgrain boundaries 

In the review, the authors also discuss the temporal evolution of defect clusters, stacking fault 

tetrahedral and dislocation loops, and cavities. 

2.4.1 Evolution of Planar Defect Clusters 

As discussed in section 2.3.2, conventional mean field theory, which is based on biased 

absorption of freely migrating interstitials to evenly distributed dislocation sinks, is not a 

sufficient theory for explaining the observed void swelling at low doses. As reviewed by B.N 

Singh et al. [10], an important aspect of the microstructural evolution in pure FCC metals is the 

dense dislocation network observed from irradiation, which does not develop under conditions 

that create a large amount of void swelling. In fact, experimental results for pure FCC materials 

suggest that the rate of build-up of cluster density, cavity density and the void swelling reaches a 
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maximum at very low dose, ≤0.1 dpa. Furthermore, there is no experimental evidence for the 

formation of a defined dislocation network during the irradiation of pure metals at temperatures 

in the void swelling regime up to a dose of about 1 dpa.  Note that these results are obtained for 

neutron irradiation and therefore there is sufficient production of He atoms. Although, in the 

research conducted in chapter V, a large amount of void swelling is not predicted, the dislocation 

evolution and possible cavity formation is predicted to be comparable.   

In the paper entitled ‘Production of Freely-Migrating Defects’ by L.E. Rehn computer 

simulations and experimental studies only a small fraction of the displacements created from an 

energetic cascade survive the in-cascade recombination at elevated temperatures and are thus 

available for interactions with the lattice [11]. About 30% of the Norgett-Robinson-Torrens 

(NRT) [10] calculated displacements remain after recombination at 4K for pure FCC copper 

compared to 10% of NRT displacements for the irradiation at 300K.  

In the review [10], it states that in order to have a complete description of planar defect cluster 

evolution in pure FCC metals the dependence on dose, dose rate, temperature and the recoil 

energy spectrum must be studied.  

It has been seen in FCC metals that at low doses the defect cluster density is directly proportional 

to the neutron fluence, indicating that clusters are produced directly in displacement cascades. At 

intermediate doses, greater than 2∙10-4 and up to 10-2 dpa, the relationship between fluence and 

defect cluster density moves from linear to a square root relation. This relation indicates the 

onset of physical cascade overlap, namely interaction among adjoining cascades. The square root 

dose dependence for defect cluster accumulation results from the destruction of vacancy clusters 

by freely migrating interstitials, shown from simple rate theory analyses. Furthermore, there is 

evidence that the concentration of interstitial impurities will determine the fluence at which the 
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relationship changes from linear to a square root function. Evidence from research done on FCC 

copper suggests that the interstitial impurities impede the interaction between self-interstitial and 

vacancy clusters.  

Let us now examine the effect of temperature on planar defect clusters. Between 298 and 363K, 

the defect cluster density is independent of irradiation temperature.  In pure FCC materials, 

namely copper, nickel and aluminum, at temperatures above annealing stage V  (420K for Cu 

and 500K for Ni) , the defect density decreases with increasing irradiation temperature [12]. This 

results from thermal evaporation of vacancy clusters created from the displacement cascade. The 

saturation defect cluster density is determined from the balance between in-cascade production 

and cluster shrinkage from vacancy evaporation. Note that the defect cluster density reaches 

saturation at about 0.1 dpa, independent of the irradiation temperature. The defect cluster density 

as a function of irradiation dose for neutron irradiated Ni is shown in Figure 2.3 below. 

 

Figure 2.3: The defect cluster density as a function of irradiation dose for 14MeV neutron irradiated Ni. Open triangles are data 

collected from fission neutron samples [10] 
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2.4.2 Fluence-Dependent Accumulation of voids and dislocation loops from Neutron Irradiation  

For pure FCC aluminum, the dislocation loop density appears to saturate for damage levels 

greater than 1 dpa. Figure 2.4 shows the accumulation of voids and dislocation loops in neutron 

irradiated Al, at 328K, as a function of irradiation dose.  

 

 

Figure 2.4: Image from [10] showing the density of voids and dislocation loops as a function of dose. The results were collected 

for pure Al following fission neutron irradiation at 328K. 

 

In the paper by B.N Singh et al. [10] the microstructure, as observed in TEM, of neutron 

irradiated Al with increasing fluence at 393K is provided. This is shown in the Figure 2.5 below.  
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Figure 2.5: As stated in [10], the image shows the dislocation microstructure of annealed Al after fission neutron irradiation at 

393K to fluences of (a) 2x1021 n/m2, (b) 3x1023 n/m2 and (c) 1x1024 n/m2. 

Note that in Figure 2.5 above, the energy for the neutron irradiation is 𝐸 > 1𝑀𝑒𝑉.  In image (a), 

at a fluence of 2∙1021 n/m2, the clusters of small loops are separated from similar clusters by 

about 10 μm. With increasing fluence, image (b), the microstructure evolves to give clusters of 

larger dislocations loops, followed by tangles of dislocations in (c). The dislocation clusters form 

heterogeneously throughout the irradiated microstructure. B.N Singh et al. state that in 

irradiation doses up to 1dpa in both pure Cu and Ni, the most prevalent type of defects are 

stacking fault tetrahedral (SFTs). Further evidence of this will be provided in section 2.5. 

However, SFTs have not been observed in irradiated Al.  

2.4.3 Evolution of Cavity Microstructure formation and Dose Dependence 

Cavity formation involves the process of both nucleation and growth, however in the transient 

regime both of these processes are in a non-equilibrium and non-steady state. Let us first 
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examine cavity nucleation under cascade damage conditions. A cavity can be defined as a void 

or a bubble. Although the word void and cavity can be used quite interchangeably, for this 

argument we will use the definitions as follows. A lattice void results from the creation of a 

vacancy in the crystal lattice from the damage cascade, as opposed to an interstitial defect. A 

bubble is the result of gas interstitials, i.e. He in the crystal lattice. Note the we are not discussing 

voids on the length scale of void swelling, but simply looking at the creation of cavities in the 

microstructure. Gas bubble nucleation occurs readily due to the limited solubility of these gases, 

in particular inert gases, in metals. During the nucleation of voids, clusters of vacancies can 

collapse into two-dimensional loops which are energetically more favorable than forming a 

three-dimensional ‘void embryo’. For this reason, the nucleation of voids is more difficult to 

observe. ‘Void’ nucleation and gas bubbles are not independent of one another. In [13] Bullough 

and Perrin proposed that gas atoms act to prevent the collapse of vacancy clusters in two-

dimensional loops and can stabilize the vacancy cluster in the three-dimensional configurations 

of voids.  

In correlation with gas atoms, the super-saturation of irradiation-induced vacancies is a driving 

force for void nucleation and growth. As expected, the higher the vacancy supersaturation, the 

less number of gas atoms that is required for a critically sized void embryo. One might also 

assume that as the concentration of vacancies in cascades and subcascades is high, that the 

likelihood of void nucleation directly in the cascade is also high. However, calculations have 

shown that the nucleation of cavities in damage cascades under fission and fusion neutrons has a 

low probability. Instead, a damage cascade affects void nucleation indirectly by inducing a high 

level of vacancy supersaturation within the crystal lattice. A high level of vacancy 
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supersaturation is likely to be reached around 10-5 NRT dpa and with gas atoms present steady 

state void nucleation can occur. 

Note that in the review by B.N Singh et al. [10] the temporal evolution of cavity density and void 

swelling is discussed, however, it states that only data obtained during neutron irradiation is 

considered. There is very little data for alternate forms of irradiation at low doses, less than 1 

dpa, providing further motivation for this study. 

Let us now take a look at the dose dependence on the cavity density. B.N Singh et al. state that 

cavity nucleation is likely to occur at small doses with sizes below the resolution of TEM. 

Cavities observed within TEM result from nuclei that have grown from vacancy flux or form 

after the nucleation period from Brownian motion or ‘Ostwald ripening’ [10]. The term terminal 

dose is used to describe the irradiation dose at which cavity nucleation is complete, the terminal 

density. It was shown that the irradiation dose at which terminal density is reached, decreases 

with increasing concentration of He, as expected. Also, the terminal density is higher for higher 

helium production rates. The table below summarizes the He production rates in different nuclear 

environments. 

Table 2.1: Representative values for He production rates for different nuclear environments  

Irradiation Environment Helium Generation Rate [appm/dpa] 

Fission Reactor 1 

Fusion Reactor 10 

600-800 MeV Protons 100 

Helium Implantation 1000 

 

It can be shown that the terminal nucleation dose is inversely proportional to; 

𝑇𝑒𝑟𝑚𝑖𝑛𝑎𝑙 𝐷𝑜𝑠𝑒 ∝ 1/(𝑃𝐻𝑒𝐷𝐻𝑒)
1
2 
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where 𝑃𝐻𝑒 is the production rate of and 𝐷𝐻𝑒 is the diffusion coefficient for helium. Therefore, as 

the temperature increases, increasing the diffusion coefficient of He, the irradiation dose will 

decrease. The Figure below shown the nucleation dose for terminal cavity density as a function 

of temperature.  

 

Figure 2.6: Figure 9 from [10], showing the temperature depednece of the terminal nucelation dose, the dose at which cavity 

nucleation is complete. Data calcuared for Al irradiated with 600MeV protons and an He rate of 214 appm/dpa. 

The above calculation can be compared to experimental results for the temporal evolution of the 

cavity microstructure in an attempt to provide some insight into the mechanism for cavity 

nucleation. Figure 2.7 below, shows the experimental cavity density for high purity, fully 

annealed aluminum as a function of dose. The irradiation occurred at 393K. As noted by B.N 

Singh et al. [10] the void density saturates around 0.2 dpa, comparable to the value calculated in 

Figure 2.6 above. As seen in Figure 2.4, the void density in neutron irradiated Al at 328K 

saturates at about 2.5 dpa, again comparable to what is seen below. 
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Figure 2.7: Void desnity as a function of irraidiation dose in pure Al irriadted at 393K [10] 

 

2.4.4 Void Swelling in Irradiated Material  

Void volume can be used as a direct measure of the number of vacancies that survive intra- and 

inter-cascade recombination and sink annihilation. Additionally, this result indicates that the 

corresponding self interstitial atoms had escaped the voided volume and deposited at grain 

boundaries or dislocation. The deposition of SIAs to the target material’s surface directly results 

in an increase in material volume and therefore void swelling. In order to establish an accurate 

theoretical model for void swelling it must therefore account for both the accumulation of 

vacancies and diffusion of corresponding SIAs 

It has been observed in other FCC metals, namely Cu and Ni, that the swelling rate is higher at 

low doses and begins to decrease at a dose level of about 0.1 dpa [10]. Additionally, the 

dislocation density is very low and does not exceed a value of about 1012 m-2 for 1 dpa, with no 

sign of the formation of a dislocation network. It is also suggested the rate of vacancy 
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accumulation is not affected by nucleation behaviour when the void density is small enough for 

each void to grow independently.  Therefore, it becomes apparent the vacancy accumulation 

behaviour cannot be rationalized in terms of conventional rate theory  and dislocation bias as the 

dislocation density is negligible [10]. However, the results calculated from the concept of a 

‘production bias’, between self-interstitial atoms and vacancies, have proven to be sufficient for 

describing the observed behaviours. At the end of section 2.4.5, the concept of a production bias 

will be discussed.  

2.4.5 Spatial Heterogeneity  

TEM investigation has shown that the accumulation of self interstitial and vacancy type defects 

does not occur homogenously throughout the material during cascade damage. Using the 

concepts that defects form uniformly in space and time from single Frenkel pairs, mean-field 

approach and chemical rate equations, segregation of defects cannot be explained. It has been 

observed in FCC metals that; 

i. There is segregated void and dislocation evolution in the grain interior 

ii. Enhanced void swelling near grain boundaries occurs 

iii. Period arrays of stacking fault tetrahedral and dislocation loops in the material 

Let us examine these three observations in greater detail. It has been demonstrated in neutron 

irradiated copper, with a relatively low dislocation density of 1011 m-2, that irradiation defects 

begin to form heterogeneously at doses of 10-4 dpa NRT and between 523-673 K [10].  The 

authors B.N Singh et al. describe the microstructure as ‘heterogeneous and segregated’, meaning 

voids and dislocations nucleate and grow in regions separated from one another. This can be 

observed in the Figure 2.8 below. 
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Figure 2.8: Segregated void and dislocation evolution in the grain interior for pure Cu irradiated with fast neutrons at 523 K 

(0.01dpa) [10] 

 

Figure 2.8 shows that dislocations form into ‘walls’, with thickness of about 0.05μm to 0.5μm, in 

an area free of voids. The review states that the inter-wall spacing can range from 2 to 10 μm and 

that voids are observed in the matrix between the dislocation walls, with a low dislocation 

density in this area. This suggests the ordering between dislocation defects and voids.  

The second observation is enhanced void swelling near grain boundaries. Grain size dependent 

void swelling has been observed and results from the diffusion of point defects from the grain 

interior to grain boundary sinks. TEM results have shown significantly enhanced void swelling 

the zone adjacent to void denuded zone along grain boundary, called the “peak zone”. Note that 

this is the case for irradiation under a cascade damage dominated condition and not a Frenkel 

pair production condition. An increase in cavity density and size is observed in the peak zone. 
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Figure 2.9, below, shows the void swelling related to distance from grain boundary for pure Al 

irradiated with fission neutrons at 393K. 

 

Figure 2.9: Void Swelling related to distance from grain boundary for pure Al irradiated with fission neutron at 393K [10] 

The final microstructural observation is of period arrays of planar walls of defects, observed in 

both pure Cu and Ni and shown in Figure 2.10 below. 
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Figure 2.10: Period arrays of walks in Cu irradiated to 0.2dpa with 3.4MeV protons at a temperature ≤ 373K [14] 

The observed walls are parallel to the family of {001} matrix planes and consist of stacking-

fault-tetrahedral and dislocation loops. The regions between the walls are free of visible defects. 

However, evidence suggest these regions contain clusters of vacancies in the form of nano-voids 

not visible in TEM [14]. In proton irradiated Ni, the cluster ordering in the walls is less 

pronounced, than in Cu and the onset of detectable ordering requires a proton irradiation dose of 

0.7dpa or more [14]. This microstructural feature results from the spontaneous production of 

stable vacancy clusters by cascade collapse and is restricted to a temperature range between 

annealing stage III and V, defined in the paper by R.W. Balluffi, ‘Vacancy Defect Mobilites and 

Binding Energies Obtained from Annealing Studies’ [12]. In temperatures which are too low for 

defect ordering to occur, random arrangements of defect clusters and dislocation networks are 

observed. In the high-temperature regime, the dissolution of vacancy clusters, i.e. loops and 

SFTs, occurs from thermal vacancy emission and voids are the only stable defects [14]. This 

microstructure can be rationalized by a production bias between SIAs and vacancy clusters 

during the cascade. The production of stable vacancy clusters from cascade collapse results in an 
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increase in ‘sink’ density. Eventually, saturation in the production of vacancy clusters occurs 

from cascade overlap, as discussed in section 2.3.2. As a result, shrinkage of the vacancy clusters 

occurs by the continuous absorption of freely migrating SIAs. The nature of the cascade damage 

results in fluctuations in the density of clusters/sinks, which possess a bias for the absorption of 

SIAs. These fluctuations in cavity density occurs at a particular dose, when the number of 

irradiation induced vacancy clusters are large enough to become the dominant sink for defects. 

Therefore, the asymmetry in the production of freely migrating SIAs and vacancies from the 

cascade, a production bias, then leads to shrinkage of the vacancy clusters. Additionally, the 

local fluctuations in cavity/void density is amplified when a reduced shrinkage rate of vacancy 

clusters, in regions of high cluster density, occurs as result of more clusters competing for nearby 

produced SIAs[14]. In section 2.4 below, an MD simulation is provided that further describes the 

nature of the production bias. The microstructural features exhibited in irradiated FCC material, 

can be explained by the concept of a ‘production bias’ from the damage cascade, i.e. in a ‘sink’ 

dominated regime as opposed to a recombination (of Frenkel pairs) regime. C. H. Woo and B. 

Singh, propose a model for radiation induced swelling/void swelling in the article entitled 

‘Production bias due to clustering of point defects in irradiation-induced cascades’ [15]. In the 

article, MD simulations were done to further explain the concept of a production bias. The reader 

can refer to this paper for a better understanding of the concept of a production bias. 

2.5 TEM observations of Pure Ni irradiated with 560MeV Protons  

A comprehensive study of proton irradiated pure Ni was conducted by Dr. Zhongwen Yao in the 

thesis ‘The relationship between Irradiation Induced Damage and the Mechanical Properties of 

Single Crystal Ni’[16]. The radiation induced defects in FCC metals consist of vacancy type 

defects such as loops, voids and SFTs or interstitial type loops. In the review of irradiation 
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induced defects by Dr. Yao, Robinson and Jenkins, 1981, is referenced, which states that Frank 

loops with Burgers vector 1/3<111> are observed [17]. Additionally, Kitagawa et al. have found 

that 90% of clusters were small stacking fault tetrahedra’s (SFTs) [18]. It is now accepted that 

there is a transition from an SFT-dominated microstructure at low doses to interstitial dislocation 

loops-dominated microstructure at higher doses. 

2.5.1 Stacking Fault Tetrahedra  

An SFT can be described as four triangular {111} faulted planes bounded by six stair-rod partial 

dislocations. The three-dimensional structure of an SFT cannot be determined from a single 

bright field or dark field TEM image. As stated by Dr. Yao, using the TEM condition g(2g) 

along a <112> direction using a {220} reflection, allows for determining the vacancy or 

interstitial nature of the SFT. This method relies on the asymmetry of stacking fault contrast 

under a dark-field condition. It was shown by Kojima et al. 1989 that SFTs in pure Ni, produced 

by irradiation, are invariably vacancy in nature [19].   

Identifying the morphology of the SFT is important for determining the interactions between 

SFTs and dislocations. Dr. Yao describes TEM imaging conditions for identifying SFT 

morphology. If the tetrahedron is viewed along the <011> orientation, as done in chapter IV, the 

structure projected on the viewing screen is triangular, shown in Figure 2.11 below.  
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Figure 2.11: a) is a dark field weak beam (DFWB) contrast of an SFT, while b) is a wire frame of an SFT projected in the same 

direction. The SFT is characterized by the triangular contrast which shows ‘strong contrast apex and decreasing to a weak 

contrast along the base’.[16] 

2.6 Indentation Size Effect 

Micro-mechanical and nano-mechanical testing are promising methods for studying the 

irradiation effects on bulk properties of materials. Considerations have to be made when working 

on such small scales. The indentation size effect can be observed when the experimental 

hardness, measured from nano-indentation, is determined as a function of indentation depth. The 

hardness of the material decreases with increasing indentation depth. As the indentation depth 

becomes shallower, below 500nm, a dislocation source limited condition occurs, resulting in an 

increase in hardness. This hardness is associated with dislocation repulsion in a small 

deformation area and very high stresses required to nucleate new dislocations [20], [21]. An in-

depth discussion on the mechanisms behind the indentation size effect, in both irradiated and 

unirradiated material, is given in section 5.3.4. Furthermore, the Nix-Gao (NG) model [22] is a 

strain gradient plasticity (SGP) model used to describe the indentation size effect. It models the 

measured hardness in terms of statistically stored dislocations (SSD) and geometrically stored 

dislocation (GND). The model yields Ho, the hardness that results from the statistically stored 

dislocations when no GNDs are present or the bulk hardness and h*, the characteristic depth. A 

derivation and further expansion on the NG model is given in chapter 4.3.3.  
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2.6.1 Characteristic depth, h* and ISE in irradiated materials 

Peter Hosemann et al. have studied the indentation size effect in irradiated material in [23]. The 

results determined by Hosemann et al. are summarized in table 2.2 below.  

Table 2.2: Comparison of Ho and h* from the Nix and Gao model [23]  

 

As expected the hardness, Ho, increase in the irradiated material, considering the corrected data. 

Considering the corrected value for h*, the value decreases in the irradiated material compared to 

the unirradiated material [23].  Hosemann et al. state that irradiation induced defects result in a 

smaller indentation size effect. 

2.7 Electron Microscopy Characterization Theory  

2.7.1 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy can be used for a wide rage of applications, which can be further 

extended with the addition of different detectors. The theory behind the operation of SEM, 

EBSD and EDS are all well documented and therefore an introduction to these tools will not be 

provided. Let us instead focus on micro-texture methods and grain orientation.  

Firstly, a material may be isotropic or anisotropic. Isotropic refers the to material in which the 

properties are the same in all directions or in different crystallographic orientations. This is often 

represented by grains that are randomly oriented with reference to crystal structure. An 

anisotropic material is defined by have different properties in particular crystallographic 

orientations. This is observed in materials that have grains orientated in non-random fashion, 

which can than be described as ‘textured’. This is the motivation for the study of ‘texture’ in a 

material. A ‘textured’ material can be formed from material processing method such as casting, 



33 

 

deformation from cold work and vapour deposition. Crystallographic texture must be defined by 

two coordinate systems, a sample system and crystal system. The sample coordinate system of a 

rolled sheet can be defined by the rolling plane normal(RPN), the transverse direction(TD) and 

the rolling direction (RD). The crystal coordinate system is defined by the FCC crystal structure 

of the Ni crystal, which is orthonormal to the sample system. This is best shown by Figure 2.12 

below.  

 

Figure 2.12: Both sample and crystal coordinate system shown for a rolled FCC material [24] 

Now that a coordinate system has been defined, a standard method to represent the texture must 

be derived. If we place our crystal at the origin of ‘the great reference sphere’ and project the 

{100} family plane normal to the sphere surface, an azimuthal projection is obtained. Also, recall 

from electron diffraction, that a particular diffraction plane, when satisfying the Bragg condition, 

is observed as a single point in reciprocal space. Hence, if the diffraction points and Kikuchi 

lines can be mapped, the entire crystallographic orientation can be determined. This is the main 

principle behind EBSD. An azimuthal projection is shown Figure 2.12 above. 
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From the azimuthal projection, a 2D stereographic projection can be formed from the projection 

of all points on the ‘great reference sphere’, or projection of all plane normal, towards the south 

pole onto an equatorial plane. This is best described in Figure 2.13 below;  

 

Figure 2.13: 2D equatorial plane highlighting a stereographic projection, the basis behind a pole Figure [24] 

The stereographic projection of a 3D crystal structure, with a known coordinate system, is known 

as a pole figure. Due to the nature in which a pole Figure is defined, the crystallographic texture 

for the sample coordinate system can be completely defined for the pole figures from each 

family of planes defining the crystal coordinate system. For an FCC structure this is the {100}, 

{110} and {111} family of planes. Figure 2.14 below shows an example of crystallographic 

texture, in the form of a pole figure. This texture is defined as a ‘Brass Texture’, {110} <112> 

and occurs as a rolling texture component from low stacking fault materials. Note that the {110} 

is oriented in the ND and the {111} in the TD, a key feature for this texture.  
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Figure 2.14: {111} Pole figure for {110} <112> ‘Brass Texture’ in rolled FCC material [25] 

Without going into great detail, the texture can also be represented through an inverse pole 

figure. This is defined as the distribution of selected directions in the specimen relative to the 

crystal coordinate system. The final concept important to texture and micro-texture is Orientation 

Distribution (OD) and Euler angles. OD completely described the texture and anisotropy of a 

ploycrystal, yielding information on surface grain orientation. The OD is a probability 

distribution and a function of three Euler angles; 

f (ϕ1, Ф, ϕ2) 

The spatial orientation in which these angles are derived will not be discussed. A plot of a 

probability density function for a bimodal grain distribution is shown below.  



36 

 

 

Figure 2.15: Example of a bimodal distribution for a plot of the fraction of grains as a function of misorientation angle, the OD  

Pole figures and grain orientation maps can thus be created from knowing the Euler angles, 

however for the research conducted below they are obtained directly from the EBSD camera and 

software using Kikuchi lines and Hough transforms. 

2.7.2 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy will be used to observe the post irradiation microstructure of 

the material and characterize irradiation induced defects on the nm scale. TEM is a 

characterization tool used extensively in the nuclear industry and the reader is referred to 

‘Characterization of Radiation Damage by Transmission Electron Microscopy’ by M.L Jenkins 

and M.A Kirk. for more literature. For the purpose of this research, three TEM principles will be 

reviewed; the zone axis diffraction pattern (ZAP), the g vector and g∙b analysis. 

The zone axis diffraction pattern (ZAP) obtained from the TEM is used to determine the zone 

axis direction (ZAD) being imaged. Figure 2.16 below, shows the diffraction pattern for the 

[101] zone axis. The diffraction points are crystallographic planes, observed in reciprocal space. 

Note, that a crystallographic plane defined in real space is a single point in reciprocal space. 
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Figure 2.16: Zone axis diffraction pattern for [101] zone axis direction 

Figure 2.16 above will be used to index the zone axis of diffraction during the TEM analysis. We 

can quantitatively show that the ZAD in Figure 4.17 is the [101] family of planes by calculating 

the zone axis direction [u v w].  We know that [u v w], the zone axis direction, is parallel to the 

incident beam. Let us now define two vectors; 

𝑟1⃗⃗⃗  = ℎ1𝑘1𝑙1 𝑎𝑛𝑑 𝑟2⃗⃗  ⃗ = ℎ2𝑘2𝑙2 

These vectors represent the distance, measured in reciprocal space, from the transmitted beam to 

a diffraction point on the zone axis diffraction pattern. In other words, 𝑟1⃗⃗⃗   is a single g vector. 

Note in Figure 4.17, the direct beam is highlighted in blue and is the [1 0 1] reflection. We can 

now define 𝑟1⃗⃗⃗   and 𝑟2⃗⃗  ⃗ as such; 

𝑟1⃗⃗⃗  = 200 𝑎𝑛𝑑 𝑟2⃗⃗  ⃗ = 111̅ 

Calculating for the zone axis direction yields the result below. We can also define our three g 

vectors as [200], [11-1] and [1-1-1].  
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[𝑢 𝑣 𝑤] = 𝑟1⃗⃗⃗   × 𝑟2⃗⃗  ⃗ 

[𝑢 𝑣 𝑤] = ℎ1𝑘1𝑙1 × ℎ2𝑘2𝑙2 

[𝑢 𝑣 𝑤] = [1 0 1] 𝑓𝑎𝑚𝑖𝑙𝑦 𝑜𝑓 𝑝𝑙𝑎𝑛𝑒𝑠   

g∙b analysis allows irradiation induced dislocations to be characterized by identifying the 

Burgers vector and habit plane of the irradiation loop. Let us first consider the intensity of a 

diffracted beam, which is given by [26]; 

 
𝐼𝑔 = |Φ𝑔|

2
= (

𝜋𝑡

𝜉𝑔
)

2

∙ (
sin2(𝜋𝑡𝑠𝑒𝑓𝑓)

(𝜋𝑡𝑠𝑒𝑓𝑓)
2 ) 

(2.1) 

where Φ𝑔 is the magnitude of the of the amplitude of the wave vector. 𝜉𝑔 is the extinction 

distance which depends on the lattice parameters, through the volume of the crystal Vc, the 

atomic number, through the structure factor Fhkl and the energy of the incident beam, through λ. 

The extinction distance is given by the equation [26]; 

 
𝜉𝑔 =

𝜋𝑉𝑐𝑐𝑜𝑠𝜃𝐵

𝜆𝐹𝑘ℎ𝑙
 

(2.2) 

where 𝜃𝐵 is the Bragg scattering angle. The Howie-Whelan equations give expressions from the 

amplitude of the incident and diffracted beam, dependent on the extinction distance. From the 

amplitude of a diffracted beam in dynamical diffraction theory, for an imperfect crystal, a phase 

factor α is added to the Howie-Whelan equations. The phase factor, given in the equation below, 

accounts for defects in the imperfect crystal [26]. 

 𝛼 = 2𝜋𝑖𝑔 ∙ �⃗�  (2.3) 

For a dislocation, the Burgers vector is proportional to �⃗� , 𝑏 ∝ �⃗� . Therefore, if the dot product of 

the g vector and the burgers vector is a non-zero value, 𝑔 ∙ �⃗� ≠ 0, the contrast from the 

dislocation can be observed. During TEM operation, the foil is tilted to a particular zone axis, the 
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diffraction points imaged and several micrographs are taken under different g vectors. This 

principle is known as g∙b analysis. 

The habit plane of the dislocation can be determined using the ZAP and the micrograph. If a 

dislocation line, in the micrograph, is perpendicular to a particular g vector, on the ZAP in 

reciprocal space, in real space the dislocation line will lie in that plane. 
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Chapter 3  Experimental Methods  

 

3.1 Experimental Apparatus 

The Proton Irradiation Sample Holder (PISH), is a novel apparatus that allows for in-situ 

temperature controlled, proton irradiation of materials. The motivation for this project is to use 

proton irradiation within reactor operating conditions to induce irradiation damage into material 

on the microscopic scale. Through studying the damage induced by proton irradiation in reactor 

operating conditions, a better understanding can be gained for the deformation mechanisms that 

occur during a reactor lifetime. Ultimately, the final goal of the research done using the PISH is 

to enhance the safety and extend the lifetime of nuclear reactors. The objective for the PISH is to 

safely and accurately measure and control proton beam current and sample temperature under 

ultra high vacuum (UHV) conditions.  

3.2 Proton Irradiation Sample Holder  

The PISH can sub-divided into three main design aspects; 

i. The Physical/Mechanical Apparatus 

ii. Temperature Measurement and Control 

iii. Proton Beam Current Measurement and Control  

Note that both the temperature and current measurement/control have dedicated hardware and 

software that is discussed in the following sections. An image of the physical apparatus is shown 

in Figure 3.1 below. 
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Figure 3.1: Proton irradiation sample holder (PISH), outside of vacuum and with no sample mounted 

 

Several features can be identified in Figure 3.1. The sample is mounted on the Cu block, as 

shown in Figure 4.3. Copper was selected for its high thermal conductivity, k. This allows for the 

heat produced by the proton beam to be transferred through the sample to the Cu block, which 

acts as a heat sink. The Cu block has two vacuum feedthroughs connected to the back side, an 

inlet and outlet. These vacuum feedthroughs are used to cool the Cu block with either air or 

water, depending on the desired irradiation temperature. Note that the cooling feedthroughs have 

ceramic breaks welded inline with stainless steel bellows. The bellows are used to help 

accommodate any thermal or mechanical stresses. The ceramic breaks are used to electrically 

isolate the Cu block from the surrounding vacuum chamber, which is grounded. Additionally, 

ceramic screws are used to attach the Cu block to the surrounding frame. Having the Cu block 

electrically isolated allows for the beam current measurements to be taken from the sample 

directly. Note that this design proved to be insufficient as the ceramic breaks did not electrically 
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isolate the Cu block when water was used as a coolant. The electrolytic nature of water was 

enough to impede the electrical signal coming from the beam. As will be shown in section 3.2.1, 

isolating the target from the Cu block, while maintaining good thermal conductivity, becomes 

the best solution.  

Above the Cu block, mounted on threaded rod, are four, individually isolated, tantalum ‘edge 

detectors’. The four edge detectors are used to align the proton beam by individually measuring a 

current signal on each detector. Ta was selected due to its high melting point, 3017oC and its low 

cross-section for 6-8MeV protons, with relatively low residual activity post irradiation. A 

negative 300V bias can also be applied to the Ta edge detectors. The bias voltage will suppress 

any secondary or sputtering electrons produced in the nuclear interaction between the proton 

beam and target, yielding a more accurate value for the measured beam current.  

Both an electrical feedthrough and J-type thermocouple feedthrough are attached to the vacuum 

flange. The thermocouple feedthrough has two J-type thermocouples, one in contact with the 

sample, described in more detail in section 4.2.3 and the other connected to the Cu Block directly 

behind the sample. These two thermocouples are individually connected to two Omega 

controllers, shown in Figure 3.2a below. 
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Figure 3.2:a)Omega controllers, measuring temperature of Cu block and target and used in temperature control b) Solid state 

relay and supplementary electrics used for powering temperature control hardware  

 

The function of these two controllers will be discussed further in section 3.2.2. The electrical 

feedthrough is used for both the beam current measurement and the temperature control. Related 

to beam current measurements, five beam current measuring wires are connected to the electrical 

feedthrough, one for the sample current and the other four for the Ta edge detectors. The current 

measurements will be discussed further in section 3.2.3. For temperature control, two cartridge 

heaters are inserted into the back of the Cu block. The cartridge heaters are connected in parallel 

to the electrical feedthrough and powered by an AC 208V source, see section 3.2.2. The 

functional block diagram below best describes the operation of the PISH.   

a) b) 
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Figure 3.3: Functional block diagram showing control system used for PISH 

 

3.2.1 Sample Mounting and Geometry  

The sample geometry and mounting is integral to the temperature control and beam current 

measurement. The sample must be electrically isolated, while maintaining good thermal contact 

with the Cu Block. Under ultra-high vacuum (UHV) conditions, the interfaces between surfaces 

become crucial for thermal/heat transfer. Convection to the surrounding environment is non-

existent in an UHV environment and therefore, conduction through the interfaces is crucial to 

remove heat from the sample, generated from the proton beam. As an aside, when a sample of 

cobalt was placed in the proton beam, with effectively no cooling, sputtering and evaporation of 

the cobalt surface occurred. The melting point of cobalt at room temperature and atmospheric 

pressure is 1495oC. The initial experiments done at RMTL highlighted the need for strict 

temperature control. Let us first examine the sample mounting, identifying the interfaces 

between the sample and Cu block. Figure 3.4 below shows the cross-sectional view of the 

mounted target, while Figure 3.5 shows a cross-sectional schematic of the interfaces.  
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Figure 3.4: Cross-sectional view of 99.4% Ni target mounted on PISH. Note the ceramics used above the target for isolation. 

Thermocouple and current measuring wire can also be observed.   

 

Figure 3.5:Cross-sectional schematic of the mounted target, highlighting each interface 

 

A target of 99.4% Ni, discussed further in section V, and was prepared with dimensions of 

25x25x2mm3. The sample thickness, 2mm, was selected to allow a thermocouple to be inserted 

into the middle of the target, approximately 500μm from the irradiated surface.  In reference to 

Figure 3.5, the UHV silver paste between the Cu Block and the AlN ceramic is used to make a 
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coherent interface. The silver paste is applied to adhere the AlN Ceramic to the Cu block 

providing better surface contact. The alumina nitride ceramic is used to electrically isolate the 

sample, while maintaining good thermal conduction between the sample and Cu block. Indium is 

used between the target and AlN Ceramic. The indium, which has a relatively low melting point 

and high boiling, is contained with the Ta shim and creates a liquid interface upon melting. Note 

that prior to irradiation, the indium is pre-melted to the target to create a completely coherent 

interface and almost perfect surface contact. This is done by heating the AlN ceramic, Indium 

and Ta shim and target to 250oC for 2 hours, in a Model 30 GC lab furnace. Additionally, this 

process is done to bake-out the sample, removing volatile compounds and accelerate out-gassing 

before being placed in UHV. For low temperature irradiations, below the 156.6oC melting point 

of In, the interface remains solid. For higher temperature irradiations, the indium becomes a 

liquid, contained within the shim, providing even greater thermal conductivity, i.e. the pool of 

indium is completely coherent with the target. The surface tension/wettability of the indium with 

the target and AlN, contained within the shim, resulting in the stable liquid interface, see Figure 

3.6.  
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Figure 3.6: Solid indium contained within Tantalum shim prior to pre-melting and irradiation. Liquid interface between target 

surface and Cu block forms during irradiation.  

The AlN ceramic above the target is simply used to isolate the target from the hold down bars. 

Note that a new design has been subsequently implemented, however it was not used for the 

following work, see Figure 3.7.  

  

Figure 3.7:Islocated mounting plate around Cu block, fully isolating target from Cu block without the ceramics used on top of 

the target as seen in Figure 3.4 
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The mounting plate around the Cu block is completely isolated and therefore the hold down bars 

do not need to be isolated from the target. The residual silver paste that was between the Cu 

block and AlN ceramic can also be observed. Table 3.1 below summarizes the thermal 

conductivity of each interface.  

Table 3.1:Thermal conductivity and resistance of each interface used in Figure 3.5 

Material 

Thermal Conductivity, 

K (W/m∙K) 
Length 

(m) 

Area 

(m2) R (K/W) 

Alumina Nitride 180 0.001 0.0625 8.9E-05 

Indium 81.8 0.002 0.0625 3.9E-04 

Copper 401 0.005 0.15 8.3E-05 

Nickel 90 0.0005 0.017 3.3E-04 

Silver 406 N/A N/A N/A 

The second component related to the mechanical set up of the sample is the geometry of the Ta 

edge detectors, the aperture geometry. As previously stated, the four Ta edge detectors are used 

to align the beam with the target, Figure 3.8 below. 

 

Figure 3.8:a) Schematic showing 4 Ta edge detectors above target and hypothetical beam area in red b)17.45mm by 9.2mm 

aperture above 99.4% Ni target 

 

The size of the aperture directly determines the area of the beam impingent on the target. In 

Figure 3.8 b) the size of the aperture on the 99.4% Ni target is 17.45mm by 9.2mm. As will be 

a) b) 
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shown in section 3.2.3, the area is used when calculating the target current density. In order to 

detect a current signal on each of the four edge detectors an ‘over-scanned’ beam is used, i.e. the 

area of the rastered proton beam is larger than the beam aperture. Therefore, the beam current, 

measured on the Tandetron Accelerator will vary from the sample current measured using the 

PISH. This will be discussed further in section 3.2.3. 

3.2.2 Temperature Measurement and Control 

The first steps taken for temperature measurement were to calculate the temperature of the 

sample, given the beam power and the temperature of the Cu Block. Using the values in table 

3.1, a 2-dimensional heat transfer calculation was done using Fourier’s Law of Conduction; 

 
𝑞 = −𝑘𝐴

𝑑𝑇

𝑑𝑥
 

  

(3.1) 

q is the rate of energy transfer in Watts, A is the cross-sectional area of the interface, T is the 

temperature and k is the thermal conductivity. One can them define the thermal resistance as; 

 
𝑅𝑡 =

∆𝑇

𝑞
 

  

(3.2) 

Where 𝑅𝑡 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐿/𝑘𝐴 and L is the length of the interface. The beam power is known to be 

100W, however, it is applied as a point source rastered across the irradiated area. The nature of 

the point source beam resulted in inaccurate estimations of temperature from the heat transfer 

calculations. The best method moving forward was to experimentally determine the sample 

temperature, based on beam power, the temperature set point and the cooling method.  

Two cooling methods were designed for the PISH in order to achieve two different temperature 

ranges. The first method, used in section V, is for low temperature irradiations. No supplemental 

heat is added through the cartridge heaters and an Anova chiller was used to cycle 10oC water 
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through the Cu block. This method takes a passive approach to temperature control and is 

dependent on the power produced from the proton beam, calculated from beam current and 

energy, and the efficiency of energy/heat removal of the Cu block. Note that if a higher or lower 

temperature is desired, the temperature of the liquid in the chiller can simply be adjusted. For 

reference, a beam current of 20μA and 6MeV energy will produce a power of 120W. When 10oC 

water is cycled through the PISH the sample temperature is maintained at about 100oC. The 

advantage of this method is its simplicity, however, the downside is that there is very little 

control of the irradiation temperature set point and no method for in-situ temperature changes. 

For high temperature irradiations, 300oC, accurate temperature control and in-situ temperature 

adjustment, the control system outlined in the block diagram in Figure 3.3 is implemented. Also, 

the medium for cooling the PISH is changed from water to air. It was not possible to achieve a 

high temperature irradiation with water cooling as the specific heat capacity and efficiency for 

heat removal is too large. The structure of the control system is as follows; 

i. The desired irradiation temperature set point is input into LabVIEW. The Arduino micro-

controller sends the set point to the Omega controller.  

ii. The Omega controller takes a reading from the thermocouple connected to the PISH to 

determine if the set point is above or below the measured temperature. 

iii. The Omega controller is connected to a solid-state relay, which is in turn connected to the 

cartridge heaters. If the measured temperature is below the desired set point, the Omega 

controller set the solid-state relay to the ON state. If the measured temperature is above 

the set point, the Omega controller set the solid-state relay to the OFF state. 

iv. The flow rate of the air was maintained at a constant 130L/min. The motivation for 

keeping a constant flow/cooling rate was to avoid two control systems competing. 
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Adjustments have been made to allow for an increase or decrease in the flow rate of the 

air.   

An experiment was set up to test the accuracy and efficiency of the temperature control system. 

The following work was done with a undergraduate summer student at the time, Brodie Moore. 

A switchbox was constructed to simulate the additional power that would be supplied to the 

target when the beam was on, i.e. simulating the temperature increase from the proton beam. The 

power output of the switchbox was 108W. The set point for the target temperature was increased 

from 50oC to 300oC in increments of 50oC. The results are shown in Figure 3.9 below. 

 

Figure 3.9: Target temperature control simulation, heating target from 50oC to 350oC with proton beam On and Off 
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Oscillations in temperature can be observed when the set point is reached. This is due to the 

nature of the ON/OFF control system. However, note that when additional power is added from 

the beam, simulated by the switch box, the amplitude of the temperature oscillations decrease. 

Knowing the outlet temperature of the air, measured with a thermocouple and shown by the 

green trace, the power loss from the Cu block to the cooling air can be calculated from; 

 �̇� = �̇�𝑐𝑝∆𝑇 

  

(3.3) 

where �̇� is the power loss, �̇� is the mass flow rate, calculated from the flow rate multiplied by 

the density of air, 𝑐𝑝 is the specific heat capacity of air and ∆𝑇 is the difference between the 

outlet temperature and the temperature of the ambient air, taken to be 20oC. Additionally, the 

power provided to the cartridge heaters from the solid-state relay can be measured. The internal 

resistance of the cartridge heaters was measured to be 75Ω. The average voltage over the duty 

cycle for the cartridge heaters can also be experimentally measured. Therefore, the power 

supplied to the cartridge heaters is 𝑃 = 𝑉2/𝑅 and we can subtract 108W to simulate when the 

beam is turned on. Figure 3.10 below shows the three different power calculations.    
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Figure 3.10: Measured power output of across cartridge heaters when proton beam is On/Off and effective power loss from air 

cooling 

 

The significance of this data is that for a given flow rate, 125 L/min for this particular 

experiment, the temperature of the target can be plotted as a function of the power output of the 

controller, as well as the difference controller power and a set beam power. Therefore, this data 

can be extrapolated to determine the temperature of the target that directly results from the beam, 

with no additional power from the cartridge heaters. This is more clearly explained in Figure 

3.11 below. 
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Figure 3.11: Controller power as a function of target temperature with 125L/min ambient cooling air for proton beam power. 

The significance of this plot is x intercept of each line, indicating the minimum temperature possible as a function of beam power 

 

In Figure 3.11 above the equation of the line for the 100W beam is included as an example. We 

can see that for a 100W beam, with 125 L/min ambient air cooling, the minimum temperature of 

the sample is about 160oC. Lastly, Figure 3.12 and 3.13 show the LabVIEW interface and block 

diagram, respectively.  
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Figure 3.12:Temperature Control LabVIEW interface  

 

Figure 3.13:Temperature Control LabVIEW operational block diagram 
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3.2.3 Proton Beam Current Measurement and Control 

The proton beam current measurement and control system is well documented in the 4th year 

design thesis done by Jiahe Chen, titled ‘The Design of a Comprehensive Measurement System 

for the Proton Beam Target’. This section will provide a brief overview of the beam current 

measurement and control. Recall that five current carrying wires are connected to the electrical 

feedthrough on the PISH; one wire to measure the target current and one for each of the four Ta 

edge detectors. The current measurement and control system has three design objectives; 

i. Measure the proton beam current in a range from 10nA to 50μA and record the total 

charge delivered to the target, saving the data to an excel file.  

ii. Apply negative 300V bias for secondary electron emission suppression  

iii. Monitor charge and current in real time, record anomalous event and send beam shut 

down command if necessary 

The proton beam current measurement and control system is best described by the functional 

block diagram of the system, Figure 3.14 below. 
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Figure 3.14: Functional Block diagram for current measuremnt and beam contol system [27] 

 

The input to the control system is the five beam current wires. These are passed through the 

selection circuit and amplifier circuit, connected to Arduino analog I/O (Input/Output) and in 

turn connected to the LabVIEW interface. The LabVIEW software also communicates with the 

Arduino Digital I/O when controlling the Beam Switch Circuit and Secondary Electron 

Suppression Circuit. The selection circuit is used to select whether the Ta aperture is used for 

steering the beam, i.e. used as edge detectors or secondary electron suppression. When 

measuring beam currents, the selection circuit is connected to the amplifier circuit. Each of the 

current measurement wires is connected to a 1MΩ shunt resistor within the amplifier circuit. 

Therefore, measuring the voltage drop across this resistor yields the beam current. However, the 

Arduino microcontroller used to measure the beam current, operates on a 0 to 5V analog input. 

Therefore, the amplifier circuit is used to scale the 10nA to 50μA beam current range to the 
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appropriate voltage for the microcontroller. Table 3.2 below outlines the five different amplifier 

gains, selected depending on the desired proton beam current measurement.  

Table 3.2: Amplifier gains used for desried proton beam current  

Gain Proton Current [nA] 

Input Voltage  

(Across 1MΩ) Output Voltage [V] 

x9 90-500 90mV-500mV 0.81-4.5 

x49 10-90 10mV-90mV 0.49-4.41 

x1 500-4500 0.5V-4.5V 0.5-4.5 

x1/5 4500-20000 4.5V-20V 0.9-4 

x1/11 20000-50000 20V-50V 1.82-4.55 

 

The LabVIEW interface and block diagram are shown below, in figures 3.15 and 3.16, 

respectively.  
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There are several features of the LabVIEW interface that are worth pointing out. Firstly, the 

aperture gain, denoted ‘Shield Gain’, and target gain are selected depending on the expected 

beam current measurement. As an example, let us consider the irradiation of the 99.4% Ni target. 

As will be discussed in section 3.3, it was desired to have a 20μA target current. An over-

scanned beam principle is employed when irradiating targets with the PISH. The area irradiated 

by the beam is larger than the irradiated area on the target. In order to accurately control the 

beam, using the tandetron software, a current measurement must be recorded from each of the 

edge detectors. This measurement is used to ‘focus’ the beam on the target. Therefore, a certain 

area of the proton beam must fall on each edge detector.  A schematic of this is shown in Figure 

3.17 below. 

 

Figure 3.17:Scemtic demostrating the ‘over-scanned’ beam princple used when irraidating targets 

 

The over scanned beam, depicted in red, represents the area of the beam that falls on the Ta edge 

detectors, while the green area is the beam delivered to the target. Recall, the irradiated area, as 

set by the Ta aperture, was 17.45mm by 9.2mm. Therefore, the current density is 0.124μA/mm2. 

The over scanned beam, selected by the beam operator, has an area of 10mm by 19mm, resulting 
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in about 0.5mm overlap on each of the Ta edge detectors. Knowing the total irradiation beam 

area and the current density, the ‘beam current’, an input required for the Tandetron proton 

accelerator, can be calculated. For the 99.4% Ni target the beam current was calculated to be 

23.6μA, which yields 20μA on target and 0.9μA on each of the four edge detectors. Using this 

calculation, the appropriate gain can be selected in LabVIEW interface. Since these experiments 

have been conducted, automatic relay switching has been implemented.  

Referring back to Figure 3.15, on the far right-hand side of the interface, the safety interlocks are 

shown. These ensured that if experimental parameters deviate outside set limits the beam is shut 

off. For a more detailed explanation of the safety interlocks and beam shutdown modes, I refer 

the reader to the work done by Jiahe Chen. 

The last feature that should be noted is the total charge delivered to the target. The LabVIEW 

interface recorded the real-time current delivered to the target. Therefore, the charge delivered to 

the target can be calculated from; 

 
𝑄 = ∫ 𝐼𝑑(𝑡)

𝑡2

𝑡1

≈ ∆𝑡𝐼𝑎𝑣𝑔 

  

(3.4) 

where Q is the charge delivered to the target, t is the time and I is the target current. The 

sampling frequency of the Arduino is less than 2kHz. The significance of the total charge 

delivered to the target is discussed in section 3.3 below.  

3.3 Tandetron Accelerator and Proton Irradiation  

The Queen’s Reactor Materials Testing Laboratory is equipped with an HV Tandetron 4MV 

tandem accelerator. The accelerator produces up to 8MeV Hydrogen ions, i.e. protons, or 12MeV 

Helium ions to simulate irradiation damage and facilitate implantation studies. The beam 

operates by rastering the impingent particle with a frequency of 1kHz and spot size of 1mm. If 
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we consider the length of the irradiated area on target, 17.45mm, with the beam rastering 

parameters, a 1mm long section of the target is irradiated every 0.0017 seconds. We can 

therefore assume that the damage delivered to the target from the proton beam is homogenous.  

Before the target can be bombarded with protons, experimental calculations must be done to 

define the irradiation parameters.   

The first step in accurately delivering a desired dpa is to know the damage rate from protons, 

with an energy in MeV, impinging upon the target. For the experiment work done in section V, 

0.1dpa was to be delivered to a 99.4% Ni target using 6MeV protons. These are our first three 

experimental inputs to the irradiation. Ultimately, we are trying to determine the irradiation time 

required given these three inputs.  As an example, we will consider the 99.4% Ni irradiation 

moving forward. The first step in an irradiation is to use the Stopping and Range of Ions in 

Matter (SRIM) software package. The inputs to the simulation are as follows; 

Table 3.3: Beam Paramter Inputs for SRIM simualtion  

Input Value 

Type of Ion Irradiation  Hydrogen  

Beam Energy  6000 keV 

Angle of Incidence  0o 

 

Table 3.4: Target Paramter Inputs for SRIM simualtion  

Input Value 

Target Width   2mm 

Target Density   8.8955 g/cm3 

Target Material  Ni 

Displacement Damage   40 eV 

Surface Binding Energy  4.46 eV 

Lattice Binding Energy  3 eV 
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The SRIM simulation uses these inputs and the Kinchin-Pease model to determine a ‘Ion 

Distribution’ and ‘Damage Profile’.  The SRIM outputs are shown in the table below and the Ion 

Distribution and Damage Profile are plotted.  

Table 3.5: SRIM output for irraidation parameters in table 3.3 and 3.4  

Output Value 

Backscattered Ions 9 

Transmitted Ions 0 

Vacancies/Ion 27.8 

Ion Stats Range [μm] Straggle [μm] 

Longitudinal  99.3 2.99 

Lateral Projection 4.36 6.07 

Radial 6.86 5.18 

 

 

 

Figure 3.18:a) Ion distibtuion from SRIM simulation, obtained from inouts in table 3.3 and 3.4 b) Damage profile from SRIM 

simualtion 

 

From the damage profile or collision events plot above, the number of vacancies produced per 

Ion per Angstrom can be determined at each irradiation depth. This value is defined as the 

Damage rate and is equivalent to 𝐷 = 1𝑥10−5 Vacancies/Ion ∙ Å at the surface of the material. 
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Knowing the atomic density of Nickel, 9.1366∙1022 atoms/cm3, the beam fluence needed to 

achieve a 0.1dpa at the surface of the target can be calculated using the equation; 

 
𝐹𝑙𝑢𝑒𝑛𝑐𝑒 =

𝑑𝑝𝑎 ∙ 108 ∙ 𝐷

𝑁
 

 

(3.5) 

where D ∙108 is the damage rate given per centimeter and N is the atomic density of the target 

material. The beam fluence is measured in ions/cm2 and for the 99.4% Ni target, irradiated to 

0.1dpa with 6MeV protons, it was determined to be 9.14∙1018 ions/cm2. Therefore, this value 

represents the total number of protons per centimeter squared that are required to deliver a dose 

of 0.1dpa. 

It is at this point the target current, measured in Amperes, must be selected. The target current 

effects both the irradiation time and target temperature, i.e. power delivered to target. Recall, 

from section 3.2.3 the target current is not the same as the beam current. The current density is 

defined as the target current over the cross-sectional area or the irradiation area. From section 

3.2.1, we know the irradiated area of the 99.4% Ni target to be 17.45mm by 9.2mm. This yields a 

value for the current measured in A/cm2. Recall, an electrical current is defined as the flow of 

electrons and an electron has the elemental charge 1.602∙10-19C, equivalent to the magnitude of 

the charge of a proton. An Ampere is defined as the number of Coulombs per second, C/s. 

Therefore, the total number protons delivered to the target, per centimetre squared, per second 

(ions/s∙cm2) is given by; 

 
𝑃𝑟𝑜𝑡𝑜𝑛 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =

 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦

𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝐶ℎ𝑎𝑟𝑔𝑒
 [

𝑖𝑜𝑛𝑠

𝑠 ∙ 𝑐𝑚2
] 

  

(3.6) 



66 

 

Equivalently, we know from the fluence, calculated from the SRIM simulation, the total number 

of protons/cm2 required to deliver a dose of 0.1dpa. Therefore, the irradiation time is calculated 

from; 

 
𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 =

𝑃𝑟𝑜𝑡𝑜𝑛 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝐹𝑙𝑢𝑒𝑛𝑐𝑒 
 [𝑠] 

  

(3.7) 

For a target current of 20μA, as used to irradiate the 99.4% Ni target in section V, and keeping 

the same irradiation parameters as discussed above, the irradiation time to deliver 0.1dpa to the 

target is about 32.6hrs.  

An alternative method to calculating the irradiation time is to determine the total charge that 

must be delivered to the target. From the total fluence the total charge per centimeter squared can 

be determined, knowing that 1 Coulomb is equivalent to 6.25∙1018 electrons or protons. Simply 

multiply this by the irradiation area yields to total charge required to deliver the desired dpa. In 

recent irradiations, this method has been proven to be more accurate. By integrating the 

measured current over the irradiation time, as done in section 3.2.2, the total charge can be 

measured experimentally. The quantitative results for the experimental dpa delivered to the 

target will be discussed in chapter 4.2.2. 

3.4 Mechanical Testing and Characterization Equipment  

3.4.1 Nano-Mechanical Testing  

The Queen’s RMTL is equipped with a NanoTest Vantage indenter by Micro Materials. The 

indenter is equipped with both a nano and micro Berkovich indenter in a temperature controlled 

chamber. Before an indentation experiment was conducted the sample was placed in the 

indentation chamber and allowed to stabilize for, at minimum, 12hrs. In order for the sample to 

stabilize, it must reach a thermal equilibrium with the chamber, about 27oC, minimizing thermal 



67 

 

drift during indentation. Additionally, the indentation platform must stabilize mechanically after 

adding the sample to the chamber, i.e. free of any vibrations or movement. All indentations 

performed during the experimentation were done in the depth control mode, producing depth 

versus load hysteresis plots and with a maximum load of 500nN. Figure 3.19 below shows the 

experimental definition for a 200nm depth indentation experiment conducted on 0.1dpa proton 

irradiated 99.4% Ni. 

 

Figure 3.19: Experimental definition on the NanoTest Vantage software. Note that this was the same experimental definition used 

for all indentations, while varying the indentation depth, highlighted in the blue square.   
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Some features that are important to identify are the thermal drift correction done post-indentation 

and the loading rate of 2.0mN/s. Once the indentation is complete, the indentation analysis is 

conducted on the NanoTest Vantage software. The analysis parameters used are shown in Figure 

3.20.  

 

Figure 3.20: NanoTest Vantage Indentation analysis parameters with thermal drift correction selected 

 

The output of the analysis is depth versus load hysteresis plots for each indentation as well as 

material hardness, elastic modulus, compliance and serval other parameters. The output for a 

single indentation, 200nm depth in 0.1dpa proton irradiated Ni, is shown in Figure 3.21 below. 

Note that the elastic modulus is an important output for determining the quality of the 

indentation. The elastic modulus of pure Ni is known to be 200GPa and therefore all data was 

omitted from the results when the elastic modulus varied by more than ±75GPa. High resolution 
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SEM images of the indentation also helps to identify the quality of the indent and whether the 

results from said indentation gives an accurate representation of material parameters. 

 

Figure 3.21: NanoTest Vantage indentation analysis output for an indentation with 200nm depth in 0.1dpa proton irradiated 

(6MeV) 99.4% Ni. 

 

3.4.2 Scanning Electron Microscopy (SEM) 

The principle of SEM works on the interaction of electrons with a sample and therefore the 

sample must be electrically conductive. This was achieved by mounting the sample with high 

vacuum sliver paste. All samples were rinsed with ethanol prior to being placed in the vacuum 

chamber. This principle was adopted for all high vacuum applications. The SEM used at the 

RMTL facility is NanoSEM 450 by FEI, which includes a Bruker EBSD camera and EDS 

detector. The secondary electron detector is an Everhart-Thornley detector. The post processing 

of data and data collection is done with the ESPRIT 2.0 software by Bruker. The first table 
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below summarizes the experimental parameters for the SEM setup and characterization work. 

The second table includes the experimental parameters and calibration values used for the EBSD 

camera. 

Table 3.6: Experimental parameters for SEM setup and characterization  

Experimental Parameter Value 

EBSD Tilt angle 69o 

Accelerating Voltage  10-20 KeV 

Gun Pressure  10-9 torr 

Chamber Pressure  10-7 torr 

Spot Size  ‘7’ 

Working distance 15mm 

Aperture Size  15μm 

 

Table 3.7: Experimental parameters for EBSD detector calibration  

Experimental Parameter Value 

EBSD camera position 229 mm 

EBSD camera angle 8o 

 

3.4.3 Transmission Electron Microscopy (TEM)  

The Queen’s RMTL is equipped with a 200keV Tecnai Osiris FEG-TEM from the FEI company. 

The TEM features include scanning TEM (STEM), energy-dispersive x-ray spectroscopy (EDS), 

electron energy-loss spectroscopy (EELS) and High-angle annular dark-field imaging (HAADF). 

The TEM was operated by Dr. Fei Long in order to get the images shown in chapter 4. Both dark 

field (DF) and bright field (BF) images of the microstructure were taken. DF images are obtained 

from observing the TEM foil with the diffracted beam, while BF images are taken using the 

transmitted beam. HAADF was used for high resolution imaging of dislocation loops to observe 

the nature of the defect, i.e. SIA or vacancy, EELS was used to determine the thickness of the 

TEM foil and Gatan Digital Micrograph was used to analyse TEM images.  
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Chapter 4  Results  

 

4.1 Motivation and Introduction   

Nickel based super alloys, namely Inconel alloys, have gained in popularity in the last 50 years 

due to the properties exhibited at high temperature and extreme environments. These superalloys 

maintain mechanical strength and creep resistance in such conditions [7]. Inconel refers to a 

family of austenitic nickel-chromium superalloys. These alloys are widely used in the aerospace 

industry and currently, Inconel X-750 is used for the spacer material within the CANDU reactor. 

The schematic below shows the CANDU fuel channel assembly and Inconel-X750 spacer 

location within the fuel channel. 

 

Figure 4.1:Fuel Chanel assembly for CANDU reactor [7] 

 

Presently, ongoing research is being conducted on the X-750 spacer material to determine the 

mechanical and microstructural changes induced by irradiation. Heavy ion, neutron and proton 

irradiation are being conducted to obtain a better understanding of the irradiation effects. 

Particularly, at Queen’s university, a 4 MeV proton irradiation of X-750 to a damage level of 

0.1dpa is being conducted. As described in both Section 1.0 and 2.0, proton irradiation of 

materials in the energy range from 1MeV to 12MeV offers insight into mechanical and 
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microstructural changes that would occur within a power reactor environment. The Inconel X-

750 spacers composition is about 70 wt% Ni. This leads to questions such as; how do the 

irradiation induced defects effect the alloying elements, and the γ’ phase, and how do these 

defects effect post irradiation mechanical properties? In order to gain a full understanding of how 

X-750 will degrade within a reactor environment, it is fundamental to have an understanding of 

how the pure FCC Ni material will be effected under the same conditions. The motivation for the 

following research was to understand and characterize the proton irradiation induced defects in 

99.4% Ni and determine the effects on mechanical properties, as well as the damage mechanisms 

responsible. As reviewed in section 2.0, proton irradiation of pure Ni has previously been 

preformed, however in an energy range of 600MeV to 800MeV. Very little exists in the literature 

for the characterization of pure Ni irradiated with 4MeV to 8MeV protons. 

4.2 Experimental Methods 

The material in this section will be similar to that presented in Chapter III, with a focus on the 

quantitative parameters measured during this experiment.  

4.2.1 Irradiation Sample Preparation 

 The pure Ni, received from Alfa Aesar, had a composition of 99.4% Ni. Table 4.1 below 

summarizes the elements which account for the remaining 0.6% composition. All values are 

given in ppm.  

Table 4.1: Remaing compostion, in ppm, of RMTL target 18, 99.4% Ni  

Ag<0.3 Al=80 As=0.21 

B=0.78 Be<0.03 Bi<0.03 

C=150 Cd<0.3 Cl=0.014 

Ca<0.1 Cr=1.4 Cu=300 

Co=200 Fe=140 F<0.3 

In<0.05 K=0.07 Li<0.03 

Mg=0.46 Mn=2360 Mo=0.038 
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Nb=0.0066 Na=0.11 P=0.66 

Pb=6.5 S=1.8 Sb<0.1 

Se=0.3 Si=1345 Sn<0.1 

Ti=635 V=0.19 W=3 

Zn=2.2 Zr=0.13  

 

Prior to irradiation the as-received sample was mechanically polished and etched to observe the 

microstructure and determine the average grain size. The etching solution used was 10% Nitric 

acid. It was noted that the best machinal polish was obtained using 0.5μm alumina, followed by 

0.5μm colloidal silica on the Vibromet 2 vibratory polishing machine by Buehler. Micrographs 

obtained from the Olympus optical microscope are shown below. Note that the average grain 

size was estimated to be about 100μm from the images below, characteristic of an annealed 

microstructure. Additionally, annealing twins can be observed in the micrographs in Figure 4.2 

below. A more accurate value was obtained from high resolution EBSD images of the surface, 

section 4.4.1. Annealing twins are clearly visible in the in the EBSD maps in Figures 4.30 to 

4.37. 

  

Figure 4.2: As received 99.4% Ni Mechanically polished and etched with 10% Nitric acid. Micrographs taken with Olympus 

optical microscope. Left hand image taken at 100x magnification and right hand with 200x magnification.  
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After initial characterization, the sample was mounted on the PISH as shown in the following 

figures below. The first set of images provides a cross-sectional view of the mounted sample, 

while the second set shows the beams eye view of the sample. The exact description of the target 

set up and material interfaces is provided in a cross-sectional schematic, in section 3.2.1.  

 

Figure 4.3: Experimental set-up for the 0.1dpa irradiation of the 99.4% Ni target using the PISH. Refer to section 3.2.1 for more 

details   
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4.2.2 Target Current from Irradiation  

As discussed in the motivation, one of the goals of the experiment was to deliver a 0.1dpa 

damages to the target. Note that the experimental objective is to deliver a dose of 0.1dpa to the 

volume of the target in which proton penetration occurs and not at the damage peak, the 

maximum depth of penetration for protons, i.e. in the plateau extending to about 75μm in Figure 

4.6. Referring to the experimental methods in section 3.3, in order to produce an irradiated area 

of 9.2mm by 17.45mm, with an irradiation depth of 100μm and a dose of 0.1dpa, the beam 

parameters determined for 6MeV protons were a current on target of 20μA for an irradiation time 

of 32.6hrs. Due to irradiation limitations at the time, the irradiation was conducted over a period 

of five days at about 6hrs per day. The LabVIEW program, described in section 3.2.3, was used 

to measure the charge delivered to the target after each irradiation. An excerpt of the target 

current and charge delivered are shown in the plots below.  

 

Figure 4.4: Excerpt of the target current measure, using the PISH, during irradiation on December 15th 2016  
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Figure 4.5: Charge delivered to target calculated from measured target current in Figure 4.4, using LabVIEW interface descried 

in section 3.2.3. 

A summary of the charge delivered to the target after each irradiation is shown in the table 4.2 

below. From reference [27], it was shown that the error in the measured charge for a beam 

current ranging from 20μA to 50μA is given by 𝛿𝑐ℎ𝑎𝑟𝑔𝑒 = 0.05 ∙ 𝑐ℎ𝑎𝑟𝑔𝑒.  

Table 4.2: Total Charge delivered to 99.4% Ni target over 5-day irradiation to achieve about 0.1dpa 

Irradiation Date Target Charge Delivered [C] δ Charge [C]  

Dec 9th 2016 0.38 0.02 

Dec 12th 2016 0.43 0.02 

Dec 13th 2016 0.43 0.02 

Dec 14th 2016 0.50 0.03 

Dec 15th 2016 0.37 0.02 

 

Therefore, the total charge delivered to the target was 2.11±0.05 C. From this value the total 

fluence delivered to the target can be determined from; 

 
𝐹𝑙𝑢𝑒𝑛𝑐𝑒 =

𝐶ℎ𝑎𝑟𝑔𝑒

1.602 ∗ 10−19 ∙ 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝐴𝑟𝑒𝑎
 

  

(4.1) 

where 1.602 ∗ 10−19𝐶 is the elemental charge. Recall from equation 3.5 that the fluence is 

dependent on dpa and thus, a value for the experimental dose delivered, measured in dpa, can be 

determined. Using the calculated value for fluence of 1.318∙1019 ions/cm2 and the SRIM output 
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for the damage rate, measured in vacancies/ion∙ Å, as a function of proton penetration depth, the 

dpa as a function of target depth was determined. This is shown in the top plot of Figure 4.6 

below.   

 

Figure 4.6: (Top) dpa as a function of target depth for 99.4% Ni target, calculated using SRIM output for damage rate and 

experimental fluence. (Bottom) Calculated using SRIM output for damage rate and irradiation time. The average dpa for the 

target between the surface at 90μm is about 0.1dpa. 
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According to the calculations described in section 3.3, an irradiation with 6MeV protons, with a 

beam current of 20μA for 32.6hrs. will yield 0.1dpa with a penetration depth of 100μm in 99.4% 

Ni. The beam current was confirmed using the Tandetron accelerator software and the target 

current of 20μA was confirmed with a secondary digital multimeter. Since this experiment was 

conducted, corrections have been made to the current measurement and control system, such that 

the dpa calculated from the total charge delivered now agrees with the dpa calculated from the 

irradiation time, shown in the bottom plot of Figure 4.6. Note that there is very little discrepancy 

between the two plots in Figure 4.6 and such differences can be accounted for by the 

measurement error in the electronics. We can therefore state that the maximum dose delivered to 

the 99.4% Ni target is 0.1dpa, not considering the damage peak.   

4.2.3 Irradiation Temperature  

Analogous to the current measurement during irradiation, the target temperature was measured 

over each of the five irradiations. A J-type thermocouple was inserted into the target 500μm from 

the irradiation surface and at a depth of 12.5mm, the middle of the target. The placement of the 

thermocouple can be observed in Figure 4.3. Table 4.3 below shows the average temperature 

measured over each irradiation period, while Figure 4.8 shown the temperature measurement 

over a single irradiation, namely the irradiation on December 14th 2016.  

Table 4.3: Average irrdaition temperature of 99.4% Ni tagert for each irrdiation, measured using the PISH 

Irradiation 

Date 

Average Target 

Temperature [OC] δ Temperature [OC] 

Dec 9th 2016 83.4 2.6 

Dec 12th 2016 112.6 3.9 

Dec 13th 2016 124.9 3.8 

Dec 14th 2016 137.9 4.0 

Dec 15th 2016 138.0 2.1 

 



79 

 

 

Figure 4.7:Excerpt of sample temperature measured using J-type thermocouple, inserted into target 500μm away from the 

irradiated surface. 

 

The average temperature of the sample is reported to be 119.4±22.7oC, however the most 

accurate representation of the data is to consider the experiment as five different irradiations. 

Note that if irradiation heating or cooling rates for the target are of interest, data with a larger 

time resolution can be plotted. Heating and cooling rates before and after irradiation, 

respectively, have not yet been considered. At no point during the experimentation was the 

temperature of the sample higher than the irradiation temperature and therefore we can assume 

very little post irradiation annealing of defects. For this reason, the ramp up and down 

temperature change will be neglected. Data for Figure 4.8, below, was taken directly from the 

data in Figure 4.7 and shows the temperature profile of the target when the beam is turned off. 

Note, the cooling rate is set by the temperature and flow rate of the cooling medium, described in 

chapter 3. The cooling rate is equivalent to -0.16oC/s.  
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Figure 4.8: Magnification of Figure 4.7 after the beam had been switched off. Temperature profile shows sample cooling rate 

post irradiation.  

 

4.2.4 Post Irradiation Cross-sectional Nanoindentation Sample Preparation 

As will be shown in the results below, cross-sectional nano-indentation was preformed, starting 

from the irradiated surface and moving inward towards the bulk, unirradiated, material. For 

radioactive samples produced at RMTL, the ‘exemption quantity’ is defined for each 

radioisotope and is on the order of 1E4Bq to 1E6Bq, depending on the isotope. Once the 

irradiated sample was below exemption quantity, a Struers Accutom-5 500μm cut-off saw was 

used to cut the sample into two sections, approximately 6mm by 10mm and 9mm by 10mm. The 

6mm by 10mm sample was cold mounted in epoxy to avoid any post irradiation annealing of 

defects and the cross-section was mechanically polished. Following mechanical polishing the 

sample was etched with 10% Nitric solution to remove the work hardened layer and given a final 

polish with 0.5μm colloidal silica. Note, that in order to perform cross-sectional nano-indentation 

the sample must be flat and the irradiation edge/surface well defined. A micrograph of the 

polished edge before etching is shown below.  
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Figure 4.9: Microgrpah taken with Olympus microscope of 99.4% Ni sample cross-section at 100x maginfication. Irridated 

surface located at top of sample, with an irrdiated deoth of 100μm. Sample was mechaincally polished.  

 

Figure 4.10: Same image as Figure 4.9 taken at 200x maginifcation.  

The two micrographs were taken with the Olympus optical microscope. Figure 4.9 shows the 

irradiated surface at 100x magnification, while Figure 4.10 was taken with 200x magnification. 

Note that from the top surface of the sample, the irradiated surface, the irradiation depth is 

100μm. The vertical scale bars on the two images indicates the relative size of the irradiated 
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depth. A larger amount of what appear to be carbides can also be observed in the irradiated area. 

This can be confirmed through SEM and EDX spectroscopy.  

4.2.5 Post Irradiation SEM and EBSD Sample Preparation  

For SEM EBSD analysis and indentation size effect experimentation, section 4.3.3, the 

mechanically/vibratory polished sample of section 4.2.4 had to be electro-chemically polished. 

This was done to remove all remaining surface defects, residual work hardening on the surface 

from mechanical polishing and provide a relatively flat surface. RMTL is also equipped with an 

Pecs-II ion mill by Gatan, however due to the size of the cross-sectional sample this instrument 

was not implemented. Using the Struers Lectro Pol 5, connected to a Thermo-Scientific NesLAB 

RTE 740 chiller, both an irradiated and unirradiated 99.4% Ni sample were prepared with the 

parameters defined in table 4.4 below. 

Table 4.4: Eletro-poloshing paramters used for Nanoindentation and SEM/EBSD sample perperation  

Parameter  Value 

Polishing Solution  90% Methanol  

10% Perchloric acid  

Solution Temperature  -30oC 

Voltage  16V 

Relative Flow Rate  9 

Time 10s 

 

Post electropolishing, the sample was immediately submerged and rinsed with methanol to 

remove and neutralize any remaining acid from the polishing solution. Figure 4.11 below is an 

image taken from the electropolished surface of the unirradiated material. This surface was 

mechanically polished, as described in section 4.2.4, prior to electropolishing. The indentations, 

which can be observed in the SEM image, are 1200nm deep and the experimental results are 

presented in section 4.3.3. An image of the surface finish for the irradiated sample can be 

observed in figures 4.26 and 4.27 of section 4.3.3.   
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Figure 4.11: Surface as viewied from SEM of electro-polsiohed Ni. Included in SEM image are indents with 1200nm depth 

The principles behind electropolishing are described in section 4.2.6 below. 

4.2.6 Post Irradiation TEM Sample Preparation  

TEM samples were prepared from the second piece of the sample, 9mm by 10mm, cut from the 

Struers Accutom-5 500μm cut-off saw. The first step in preparing TEM samples was to 

mechanically polish the sample from 2mm down to ̴100μm. This was done manually by back-

polishing the sample from the unirradiated surface down to a thickness equivalent to the 

irradiation penetration depth. Following this the samples were cut into 3mm disk using the Gatan 

foil punch, a standard TEM disk size. Originally, concerns were raised about the uniformity of 

the dose and dpa observed in TEM due to sample preparation. The objective of the TEM analysis 

was to observe 99.4% Ni irradiated to 0.1dpa. Recall Figure 4.6, the damage measured in dpa is 

plotted as a function of sample depth. When the proton reaches its maximum penetration depth 

the largest amount of damage occurs, about 1.8dpa. Due to the nature of proton irradiation, the 
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distribution of damage as a function of depth is near uniform up until the damage peak. This is 

shown in Figure 4.6 as about 0.1dpa is delivered up until about 90μm. As an aside, it is this 

distribution of damage versus depth that makes proton irradiation so desirable. Damage by 

irradiation cascades, which occurs in this region, is very similar to the damage induced by 

neutron irradiation. By first back polishing and then jet-electro-polishing the sample we can be 

assured that the irradiated depth observed in TEM is around to 40μm to 60μm range. Using the 

Struers TenuPol-5 jet-electro polisher connected to a Julabo chiller, six TEM samples were 

prepared. The electro-polishing parameters are given in table 4.5 below. Three samples were 

prepared from within the irradiated volume, while the other three were from the unirradiated 

volume.  

Table 4.5: Experimental Parameters used for electro-jet polishing of 3mm TEM disc 

Parameter  Value 

Polishing Solution  90% Methanol  

10% Perchloric acid  

Solution Temperature  -37.5oC 

Voltage  20.5V 

Relative Flow Rate  30 

Relative Light Level 30 

 

The voltage on the electro polisher was selected using the following principles. In order to 

effectively electro polish a sample the current density across the sample must stay the same for 

some small changes in voltage. This is shown in Figure 4.12 below. 
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Figure 4.12: Current density versus voltage plot defining regime where electro-polishing occurs 

 

Electrolytic polishing occurs between the etching and pitting regime. If the voltage is too low 

etching will occur and if the voltage is too high pitting occurs. Therefore, the voltage is selected 

from the horizontal portion of the above plot. During the electro polishing the machine displays a 

plot of current density versus time, which should be horizontal and linear. The flow-rate is 

selected from when the electrolyte flow from the jets becomes impingent, or parallel to one 

another. Lastly, the electro polisher is set to automatically shut-off when the intensity of the light 

coming through the polished surface reaches a desired set point. This is measured with a light 

sensor and was set to an Intensity of 30. Directly following the jet-electro-polishing, the samples 

were bathed in methanol for 10 seconds followed by ethanol for another 10 seconds. This was 

done to neutralize and remove any electropolishing solution. 

It should be noted that oxidation of pure Ni is very difficult to avoid post electropolishing. Often 

the production of nickel oxide is not considered as it is not visible compared to other oxidations 

of pure FCC materials, i.e. copper oxide. The reason that nickel does not form a visible oxide is 
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due to the thin oxide layer produced almost immediately when exposed to atmospheric 

conditions. The TEM image below was taken from the [101] zone axis with a (200) g vector.  

 

Figure 4.13: [101] zone axis measured with [200] g vector highlighting oxidation fringes that occur post electro-polishing of 

TEM sample   
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Figure 4.14: Magnified image of figurr 4.13. Note that the resultion that irraidation induced defects can be measured is affected 

by the oxide fringes. 

 

Figure 4.14 is a magnified image of Figure 4.13 above and therefore the image is not to the same 

scale. The purpose of this image is to highlight the oxide fringes around SFTs and irradiation 

loops.  

4.3 Mechanical Testing Experimental Results 

4.3.1 Micro Mechanical Testing   

A Vickers micro hardness test was conducted as an initial test to see if irradiation induced 

hardening had occurred and therefore, irradiation defects were present. In previous experiments, 

no irradiation hardening was measured. It was concluded that no irradiation defects had been 

induced as a result of a too high irradiation temperature. Diffusion in pure FCC materials will 

dominate at high temperature (above 500K), and irradiation defects, loops ands SFTs, do not 

readily form. A VH 0.2 test with a loading time of 15 seconds was conducted. Three indents 
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were made in the irradiated area and six in the unirradiated area. The results are shown in the 

table below.  

Table 4.6: VH 0.2 Vickers hadrness test, conducted on irraidated and unirraidted material 

99.4% Ni VH 0.2 δVH 0.2  

Irradiated Area 192.9 11.7 

Unirradiated Area  143.9 5.3 

 

The depth of the indent was also determined to ensure that the deformation was entirely within 

the irradiated volume. It is known for a Vickers hardness test that the depth of the indent is given 

by; 

 
ℎ =

𝑑

2√2 tan (
𝜃
2) 

=
𝑑

7.0006
 

 

(4.2) 

where 𝜃 is the angle of the VH indenter tip, 136o and d is the average length of the diagonal from 

the indent. From equation 4.2 above, the indentation depth was determined to be 6.08±0.24μm. It 

is known that the plastic deformation extends about 10x the indentation depth [23] and thus, the 

deformation from the indent is well within the irradiated area. 

The second micro-mechanical test was conducted using the NanoTest Vantage indenter by Micro 

Materials. Six indents were made in the sample at depths of 5μm, 10 μm, 15 μm and 20μm, in 

both the irradiated and unirradiated area. Note that this experiment was done on the surface of 

the sample with the micro-indenter, before the cross-sectional sample was made. Therefore, 

these indentations were made directly on the irradiated surface. The experiment was conducted 

in depth control. 
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Figure 4.15: Micro-indentation, performed using NanoTest Vantage indenter, on irradiated and unirradiated material. Six 

indentations were made at depths of 5μm, 10 μm, 15 μm and 20μm, using depth control.  

 

As can be seen from the plot in Figure 4.15 above, the hardness decreases with increasing 

indentation depth. This is a classical result and occurs due to the indentation size effect [22]. This 

will be discussed further in section 4.3.3. Taking an approximate value from the plot above, the 

hardness increases by about 600 to 700MPa, when comparing the unirradiated material to the 

irradiated material.  

4.3.2 Nano Mechanical Testing   

In section 4.2.4, sample preparation for cross-sectional nanoindentation was discussed. Using the 

Micro Materials NanoTest Vantage indenter, nanoindentation was conducted on the 99.4% Ni 

target using a nano Berkovich indenter tip. Recall from Figure 4.6 that the surface of the 

irradiated target was given a dose of 0.1dpa, while at the damage peak the dose is about 1.8dpa. 

Using cross-section nanoindentation the hardness can be measured along the damage profile and 

into the bulk material. 5 indents were made at each depth/section from the surface, starting and 

10μm from the irradiated surface and moving into the bulk material, stopping at 190μm. The 
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depth of each indent was 500nm and each of the indents were 20μm apart. This insured that the 

plastic zone of each indent was within the irradiated area and the spacing between indents was 

large enough to avoid the deformation from indents overlapping. The image below was taken 

from the 20x magnification optical microscope within the indenter chamber.  

 

Figure 4.16: Cross-sectional micrograph, 20x magnification, of irradiated 99.4% Ni post indentation, with indentation depth of 

500nm 

 

Note that, although EBSD was not done on this section of the material, the average grain size is 

known to be about 100μm and it can therefore be assumed that the majority of indents are within 

a single grain. The contrast from some of the grain boundaries is still visible from etching. Figure 

4.17 below, shows the results from the indentation for the hardness measured along the cross-

10μm depth 

190μm depth 

20μm  
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section of the sample. The error in the hardness was determined from the standard deviation of 

each measurement at a particular depth from the irradiated surface. Note that the dpa is also 

plotted and the value given on the right-hand axis.  

 

Figure 4.17: Average hardness of material as a function of the distance from the irradiated surface, for 500nm indentation. The 

dpa is included on the right-hand axis.  

 

The Micro Material NanoTest Vantage analysis software also provided a three-dimensional plot 

of the hardness as a function of z and y sample stage position. Note that when the z stage 

position is equivalent to zero, this corresponds to 10μm from the irradiated surface. This plot, 

shown in Figure 4.18 below, provides a surface profile for the hardness which correlates to 

Figure 4.16. 
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Figure 4.18: Three-dimensional plot of the hardness as a function of z and y sample stage position for 500nm depth indentation. 

Irradiated surface is denoted by red arrows in image above. 

 

Although in Figure 4.17 an increase in hardness along the damage profile can be observed, as 

well as a significant decrease in hardness in the bulk unirradiated material past 100μm, the 

results are scattered and have large uncertainty. Recall that the sample was mechanically 

polished, however, for this particular experiment the surface was not electro-chemically 

polished. The deviation in hardness from the 20μm to the 70μm may have resulted from residual 

work hardening from the mechanical polishing. The same experiment was then conducted with 

10 indents with 800nm depth to reduce uncertainty and avoid the work hardened layer, 

respectively. The image below was taken from the 10x magnification optical microscope within 

the indenter chamber. 

Irradiated 

Surface 
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Figure 4.19: Cross-sectional micrograph, 10x magnification, of irradiated 99.4% Ni post indentation, with indentation depth of 

800nm 

 

The hardness as a function of distance from the irradiated surface was measured. Figure 4.20 and 

4.21 show the change in hardness along the damage profile for the indentation experiment shown 

in Figure 4.19. Similar to Figure 4.17, the error in the hardness was taken as the standard 

deviation from the ten indents at each cross-sectional depth. Both indentations performed in 

Figures 4.16 and 4.19 were done in depth controlled mode.  

10μm depth 

190μm depth 
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Figure 4.20: Average hardness of material as a function of the distance from the irradiated surface, for 800nm indentation. The 

dpa is included on the right-hand axis.  

   

Figure 4.21: Three-dimensional plot of the hardness as a function of z and y sample stage position for 800nm depth indentation. 

Irradiated surface is denoted by red arrows in image above. 

 

Several features in Figure 4.20 are worth noting; 
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1. The first set of indents at the 10μm depth/section has a slightly larger hardness when 

compared to the indents at the 30, 50 and 70μm section, even though each section should 

have a dose of 0.1dpa. This could also be a result of experimental error, as all the data 

points agree within error. 

2. In both Figure 4.20 and 4.21, the hardness measured at the 110μm section is slightly 

lower than the values measured moving outward into the bulk material, that is, the 

indents extending out to 190μm. Note that all hardness measurements after the 100μm 

depth in the damage profile are for unirradiated material.   

3. If one compares the hardness of the 0.1dpa irradiated material to the bulk unirradiated 

material, past 100μm from the surface, it can be noted that ∆𝐻 ≈ 643 𝑀𝑃𝑎. 

Regarding the first point above, the relative increase in hardness at the 10μm depth results from 

surface effects. Note that all indents were made along the cross-section, however, at10μm from 

the irradiated surface, two free surfaces are present, both the cross-sectional and irradiated 

surface.  

In reference to the second observation, the source of this is unknown. A comment was made 

during one the groups research meetings by Cong Dai, that this may result from a defect denuded 

or defect free zone (Private Communication April 28th, 2017). A large number of defects, 

generated from both SIAs and vacancies, exist in the damage peak at 100μm. This may result in 

a defect free zone in the region just beyond the peak. Note that no further research was done to 

study this phenomenon, however, MD simulations may lead to a better understanding and a 

mechanism for this change in hardness. A FIB sample could also be prepared to observe 

dislocation microstructure in TEM for both the damage peak and the volume directly after.   
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Lastly, the value measured in the cross-section for the increase in hardness from irradiation 

induced defects, namely the increase of 643MPa from unirradiated to irradiated material, is not 

completely accurate. This measurement of hardness does not account for the indentation size 

effect (ISE), which is smaller in the irradiated material, i.e. smaller h* [23]. Additionally, the 

hardness measured in the bulk unirradiated material does not account for the ISE and therefore 

we have not yet achieved a true ‘bulk’ hardness for the unirradiated Ni. However, with a depth of 

800nm, the ISE is almost negligible. This will be shown in section 5.2 of the discussion.  

4.3.3 Nix-Gao Model and Indentation Size Effect 

In order to account for the indentation size effect, the Nix-Gao (NG) model must first be 

reviewed. Strain gradient plasticity theories are needed to explain the indentation size effect at 

the micro-scale. Nix and Gao developed a mechanism-based strain gradient (MSG) model to 

account for ISE [20]. The model proposed by Nix and Gao assumes that the deformation from 

the micro indentation is accommodated by geometrically necessary dislocations (GNDs). The 

GNDs are modelled as circular loops with Burgers vectors normal to the plane of the indentation 

surface. The schematic below was taken from the Nix and Gao model [22], showing the GNDs 

created from a rigid conical indentation.  

 

Figure 4.22: Schematic showing Geometrically necessary dislocations induced from indentation and modelled as circular loops 

[20], [22] 
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From the Nix-Gao model it is assumed the injected loops remain within a hemispherical volume 

V defined by the contact radius a, where 𝑉 =
2

3
𝜋𝑎3 and thus the density of GNDs is expressed 

as; 

 
𝜌𝐺 =

3

2𝑏ℎ
tan2 𝜃 

 

(4.3) 

where b is the burgers vector of the dislocation loop and h is the indentation depth. The 

deformation resistance can then be determined using the Taylor relation for shear strength as; 

 𝜏 = 𝛼𝜇𝑏√𝜌𝐺 + 𝜌𝑆 (4.4) 

where 𝜌𝑆 is the statistically stored dislocation density, 𝜇 is the shear modulus of the material and 

α is a constant defined as 0.5 for the NG model. Nix and Gao state that 𝜌𝑆 is not dependent on 

the depth of the indentation and instead, depends on the strain in the indentation. The strain is 

dependent on the geometry of the indenter, namely tan θ, and is material dependent. Note that 

Nix and Gao do not state the material dependence of 𝜌𝑆, however, this has been shown by Zong 

et al. in [20]. Lastly, the Nix and Gao model assumes that the von Mises flow rule applies and 

Tabor’s factor of 3 can be used to convert flow stress to hardness as; 

 𝐻 = 3𝜎 = 3√3𝜏 (4.5) 

Using the equation for the density of GNDs and the Taylor relation for shear strength the 

hardness can be expressed as; 

 
𝐻

𝐻𝑜
= √1 +

ℎ∗

ℎ
 

 

(4.6) 

where Ho is the hardness that results from the statistically stored dislocations when no GNDs are 

present. As can been seen from equation (4.6), as the indentation depth h approaches infinity, i.e. 
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the bulk material, H=Ho. This is another way of conceptualizing Ho, as h approaches infinity the 

production of GNDs moves towards zero. h* is defined as the length that characterizes the depth 

dependence of the hardness. Beyond an indentation depth of h* the ISE does not effect the 

measured hardness. It is dependent on both material properties and indenter geometry and is 

therefore dependent on the density of statistically stored dislocations. It should also be noted here 

that the NG model does not account for the anisotropic nature of the material. In the results 

presented below, indentations, with a constant depth, were done on several grains with different 

orientations in the unirradiated material. In the irradiated material, indentations of the same depth 

were done in the same grain. Applying indents of the same depth to multiple grain and taking the 

statistical mean accounts for the anisotropic behavior of the material. The hardness, at particular 

depth, is being measured over a range of orientations. Therefore, applying a Taylor factor 

correction (M) for the orientation of the grain is not required. However, in order to obtain more 

accurate results for the irradiated material, it may be possible to apply a Taylor factor correction 

to account for the orientation of the grain in which indents were performed. 

In order to determine the size independent hardness of the as received unirradiated 99.4% Ni, 15 

indents were made from 200nm to 500nm and 10 indents from 600 nm to 1400 nm at 100nnm 

intervals. Each of the individual indents were performed 50μm apart to avoid the plastic zone 

overlap between indents. The uncertainty in the depth dependent hardness was determined 

through the standard deviation of the measurements at each depth. A sample of the experiment, 

the 500nm depth indentation, is shown in the SEM image below and the results plotted in Figure 

4.24.  
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Figure 4.23: 15 500nm depth indents, 50μm apart, made in unirradiated 99.4% Ni. Sample surface preparation as described in 

section 4.2.5  

 

Figure 4.24: Measured harndess as a function of indentation depth for unirraidated 99.4% Ni. Each data point has taken from 15 

indentations at each depth. ISE is evdeint in plot. 

 

It must be noted in the results above that the data point for the hardness at 200nm was taken from 

a previous experiment in which only 6 indents were made 5μm apart and thus the large 
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uncertainty. Note that the two samples had the same surface preparation as described in section 

4.2.5. The value obtained from the experiment with 15 indents, 50μm apart, was 2.1±0.4 GPa, 

however this is known to be too low. It is believed that surface roughness is the reason for such a 

discrepancy at the 200nm depth. From the NG model, namely equation (4.6), if the square of the 

hardness is plotted as a function of the inverse of the indentation depth, both the size independent 

hardness and the characteristic depth can be determined from the intercept and slope, 

respectively. This plot is shown in Figure 4.25 below. A linear regression of the trendline was 

performed to determine the uncertainty in both the slope and intercept. The results are 

summarized in table 4.7. 

 

Figure 4.25: Plot of the hardness squared as a function of the inverse of indentation depth for unirraidted Ni. Note the bi-linear 

change around the 600nm indentation depth. 

 

For the time being, the trendlines denoted by the ‘Nano’ subscript will be ignored. This will be 

revisited in section 5.2 of the discussion. The same experimentation was performed on the 

H2
Micro = 1977x + 3.6888

R² = 0.9019

H2
Nano1= 557.29x + 5.5396

H2
Nano2 = 196.73x + 6.3418

4.2

4.7

5.2

5.7

6.2

6.7

7.2

7.7

8.2

8.7

0 0.001 0.002 0.003 0.004 0.005 0.006

H
2

[G
P

a2
]

1/h [nm-1]



101 

 

0.1dpa irradiated Ni sample with some limitations. The indentation area had to be within the 

100μm irradiation cross-sectional depth and the experiment had to be conducted within the 

irradiated sample length of 10mm. 6 indents were made at depths ranging from 200nm to 

1400nm. Each set of indents were performed 10μm away from the irradiated surface. For the 

indents with depths ranging from 200nm and 500nm the spacing between indents is 10μm. For 

the depths of 700nm to 1000nm the spacing is 20μm and for 1200nm to 1400nm the spacing is 

30μm. SEM images of each of the sets of indents are shown in figures 4.26 and 4.27 below.  

 

Figure 4.26: SEM image of irraidated cross-section, showing indentaions used to study size effect. The image shows indentations 

with depth from 200nm to 400nm, from left to right. 
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Figure 4.27: Second SEM image of irraidated cross-section, showing indentaions used to study size effect. The image shows 

indentations with depth from 500nm to 1400nm, from left to right. 

The results of the indentation are plotted in Figure 4.28 below. Uncertainty in the hardness was 

determined through the standard deviation in the measurements. Note that the hardness obtained 

from the 800nm depth was taken from the results in Figure 4.20. The sample surface preparation 

was slightly different, however with an indentation depth of 800nm, the work hardening from 

mechanical polishing is negligible. This will be shown in section 5.2. 
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Figure 4.28: Measured harndess as a function of indentation depth for irraidated 99.4% Ni. Each data point was taken from 6 

indentations at each depth. ISE is evdeint in plot. 

 

The square of the hardness versus the inverse of indentation depth, as discussed in the NG 

model, is plotted in Figure 4.29. As done with the unirradiated material, the characteristic depth 

and size independent hardness can be determined from the slope and intercept. The trendline 

denoted with the subscript ‘Nano’ will be considered in section 5.2. The results for both the ‘as 

received’ unirradiated Ni and ̴ 0.1dpa Ni are shown in table 4.7 below.  
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Figure 4.29: Plot of the hardness squared as a function of the inverse of indentation depth for irraidted Ni. Note the bi-linear 

change around the 400nm indentation depth. 

 

Table 4.7: Ho and h* values obtained from NG model in equation 4.6 for both irraidated and unirradiated Ni for the micro 

regime 

99.4 % Ni Length Scale Ho [GPa] δH [GPa] h* [nm] δh* [nm] 

Unirradiated  Micro 1.92 0.09 535.9 93.6 

Irradiated  Micro 2.48 0.10 497.3 69.9 

 

Taking the difference between the micro size independent hardness from the irradiated and 

unirradiated Ni will yield the increase in hardness due to irradiation induced defects. Note that 

the size independent hardness is the measured hardness with no GND influence and therefore it 

is assumed the only mechanism for hardening are the irradiation induced defects. This is a valid 

assumption as both samples were processed the same and have the same sample surface 

preparation. 
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4.4 Characterization Experimental Results 

4.4.1 SEM and EBSD Analysis 

Recall from section 2.7.1 SEM and EBSD can be used to determine the orientation of grains and 

therefore the texture of the material. From the EBSD scan a 2D array of data points is obtained 

that defines the point by point orientation of the material. Using EBSD, one can calculate the 

geometrically necessary dislocation density. The underlying principle of this method is based on 

small angle changes in the crystal orientation within the grains. Travis Skippon of the Queen’s 

University Nuclear Materials Research Group has developed a computer code, implemented in 

Matlab in combination with MTEX, that allows for extraction of GND content from EBSD data 

[28]. We will first present the EBSD data collected. An EBSD scan was taken for the 200, 300, 

500 and 1200nm indents for both the irradiated and unirradiated material. As will be discussed in 

chapter V, it is proposed that the GND density around the indent will change due to irradiation, 

i.e. the GND density in the region deformed by the indenter will change due to irradiation. The 

EBSD scan around the indents in the unirradiated and irradiated material is shown in the 

proceeding figures.  

  

Figure 4.30: SEM image and EBSD grain orientation map, around 200nm indentation in unirradiated material. Grain 

orientation is included in top left-hand corner of EBSD map 
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Figure 4.31: SEM image and EBSD grain orientation map, around 300nm indentation in unirradiated material 

 

  

Figure 4.32: SEM image and EBSD grain orientation map, around 400nm indentation in unirradiated material 
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Figure 4.33: SEM image and EBSD grain orientation map, around 1200nm indentation in unirradiated material 

 

  

Figure 4.34: SEM image and EBSD grain orientation map, around 200nm indentation in irradiated material 
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Figure 4.35: SEM image and EBSD grain orientation map, around 300nm indentation in irradiated material 

 

  

Figure 4.36: SEM image and EBSD grain orientation map, around 500nm indentation in irradiated material. Note that there are 

two indents, on the bottom right-hand side of the SEM image on the irradiated surface’s edge, that were done on a flaw/depletion 

in the edge. This would have resulted from sample preparation and therefore the hardness and EBSD/GND results were 

therefore negated 
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Figure 4.37: SEM image and EBSD grain orientation map, around 1200nm indentation in irradiated material 

 

The inputs for the GND code are the EBSD datafile being analysed and the Poisson’s ratio for 

each phase in the material. For Pure Ni, the Poisson’s ratio is known to be; 

𝜈 = 0.31 

Before providing a map of the GND density, a brief review of the mathematics behind 

quantifying dislocation content from EBSD will be provided. Pantleon showed in [29], the 

presence of dislocations is related to the elastic strain field and lattice rotations. In the code 

written by Travis, the curvature component, measured from the EBSD analysis, is used to detect 

dislocations and it is assumed the elastic strain is negligible [28]. The lattice curvature tensor can 

therefore be expressed as; 

 
𝜅𝑘𝑖 = 𝛼𝑖𝑘 −

1

2
𝛿𝑘𝑖𝛼𝑛𝑚 

 

(4.7) 

where 𝛿 is the Kroneker delta function and 𝛼 is the Nye tensor. The dislocation density tensor is 

the sum over all individual dislocation densities, defined by the Burgers vector b and line vector 

l. This is shown in equation (4.8) below, where ρ is the individual dislocation densities of each 
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dislocation type, t and N is the number of dislocation types. Note, the FCC structure deforms 

through the <110>, {111} slip system, which gives a total of 36 dislocation types. 

 

𝛼𝑖𝑗 = ∑𝑏𝑖
𝑡𝑙𝑗

𝑡𝜌𝑡

𝑁

𝑡=1

 

 

(4.8) 

Equation (4.8) above, can be expressed in terms of lattice curvatures by substitution of equation 

(4.7), yielding equation (4.9) below. Note that this equation must be converted from the crystal 

coordinate system to the sample coordinate system in the code. 

 

𝜅𝑖𝑗 = ∑(𝑏𝑗
𝑡𝑙𝑖

𝑡 −
1

2
𝛿𝑖𝑗𝑏𝑚

𝑡 𝑙𝑚
𝑡 ) 𝜌𝑡

𝑁

𝑡=1

 

 

(4.9) 

Minimizing the total dislocation line energy allows equation (4.9) to be solved. Matlab is then 

employed to solve this system of equations and determine the ‘arrangement of dislocations that 

fit the observed lattice curvature’. Note that this solution represents a lower bound on the 

dislocation content. The GND density maps around the indents in both the irradiated and 

unirradiated, for indentation depths of 200, 300, 500 and 1200nm, are provided in the figures 

below. 
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Figure 4.38: GND density map around 200nm indentation in unirradiated Ni  

 

Figure 4.39: GND density map around 200nm indentation in irradiated Ni 

 



112 

 

 

Figure 4.40: GND density map around 300nm indentation in unirradiated Ni 

  

Figure 4.41: GND density map around 300nm indentation in irradiated Ni 
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Figure 4.42:GND density map around 500nm indentation in unirradiated Ni 

 

Figure 4.43:GND density map around 500nm indentation in irradiated Ni 
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Figure 4.44: GND density map around 1200nm indentation in unirradiated Ni 

 

Figure 4.45: GND density map around 1200nm indentation in irradiated Ni 
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4.4.2 TEM Analysis  

As discussed in section 4.2.6, six TEM discs, three unirradiated and three irradiated, were 

prepared from the 99.4% Ni target for microstructure characterization. The following results 

were obtained using the FEI Technai Osiris STEM. The first set of images captured were from 

the unirradiated section of the 0.1dpa Ni target, i.e. outside of the irradiated area. The [101] zone 

axis was observed using the [1-1-1] g vector and the [200] g vector. These images are shown in 

figures 4.46 and 4.47 below. 

  

Figure 4.46: [101] zone axis viewed with [1-1-1] g vector in 99.4% unirraidted Ni. Note that this sample was prepared from 

unirradted area in the Ni target which was irrdiated.  
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Figure 4.47: [101] zone axis viewed with [200] g vector in 99.4% unirraidted Ni 

 

In order to get a high-resolution image of the dislocation microstructure a high angle annular 

dark field (HAADF) image was taken of the [101] zone axis with the [200] g2 TEM condition, 

shown in Figure 4.48 below; 

 

Figure 4.48:HAADF TEM image of [101] zone axis in unirradiated Ni. Microstructure is typical of an annealed sample, with 

dislocation network along sub-grain boundary    
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The TEM images of the unirradiated Ni are characteristic of an annealed microstructure. 

Dislocation networks can be observed along grain boundaries, which form during annealing.  

Moving forward, the irradiated Ni TEM samples were observed in order to characterize the 

irradiation induced defects. The [101] zone axis, as shown in section 2.7.2 of the literature 

review, was observed using the [1-1-1] (g1) g vector, [200] (g2) g vector and [11-1] (g3) g vector 

conditions. The image in Figure 4.49 below is an HAADF taken from section of the TEM disc 

where two areas were analysed. Figure 4.50 is the zone axis diffraction(ZAD) pattern taken for 

the [101] zone axis from area 1. Note that the g1, g2and g3 vectors are imposed on the image.  

 

Figure 4.49: HAADF of section of TEM disc used to charcterize irraidation induced defects. Area 1 is denoted with the red mark 
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 Figure 4.50: Zone axis diffraction patternn of [101] zone axis, taken from area 1, with the three g vectors imposed on the ZAD.  

 

Two specific areas from the TEM disc analysis were selected. Using electron energy loss 

spectroscopy (EELS) within the TEM the thickness of area 1 and 2 were determined to be; 

𝑡𝐴𝑟𝑒𝑎 1 = 58.6 ± 11.8 𝑛𝑚 

𝑡𝐴𝑟𝑒𝑎 2 = 35.8 ± 11.1 𝑛𝑚 

 The first set of images below show the bright field (BF) and dark field (DF) micrographs of the 

[101] zone axis, imaged using the [1-1-1] g vector condition, for area 1. The second set is for the 

g=[200] g vector condition and the third is the [11-1] g vector condition. Note that only one BF 

and DF image are provided in the thesis below for each g vector conditions, however, several 

images were taken with different magnifications. 
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Figure 4.51: Bright-field and dark field images taken from the [101] zone axis with the [1-1-1] g vector in, area 1 of the TEM 

disc 
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Figure 4.52: Bright-field and dark field images taken from the [101] zone axis with the [200] g vector, in area 1 of the TEM disc 
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Figure 4.53: Bright-field and dark field images taken from the [101] zone axis with the [11-1] g vector, in area 1 of the TEM disc 
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Figure 4.54: Darkfield images taken from the [101] zone axis with the [1-1-1] g vector, left, [200] gvector, middle and [11-1] g 

vector, in area 2 of the TEM disc 

 

 

Figure 4.55: Brightfield images taken from the [101] zone axis with the [1-1-1] g vector, left, [200] gvector, middle and [11-1] g 

vector, in area 2 of the TEM disc 

 

In both Area 1 and 2, irradiation defects can be observed in the form of point defect clusters, 

stacking fault tetrahedral and both edge on and circular dislocation loops. More closely, observe 

the edge on dislocation loops visible in each of the three images for the g1, g2 and g3 vector 

conditions. For the [1-1-1] g vector condition, edge on dislocation loops can only be observed 

that are perpendicular to the [11-1] g vector, i.e. parallel to the (11-1) plane as we transition from 

reciprocal space to real space. For the [200] g vector image conditions, edge dislocation loops 

can be observed that are both parallel to the (1-1-1) plane and the (11-1) plane. Lastly, for the 

[11-1] g vector condition, edge on dislocation loops can be observed to be parallel to the (1-1-1) 
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plane. The edge on dislocations are highlighted by blue lines in the micrographs above. In Figure 

4.54 and 4.55, the DF and BF micrographs for area 2, respectively, three circular dislocation 

loops are highlighted using red lines in each micrograph. The red line in the centre was used to 

identify the same spot in each micrograph, selected due to the noticeable feature. Note that these 

are the same dislocation loops identified in each micrograph and are therefore visible when 

imaged under all three g vector conditions. The dislocation loop visible on the far-right side of 

the micrograph is visible under all three conditions, as well as both DF and BF images. These 

observations allow for a g∙b analysis to be conducted, which will determine the burgers vector of 

the irradiation induced loops. In section 2.7.2 of the literature review, the TEM condition in 

which a particular dislocation loop can be observed was discussed, g∙b analysis. This is 

summarized in table 4.8 below. 

Table 4.8: g∙b anlysis table used to determine burgers vector for irradation induced dislocation loops 

b/g 
[101] Zone Axis  

G1 = [1-1-1] G2 = [200] G3= [11-1] 

111 v v v 

111̅ v v v 

11̅1 v v v 

1̅11 v v v 

110 i v v 

101 v v i 

011 i i i 

1̅10 v v i 

101̅ i v v 

01̅1 v i v 

 

Applying the g∙b analysis of table 4.8, to the observed dislocation loops, two dislocation loop 

types have been identified; 

𝑇𝑦𝑝𝑒 1: 
1

2
< 110 > 𝑃𝑒𝑟𝑓𝑒𝑐𝑡 𝑙𝑜𝑜𝑝𝑠 &  𝑇𝑦𝑝𝑒 2:

1

3
< 111 > 𝐹𝑟𝑎𝑛𝑘 𝑙𝑜𝑜𝑝𝑠 
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More specifically, the habit plane for each perfect dislocation, defined by its Burgers vector, can 

be determined by the direction of the edge dislocation in the micrograph relative to the Zone 

Axis Diffraction Pattern (ZAD). We know that if a particular edge dislocation is perpendicular to 

a specific g vector in reciprocal space, then, in real space, the dislocation will be parallel to and 

on the plane defined by said g vector. This defines the habit planes for the edge on dislocation 

loops. For the 1/3<111> Frank loops, literature indicates that the habit plane is also the (111) 

plane [16], see table 4.9 below. 

Table 4.9: Burgers vector and habit plane for irraidation induced perfect and Franl loops 

Burgers Vector Habit Plane 

bPerfect= [-110] & [101] (11-1) 

bPerfect= [110] & [10-1] (1-1-1) 

bFrank= 1/3<111>  (111) 

 

As observed by Yao et al. in [16], and as will be shown in section 4.3.3, the dislocation loops are 

known to be interstitial type defects, i.e. the dislocation loops arise from an extra plane of SIAs. 

The SFTs, shown in section 4.4.3, are known to be vacancy type defects, shown by Kojima et al. 

[19], which occur from the collapse of the crystal lattice as interstitial atoms are displaced. The 

combination of SFTs and dislocation loops are characteristic of material irradiated to about 

0.1dpa, in the absence of He [16], [30], [31]. It is known that these types of defects are a result of 

the cascade damage induced by the PKA from proton irradiation. It has also been shown by Yao 

et al. [16] that the number of self interstitials atoms in the dislocation loops are approximately 

equal to the number of vacancies within the SFTs, assuming void production and swelling has 

not yet occurred. By definition, the dislocation loops are an extra (111) plane inserted into the 

crystal lattice. Then (111)<110> is the slip system for FCC materials. The difference between the 

nature of the perfect loops and the Frank loops arise from the orientation of the Burgers vector. 

The 1/3<111> Frank loop has a Burgers vector that is parallel to the (111) plane normal, i.e. the 
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Frank loops Burgers vector is perpendicular to the (111) plane. This directly results in a large 

tension field above, and equivalent compressive field below the dislocation loop. Therefore, 

these loops become sessile and resist deformation. The sessile nature of the Frank loop is why 

they are considered ‘imperfect loops’. The 1/3<111> Frank loops have the largest obstacle 

strength to dislocation motion. The 1/3<111> Frank loops form the SFTs through the dislocation 

reaction; 

1/3<111>→1/6<112>+1/6<110> 

where, 1/6<112> is a Shockley partial dislocation and 1/6<110> is a stair-rod type dislocation. 

The edges of the SFT are formed by the 1/6<110> stair-rod dislocations. The ½<110> perfect 

loops Burgers vector has a component which is not parallel to the (111) plane normal and 

therefore becomes glissile upon deformation. This will be accounted for in the defect barrier 

strength when calculating the macroscopic change in yield stress due to irradiation defects, see 

section 5.1.2.  

4.4.3 Irradiation Defect Size Distribution   

Three types of irradiation induced defects were identified in section 4.4.2. The size distribution 

and average size of these defects were determined. For the following TEM micrographs of SFTs 

and ½<110> perfect loops, the thickness of the sample was not measured and therefore, these 

micrographs were only used for defect size analysis and not density. Again, the [101] zone axis 

was imaged and the ZAD pattern is shown in Figure 4.56 below.  
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Figure 4.56: ZAD for the BF and DF TEM microgrpahs in this section. g1, g2 and g3 are impsed on the ZAD pattern. 

The stacking fault tetrahedral appeared best under the [200] g TEM beam condition, although 

Yao et al. state that it is very effective to observe SFTs using dark field weak beam and the 

g(>5g) condition. SFTs are identified with the red pointers in micrographs below. 

  

Figure 4.57: BF image taken of the [101] zone axis with [200] g vectore in irradiated Ni. SFTs are highlighted by red arrows 
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Figure 4.58: : DF image taken of the [101] zone axis with [200] g vectore in irradiated Ni showing SFTs 

  

Figure 4.59: DF image taken of the [101] zone axis with [200] g vectore in irradiated Ni showing SFTs 

 

The Bruker software which accompanies the TEM, saves the micrographs in a DM3 file. The 

DM3 files were then opened in ImageJ, an open source image processing software designed for 

scientific multidimensional images. Using ImageJ, the size of the SFTs were measured. Recall 



128 

 

Figure 2.11 of the literature review in section 2.5.1, if the SFT is viewed along the [011] 

orientation, the projection has a triangular shape [16]. Therefore, we define the size of the SFT as 

the side length of the triangular projection. A total of 207 SFTs were measured in ImageJ. Figure 

4.60 below shows the size distribution of the SFTs. The distribution appears to be log normal. 

 

Figure 4.60: Distribution of SFT size measured from TEM charcterization of in 0.1dpa irradiated Ni 

Plotting the size distribution data in MATLAB and using the tool ‘distribution fitter’, the mean 

and standard deviation of the log-normal fit can be determined. Figure 4.61 below shows the log-

normal distribution for the SFT size, while the mean (M) and variance (V) were also determined. 

See Figure caption 4.61. 
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 Figure 4.61: Log-normal fit to SFT size distribution ( 𝑀𝑆𝐹𝑇 = 3.02 & 𝑉𝑆𝐹𝑇 = 1.30)  

 

As Yao et al. state in [16], the oxidation of pure Ni during TEM observation is almost inevitable. 

Sample oxidation is highlighted in Figure 4.14 of section 4.2.6. Yao et al. report that the surface 

oxidation degrades the efficiency in the identification of defects smaller than 2nm. Therefore, the 

characterization of SFTs below 2nm may not be accurately shown by Figure 4.61 above. The 

SFT contrast depends on both the size of the SFT and its depth in the TEM sample. Common 

features of each SFT can be identified. In [16], Yao et al. state that the triangular contrast of the 

SFT shows a strong contrast at the apex and decreases to a weak contrast along the base. 

Additionally, beside the apex, dark wings appear with an intensity lower than the background, 

best shown in the largest SFT in Figure 4.59. It can also be observed that the SFTs imaged in 

figures 4.57 to 4.59 above have a particular orientation, namely, the sides of the triangular 

projection fall are along the (111) family of planes. The last interesting observation made for the 
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SFTs is the mean size of 3.02nm. Yao et al. made the two following experimental observations 

regarding SFTs generated in pure Ni irradiated with 590MeV protons; 

i. The mean size of SFTs from samples irradiated at room temperature, to dose levels 

between 0.003dpa and 0.3dpa were between 1.5 and 2.2nm 

ii. The mean SFT size for the samples irradiated at 250oC, between 0.002dpa and 0.1dpa 

ranged between 3.2 and 3.8nm 

The conclusion that was drawn is that the mean SFT size, 3.02nm for Pure Ni irradiated with 

6MeV protons to a dose of 0.1dpa at about 120oC, is dose independent at lower doses. Larger 

mean SFT size appear to result primarily from higher irradiation temperature.   

Recall from the previous micrographs that the 1/3<111> Frank loops are visible for all three g 

vectors. Additionally, the dislocations are observed as loops and do not appear edge on. This 

makes measuring the diameter of the dislocation loop difficult when imaged in BF or DF, using 

any of the three g vectors. The TEM Rel-Rod image condition was used in order to determine the 

length of the dislocation loop. The ZAD pattern for the Rel-Rod condition is shown in Figure 

4.62 below. 
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Figure 4.62: ZAD pattern for rel-rod condition, used to charcterize Frank loops 

 

Figure 4.63: 1.3<111> Frank loops imaged using the rel-rod conditon 

Using the Rel-Rod condition, the 1/3<111> Frank loops are easily visible in the TEM 

micrograph, see Figure 4.63 above. Analogous to what was done with the SFTs, a total of 324 

Frank loops were measured in ImageJ. The histogram showing the size distribution of the 

1/3<111> Frank loops is shown in Figure 4.64 below. 
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Figure 4.64: Distribution of Frank loop size, measured from TEM charcterization of in 0.1dpa irradiated Ni 

 

Similar to the SFTs, the size distribution of the Frank loops appears to be log-normal. The log-

normal size distribution, fit using MATLAB, of the Frank loops is shown in Figure 4.65 below. 

The mean and standard variance of the distribution was determined, see Figure caption 4.65. 

 

Figure 4.65: Log-normal fit to Frank loop size distribution (𝑀𝐹𝑟𝑎𝑛𝑘 = 7.20 & 𝑉𝐹𝑟𝑎𝑛𝑘 = 6.09) 

The last irradiation induced defects identified from the micrographs are the ½<110> perfect 

loops. Recall, these were identified by imaging the [101] zone axis, with three different g vectors 

and conducting the g∙b analysis. Once again using ImageJ, a total of 2304 ½<110> perfect loops 

were measured from serval different micrographs taken from multiple areas of the sample.  
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Figure 4.66: Distribution of Perfect loop size, measured from TEM charcterization of in 0.1dpa irradiated Ni 

Applying the same MATLAB distribution fitting tool yields; 

 

Figure 4.67:Log-normal fit to Perfect loop size distribution ( 𝑀𝑃𝑒𝑟𝑓𝑒𝑐𝑡 = 11.50 & 𝑉𝑃𝑒𝑟𝑓𝑒𝑐𝑡 = 22.86) 

Although the ½<110> perfect loop size, i.e. diameter, could be measured accurately from the DF 

and BF micrographs, a high-resolution TEM image of a single ½<110> perfect loop was 

captured, Figure 4.68 below. Note that the additional plane of atoms can be observed, which 

forms the SIA ½<110> perfect loop. This image confirms what was reported in the literature 
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[16], which states the dislocation loops are formed from self-interstitials, while the SFTs are 

vacancy type defects. 
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Figure 4.68: High resolution TEM image of ½<110> perfect loop showing extra plane of atoms inserted into crystal lattice edge 

on 
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The final plot, given in Figure 4.69 below, shows the total number of measured defects, SFTs, 

Frank loops and perfect loops, as a function of the defect size. Note that the perfect loops appear 

to outnumber both the SFTs and Frank loops. However, this directly results from simply 

measuring and counting more perfect loops. Table 4.10 below summarises the mean defect size 

and variance obtained from the size distribution. Also included are values referenced from 

literature.  

 

Figure 4.69: Irraidation induced defects in Ni irradiated to 0.1dpa at about 120oC 

Table 4.10: Irradaition paramters and mean irraidation defect size for 99.4% Ni sample. Include in the table are the results from 

[16]  

Sample  

Irradiation 

Temperature [oC] 

Dose 

[dpa] 

Mean SFT 

size [nm]  Mean Loop Size [nm] 

99.4% Ni 120 0.08-0.1  3.02 Frank: 7.20 Perfect:11.50 

I40T10 RT 0.083 1.69 3.28 

I40T02 RT 0.101 1.7 2.53 

I40T04 250 0.085 3.8 5.5 
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It should be noted that the size of the dislocation loops also depends on irradiation dose rate. 

When a faster dose rate is implemented, for the same dose delivered to the target, smaller loops 

are observed. Pooyan Changizian irradiated Inconel X-750 to 0.1dpa, at a rate of 10-3dpa/s, 

compared to 10-6 in this work, and observed much smaller defects (Private Communication April 

7th, 2017). Note that this does not account for alloying effects, which has also been observed, by 

Dr. Fei Long, to affect the size of dislocation loops in irradiated Ziracloy-2, when compared to 

irradiated pure Zr. Namely, the irradiation induced loops are smaller in the Zr alloy for the same 

irradiation paraments and dose delivered (Private Communication July 26th, 2017). 

In order to get a better understanding of the relative magnitude of each of the defects, let us now 

compute the defect density for all three types, see section 4.4.4. It should also be mentioned that 

many other small defects, point-like defects, can be observed in the TEM micrographs. These 

may include SFTs that are too small to be imaged, i.e. below the 2nm identification limit due to 

oxidation. The size distribution and density of irradiation induced point-like defects was not 

computed, but it is believed that these defects will affect the irradiation induced hardening far 

less than large SFTs and loops. This will be further discussed in section 5.1.2 when the yield 

strength change is modelled from the TEM irradiation defect density. It should also be 

mentioned that no irradiation induced cavities, voids or microstructural features of void swelling 

were observed. This is only expected to occur at higher doses or if He is implanted into the 

microstructure. 

4.4.4 Irradiation Induced Defect Density  

In section 4.4.3 the size distribution of SFTs, Frank loops and perfect loops was measured. These 

defects were measured from TEM micrographs of known area and thickness. Recall, from 
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section 4.4.2 the EELS function was used to measure the thickness of the TEM sample in both 

area 1 and 2. We can define the defect density in two different ways; 

i. The total number of defects measured in a particular volume of the TEM sample, having 

units of defects per m-3. The equation for the dislocation density is given as; 

 
𝜌𝐷𝑒𝑓𝑒𝑐𝑡 =

𝑁

∑ 𝐴𝑖 ∙ 𝑡𝑖
𝐼
𝑖=0

 [𝑚−3] 
(4.10) 

 

where N is the total number of defects measured, A is the area of micrograph i, t is the 

thickness of micrograph i and I is the total number of micrographs taken.  

 

ii. The total line length of the dislocation over the volume the in which the dislocations 

were measured, having units of defects per m-2. The equation for density is given as; 

 
𝜌𝐷𝑒𝑓𝑒𝑐𝑡 =

𝑀𝐷𝑒𝑓𝑒𝑐𝑡 ∙ 𝑁

∑ 𝐴𝑖 ∙ 𝑡𝑖
𝐼
𝑖=0

 [𝑚−2] 

 

(4.11) 

 

where MDefect is the mean defect size. 

 

From Figure 4.49 in section 4.4.2, we know the thickness of the sample in both areas 1 and 2. 

Therefore, for the SFTs and perfect loops measured in the micrographs of area 1 and 2, the 

dislocation density can be determined. However, for the Frank loops measured in the Rel-Rod 

condition, another thickness measurement had to be made. The Figure below shows the area in 

which the Frank loop size and density was calculated. Four measurements of the sample 

thickness, denoted by the red dots in the figure, were taken using the EELS function.      
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Figure 4.70: STEM HAADF of the section of TEM disc used to characterize Frank loops. The four areas in which the thickness 

was measured, using EELS, are denoted with the red markers. Note that six markers indicate that six thickness measurements 

were made, however only 4 were in the area which was studied. 

The thickness of the section of the TEM sample used to characterize the Frank loops was 

therefore measured to be 93.4±22.8 nm. Table 4.11 below summarizes the defect density for 

each type of irradiation induced defect. 

Table 4.11: Irraidation induced defects densities for 0.1dpa Ni irraidated at 120oC 

Defect Type 

Defect Density 

[1021 m-3] 

Error 

[1021 m-3] 

Defect Density 

[1013 m-2] 

Error 

[1013 m-3] 

Frank Loop 15.3 3.7 11.0 2.7 

Perfect Loop 8.1 2.0 9.4 1.9 

SFT 7.5 1.8 2.5 0.8 
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Recall from Table 4.10, values for average SFT and loop size were compared to results from 

similar experiments, Yao et al. [16]. The same can be done for the defect density, again 

comparing the results obtained by Yao et al. [16]. Table 4.12 below shows the total defect 

density for all irradiation induced defects, as well as the relative percentage of SFT and loop type 

defects.  

Table 4.12: Comaprison of irrdiation defect desnity in 99.4% Ni and results obtained in [16]. Irrdiation parmeters for samples 

can be found in table 4.10 

Sample  

Total Defect 

Density [1022 m-3] 

Error 

[1021 m-3] 

SFT 

Proportion (%) Loop Proportion (%) 

99.4% Ni  3.1 4.6 24.3 Frank: 49.5 Perfect: 26.2 

I40T10  24  N/A 50.5 30.6 

I40T02  70  N/A 42.5 41.1 

I40T04  16.4  N/A 52.6 35 

 

It is difficult to predict why the defect density is about 10 times larger in the experiments 

conducted by Yao et al. 2005. We do know that the experiment was conducted with 590MeV 

protons, compared to 6MeV protons. Additionally, the damage/dose rate for these experiments is 

not known, which may account for the discrepancy. In the work done by Yao et al. [16] the TEM 

sample preparation produced much less oxidation prior to characterization, which may account 

for the smaller percentage of SFTs and total defect density measured here. Finally, as previously 

mentioned in section 4.4.3, point defects were not measured and characterized. Yao et al. [16] 

state that point-like defects or ‘black dots’, account for about 10% of unidentified irradiation 

induced defects.  
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Chapter 5 Discussion 

 

5.1 Hardening from Irradiation induced defects 

Recall from chapter IV, in sections 4.4.3 and 4.4.4, the irradiation induced defects were 

characterized and the mean size and respective densities were determined.  These results are 

summarized in tables 4.10 and 4.11. Furthermore, in section 4.3.3 nano-indentation results were 

used to determine bulk mechanical properties of the irradiated Ni. The increase in hardness, as a 

result of irradiation induced defects, was measured from the nano-indentation results to be 

558.3±138.2 MPa. Using obstacle hardening models, the impact of each of the irradiation 

induced defects on the post-irradiation hardness can be quantified.   

The three types of defects characterized were Perfect loops, Frank loops and SFTs. Recall, that 

the nature of these defects, resistance to deformation and interaction with obstacles varies. We 

refer to the paper by G.E Lucas, ‘The evolution of mechanical property change in irradiated 

austenitic stainless steels’ [32], to determine the relative defect barrier strength for each of the 

irradiation induced defects characterized in chapter 4. Recall from section 4.3.3, equation (4.4) 

was Taylors relation for shear strength, dependent of dislocation density. The α term is used to 

describe the defect barrier strength, on a scale from zero to one. G.E Lucas determined the 

hardening contributions of various microstructural features [32]. The values obtained for the 

irradiation induced defects are summarized in table 5.1 below.   

Table 5.1: Obstacle strength of irraidation defects, obtained from [32] 

Irradiation Defect   Lucas Defect Obstacle Strength (α) 

Frank Loop Frank Loops 0.45 

Perfect Loop (Sessile) Dislocation 0.3 

SFT Vacancy Cluster  0.25 
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5.1.1 Yield strength Correlation to Irradiation induced Hardening   

The plastic properties of a material can be can be determined through deformation induced from 

indentation, first described by Tabor [33]. A relationship to describe the tensile yield strength 

from the nano-hardness measured through indentation was proposed by Busby et al [34], given 

in equation 5.1 below.  

 ∆𝜎𝑦 ≅ 3∆𝐻 (5.1) 

Δσy is the tensile yield strength, measured in MPa and ΔH is the hardness measured in kg/mm2. 

Therefore, the value determined for the experimental increase in the tensile yield strength from 

the irradiation of pure Ni, obtained using the experimental measurement for the increase in 

hardness above, is; 

∆𝜎𝑦 ≅ 171.4 ± 42.2 𝑀𝑃𝑎 

Let us compare this value to what was obtained by Dr. Yao in [16]. Dr. Yao’s result for the shear 

yield stress of Ni, irradiated to 0.1dpa at 233K, was 122MPa. This can be roughly be converted 

to the tensile yield strength using the equation (4.5), which yields ∆𝜎𝑦 ≅ 211.3. Therefore, the 

two materials, with similar irradiations parameters, in terms of dpa and temperature, exhibit 

comparable tensile yield stresses.   

 

5.1.2 Modeling Yield strength change from TEM defect density 

It is known that the irradiation induced hardness arises from the interaction between irradiation 

induced defects and slip dislocations. The change in yield strength, observed from the irradiation 

of pure Ni, can be modelled by accounting for the obstacle hardening induced from each type of 

irradiation induced defect, shown in table 5.1. In this chapter three different obstacle hardening 

models will be employed. However, before modeling the hardness induced by each of the 
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irradiation defects characterized in TEM, let us consider the superposition principle. The total 

increase in the yield strength can be determined using the superposition principle, which 

accounts for the individual contribution to hardening from each defect. The superposition 

principle is given by; 

 𝜏𝑇
𝑛 = 𝜏𝐹𝑟𝑎𝑛𝑘 𝑙𝑜𝑜𝑝

𝑛 + 𝜏𝑃𝑒𝑟𝑓𝑒𝑐𝑡 𝑙𝑜𝑜𝑝
𝑛 + 𝜏𝑆𝐹𝑇

𝑛  

 

(5.2) 

where 𝜏𝑇
𝑛 is the total increase in yield shear stress from the three defects and n is a constant 

dependent on defect strength. For this analysis n is assumed to be 2 [35]. The value for 2 for n 

arises from dislocation line tension approximation equations. Additionally, the yield stress can be 

determined from ∆𝜎𝑦 = 𝑀𝛼𝜏, where M is the Taylor factor, equivalent to 3.06 for FCC materials 

and α is the defect barrier strength defined in chapter 5.1. Therefore; 

 ∆𝜎𝑇
𝑛 = ∆𝜎𝐹𝑟𝑎𝑛𝑘 𝑙𝑜𝑜𝑝

𝑛 + ∆𝜎𝑃𝑒𝑟𝑓𝑒𝑐𝑡 𝑙𝑜𝑜𝑝
𝑛 + ∆𝜎𝑆𝐹𝑇

𝑛  

 

(5.3) 

Let us now consider the three obstacles hardening models, as proposed by Cameron Sobie et al. 

in [35]. The dispersed barrier hardening model (DBH) uses dislocation line tension 

approximation and considers all defects within a thin plate to interact with equal strength with 

the dislocation [36].  The DBH model is given by; 

 ∆𝜎𝐷𝐵𝐻 = 𝑀𝛼𝜇𝑏√𝑁𝑑 

 

(5.4) 

where μ is the shear modulus, b is the magnitude of the glide dislocation Burgers vector, N is the 

particular defect density, measured in nm-3 and d is the average diameter of the defect. The last 

two variables are obtained from the TEM analysis.  

The second obstacle hardening model is Fredel-Kroupa-Hirsch model (FKH). This model 

describes the material hardening resulting from circular dislocation loops. Dislocation core 

interactions are not considered in this model. The FKH model is expressed as; 
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∆𝜎𝐹𝐾𝐻 =

1

8
𝑀𝜇𝑏𝑑𝑁

2
3 

 

(5.5) 

The final model used was the Bacon-Kocks-Scattergood model (BKS). The increase in yield 

strength is modeled from an infinite array of impenetrable spherical obstacles and uses the line 

tension approximation. It considers dislocation self-interaction and the finite size of defects. The 

BKS model is given by; 

 

∆𝜎𝐵𝐾𝑆 =
𝛼𝑀𝜇𝑏

2𝜋𝐿
 [ ln (

𝐿

𝑏
) ] 

−1
2

 [ 𝑙𝑛 (
𝐷′

𝑏
) + 0.7 ] 

3
2 

 

(5.6) 

where L is the mean spacing between obstacles and D’ is the effective obstacle dimeter. These 

variables are defined as; 

                 𝐿 =  
1

√𝑁𝑑
  & 𝐷′ = 

𝑑𝐿

𝑑+𝐿
 

 

(5.7&5.8) 

The contribution to the increase in yield strength from each of the three types of defects, as 

calculated from each of the three models, is given in table 5.2 below. Additionally, the total 

increase in yield strength calculated from each of the three models, using the superposition 

principle of equation (5.3), is plotted in Figure 5.1 below. The experimentally measured value for 

the increase in the yield strength from irradiation, chapter 5.1.1, is also plotted in Figure 5.1.  

Table 5.2: Contribution to increase in yeild strength from each defect, calcuated from DBH, FKH and BKS model 

  DBH Model FKH Model BKS Model 

Defect Δσ [MPa] Error  Δσ [MPa] Error  Δσ [MPa] Error 

Perfect Loop 161.4 4E-04 32.4 7E-05 97.6 0.4 

Frank Loop 263.0 2E-04 30.9 4E-05 137.0 0.3 

SFT 66.5 3E-04 8.1 6E-05 23.2 0.3 
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Figure 5.1: Total increase in yeild strength as calculated by DBH, FKH and BKS model, comapred to experimentally calcuated 

increase in yeild strength.  

 

From Figure 5.1, it becomes evident that the BKS obstacle hardening model is the bet fit to and 

agrees with the yields shear strength measured from the Busby equation with the increase in 

hardness from indentation. This value is denoted by bar in yellow. Note that the experimental 

value is the value measured for the increase in hardness from the difference between the micro-

scale irradiated characteristic hardness and unirradiated characteristic hardness, namely 

558.3±138.1MPa shown on page 98. The DBH model overestimates the increase in shear yield 

strength induced from the irradiation loops, shown in table 5.2, while the FKH model is an 

underestimate of the shear yield strength. 
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5.2 Indentation size Effect in the Micro and Nano scale regime 

5.2.1 ISE in the micro-scale regime  

Recall from section 4.3.3, h*
 is defined as the length that characterizes the depth dependence of 

the hardness. Beyond an indentation depth of h*, the ISE does not effect the measured hardness. 

Therefore, a larger h* results in a larger indentation size effect, i.e. ISE occurs at a larger 

indentation depth. Let us compare the h* value obtained for the irradiated and unirradiated 99.4% 

Ni. From table 4.7; 

Table 5.3: h* value determined from NG model, in micro-regime, for unirradiated and irradiated Ni 

99.4 % Ni Length Scale h* [nm] δh* [nm] 

Unirradiated  Micro 535.9 93.6 

Irradiated  Micro 497.3 69.9 

 

Therefore, Δh*=38.6±116.6. We are only considering the value of h* in the micro-regime (see 

table 4.7) and not accounting for the bi-linear change in the ISE. Note that the value of h* is 

larger in the unirradiated material and therefore the ISE effects the hardness measurement more 

in the unirradiated material. From section 4.3.3, we know that the indentation size effect is a 

result of GND density increase as the indentation depth becomes shallower. Irradiation induced 

defects will act as a source for dislocations. This directly agrees with what is seen in irradiated 

Cu, shown by Peter Hosemann et al. in [23]. More discussion regarding this will be provided in 

section 5.3. It should be noted that the values for h* are identical within error and we are simply 

considering the exact value in this comparison and nor the difference within error. 

5.2.2 Bi-Linear change from Nix and Gao Model 

Recall both Figure 4.25 and Figure 4.29, the plots of the hardness squared versus the inverse 

indentation depth. In chapter 4 the ‘nano’ regime of this plot was ignored, however some of the 

most interesting deformation information and mechanisms can be extracted from this length 
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scale. In Figure 5.2 and 5.3 below, the nano indentation regime is plotted for the unirradiated and 

irradiated sample, respectively. Here, we consider the nano indentation regime to be at a depth of 

about 500nm and shallower. The transition from the micro hardness length scale to the nano 

hardness scale is well documented by Z. Zong et al. in [20] and Y. Huang et al. in [37]. This 

transition is known as the ‘bi-linear’ behaviour of the indentation size effect. The transition from 

a micro to nano scale regime occurs around the 600nm indentation depth for the unirradiated 

material and around the 400nm depth from the irradiated material. This will be discussed in 

section 5.2.3.  

 

Figure 5.2: H2 versus 1/h for nano-scale regime of unirradiated Ni, taken from Figure 4.25. Note bi-linear change occurs around 

600nm 
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Figure 5.3: H2 versus 1/h for nano-scale regime of irradiated Ni, taken from Figure 4.29. Note bi-linear change occurs around 

400nm 

Applying the same analysis that was done in section 4.3.3, namely the NG model of the nano-

scale regime, the characteristic depth and size independent hardness was determined for the 

unirradiated and irradiated sample on the nano-scale. These values are displayed in table 5.4 

below.  

Table 5.4: NG model applied to nano-scale regime for unirradiated and irradiated Ni 

99.4 % Ni Length Scale Ho [Gpa] δH [Gpa] h* [nm] δh* [nm] 

Unirradiated  Nano1 2.35  0.15 100.6  55.2 

Nano2 2.52  0.10 31.0  25.3 

Irradiated  Nano 3.45 0.08 54.1  12.0 

 

Note that two nano-scale regimes were plotted for the unirradiated material. The data denoted by 

the orange line does not include the 200nm depth indent, where as the data denoted by the grey 

line does. The 200nm was taken from a previous experiment in which 6 indents were made at a 

spacing of 5μm apart, as described in section 4.3.3. Again, the hardness value obtained for the 
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200nm indent from the experiment which included 15 indents, 50μm apart, was omitted with the 

discrepancy believed to be due to surface roughness. In table 5.4 above, it is believed that the 

most accurate representation of the nano-scale regime is given by the trendline denoted by the 

‘Nano2’ subscript, namely the data containing the 200nm results. The difference between the 

size independent hardness for the unirradiated and irradiated material in the nano-scale regime 

can be expressed as; 

𝐻𝑖𝑟𝑟𝑎𝑑 𝑁𝑎𝑛𝑜 − 𝐻𝑢𝑛𝑖𝑟𝑟𝑎𝑑 𝑁𝑎𝑛𝑜 = ∆𝐻𝑖𝑟𝑟𝑎𝑑 𝑁𝑎𝑛𝑜 = 930 ± 128 𝑀𝑃𝑎 

It becomes immediately evident that the dislocation deformation mechanisms operating in the 

nano-scale regime are different than those operating in the micro-scale regime. These results and 

those presented in the literature by Z. Zong et al. and Y. Huang et al., promote the idea for a 

‘Multi-scale modelling framework’ [20] and correction to the original strain gradient plasticity 

model proposed by Nix and Gao, shown in section 4.3.3. Y. Huang et al. state in their paper [37] 

that there are two main factors for the discrepancy in the NG model from the micro to nano-scale 

regime; 

i. The indenter tip radius: The NG model only holds for “sharp” pyramid indenters and 

does not account for the indenter tip radius, around 50nm. A study by Qu et al. [38] has 

showed that a finite tip radius yields smaller indentation hardness on the nano-scale. 

ii. Storage volume of GNDs: The NG model in section 4.3.3 assume all GNDs are stored in 

a hemisphere of radius a. Y. Huang et al. [37]state that a modified storage volume has 

been proposed for GND production at the nano-scale. Other factors include intrinsic 

lattice resistance or friction stress, surface roughness [39] and long-range stress 

associated with GNDs 
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Although, the first point may hold true for why such bi-linearity is present in the H2 versus 1/h 

data, it does not explain the difference between the nano-scale irradiation hardening and micro-

scale irradiation hardening. If one were to assume the same ISE in both the irradiated and 

unirradiated material, the difference between the Micro depth independent hardness and Nano 

depth independent hardness should be null. Therefore, this result must be related to the second 

point made by Y. Huang et al and promotes the idea that irradiation induced defects effect the 

production of GNDs. Before considering the mechanisms operating on the nano-scale, more 

information can be extracted from the data above. 

5.2.3 Comparison between Irradiated and Unirradiated Nano Hardness and ISE 

Firstly, consider the bi-linear trend’s significance to what is physically occurring within the 

material. As the indentation depth transitions from the micro-scale to the nano-scale the change 

in hardness decreases. In other words, as the depth of the indent gets shallower, the value of H2 

increases less. The material has not changed and therefore the statistically stored dislocation 

density remains constant throughout the deformation, as reported in the literature by Nix and 

Gao in [22]. Note that we are simply considering the plot of H2 versus 1/h and have not yet 

considered irradiation induced defects. Hence, a smaller change in the value of H2 for each step 

down in indentation depth is directly related to a smaller increase in GND density needed to 

accommodate the indent. Another way of conceptualizing this is if we consider a straight line on 

the H2 versus 1/h plot, i.e. no slope and no ISE. This would result from the production of no 

GNDs upon indentation and therefore the inverse would correspond to a larger production of 

GNDs. This is shown by the change in slope of H2 versus 1/h from the micro to nano scale 

regime, given in table 5.5 below. 
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Table 5.5: Slope of the line used to fit the H2 versus 1/h data, for both nano and micro-scale regime in both unirradiated and 

irradiated Ni 

99.4 % Ni Length Scale Slope [GPa2∙nm2] δSlope [GPa2∙nm2] 

Unirradiated  Micro 1977.0  291.6 

Nano2 196.7  159.5 

Irradiated  Micro 3035.6  340.6 

Nano 644.8  139.8 

 

It now becomes of interest to apply this knowledge to compare the bi-linear change in the 

unirradiated and irradiated material. We are not so much concerned with exact values, but 

instead the changes resulting from irradiation. Below are a set of observations made from the 

hardness data, accompanied by a possible mechanism for this result.  

i. Observation: Comparing the results in Figure 5.2 and 5.3, one can note that the 

transition from a macro-scale regime to a nano-scale regime occurs around the 500nm to 

600nm indentation depth for the unirradiated Ni and about 400nm in the irradiated 

material. Therefore, the bi-linear change in the ISE occurs in the unirradiated material at 

a greater depth than the irradiated material. 

Mechanism: In order to truly state this observation results from changes in the material 

and not from experimental discrepancy, more indentation results are needed. However, if 

we assume this is not a result of experimental error/variations, this observation can be 

explained by the change in the production of GNDs, namely a larger GND density in the 

irradiated material. Section 5.3.4 provides a detailed explanation of this mechanism.  

ii. Observation: Similar to the argument of GND production above, in table 5.4 the slope of 

the nano-scale regime in the unirradiated material is less than that in the irradiated 

material, 196.7 GPa2∙nm2 and 644.8 GPa2∙nm2 respectively. Note that the work done by 

Hosemann et al. in [23] comments on the value of h* in irradiated and unirradiated value. 
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The works presented here is believe to be the first work done on characterization the 

indentation size effect in terms of dislocation density and observing the nano-scale 

regime in irradiated material.  

Mechanism: At the start of section 5.2.3 the physical significance of the slope of the H2 

versus 1/h was discussed. Keeping consistent with what was stated earlier, a larger slope 

in the irradiated nano-scale regime reflects a larger hardness change and thus GND 

density per indentation step size, i.e. More GNDs density is required to accommodate an 

indentation depth change from 300nm to 200nm in the irradiated material. This is 

consistent with the mechanism proposed in observation i. above.  

iii. Observation: The difference between the micro and nano-scale hardness for both the 

irradiated and unirradiated material is calculated below.  

𝐻𝑖𝑟𝑟𝑎𝑑 𝑁𝑎𝑛𝑜 − 𝐻𝑖𝑟𝑟𝑎𝑑 𝑚𝑖𝑐𝑟𝑜 = ∆𝐻𝑖𝑟𝑟𝑎𝑑 𝐼𝑆𝐸 = 970 ± 128 𝑀𝑃𝑎 

𝐻𝑢𝑛𝑖𝑟𝑟𝑎𝑑 𝑁𝑎𝑛𝑜 − 𝐻𝑢𝑛𝑖𝑟𝑟𝑎𝑑 𝑚𝑖𝑐𝑟𝑜 = ∆𝐻𝑢𝑛𝑖𝑟𝑟𝑎𝑑 𝐼𝑆𝐸 = 600 ± 135 𝑀𝑃𝑎 

It can be noted that a hardness increase is observed in both the irradiated and unirradiated 

material as the length scale transitions from micro to nano, with a larger increase in 

hardness in the irradiated material. 

Mechanism: The same experimental parameters and sample preparation were used for 

both indentation experiments. If one were to assume the same indentation size effect in 

both the irradiated and unirradiated material, it would be expected that the increase from 

the micro-scale hardness to the nano-scale hardness would be consistent. However, this is 

not observed. The indentation size effect is in fact larger in the irradiated material. The 

only difference in the experiment, aside from uncontrollable parameters, is the 0.1dpa 
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irradiation of the Ni sample. This once again promotes the idea that the GND density is 

greater in the irradiated material for the nano-scale regime. Figure 5.4 below, illustrates 

this nicely. The increase in hardness due to irradiation induced defects, on the micro-

length scale, was measured to be 558.3±138.1 MPa. Additionally, this was shown to 

agree with the measured increase in hardness from the TEM analysis in section 5.1.2, 

namely the BKS model. Therefore, it can be stated that the increase in hardness due to 

irradiation induced defects is on the order of 600MPa. Let us take the depth dependent 

hardness measurements for the both the irradiated and unirradiated material and plot them 

on the same axis, Figure 5.4, represented by the black and blue data points, respectively. 

We can define a new variable denoted HGND. Let HGND be the difference between the 

irradiated hardness measurement and the value measured (and calculated) for the increase 

in hardness due to irradiation induced defects. It is essentially the measured hardness of 

the irradiated Ni, with the hardening effects of irradiation induced defects removed. This 

is plotted in orange in Figure 5.4. Immediately it can be seen that the values measured for 

the unirradiated hardness are not equivalent to HGND, below an indentation depth of about 

900nm. Therefore, we can define HGND as the increase in hardness due to GND density 

within the irradiated material, as it is assumed the statistically stored dislocation density 

is the same both before and after irradiation, after accommodating for irradiation induced 

defects.  
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Figure 5.4: Experimentally measured hardness as a function of indentation depth for unirradiated, blue and irradiated, black, Ni. 

The hardness data given in orange, is the experimentally measured hardness for the irradiated Ni minus the value measured for 

the increase in hardness from irradiated induced defects (about 600MPa) 

 

These observations propose that the GND density produced for indentation deformation changes 

between unirradiated and irradiated material and namely, the GND density in an irradiated 

material becomes larger in the nano-scale regime. The work presented in section 5.3 will try and 

definitively show that the irradiation induced defects promote a larger GND density from indent 

deformation in the nano-scale regime.  

5.2.4 Sample Preparation and Surface Roughness  

As stated in chapter 5.2.2 and Y. Huang et al., the storage volume for GNDS and the variation 

from the Nix and Gao model in the nano-scale regime is effected by surface roughness. This is 

also seen in both [40] and [39]. All of the results obtained in sections 4.3.3 and 4.3.4 were from 

samples prepared as described in section 4.2.5, i.e. electro-polishing of the 

mechanically/vibratory polished surface. However, the indentation size effect experiment was 

also conducted on the sample surface prior to electro-polishing, i.e. the sample preparation 
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described in section 4.2.4. The measured hardness for the unirradiated 99.4% Ni versus 

indentation depth in plotted is Figure 5.5 below. The results obtained for the mechanically 

polished irradiated sample were inconclusive due to a calibration error with the indenter 

microscope and irradiated edge prior to indentation. 25 indents were made from 200nm up to 

1400nm, in 100nm increments. Each neighbouring indent was spaced 100μm apart. Note that the 

relative uncertainty in the hardness was determined through the standard deviation of the 

measured hardness at each depth. The large number of indents resulted in a low uncertainty, 

however the duration of the experiment was about 6 times longer than that conducted in Figure 

4.24.  

 

Figure 5.5: Hardness as a function of indentation depth for mechanically polished, unirradiated Ni 

 

The relative increase in hardness for the results in Figure 5.5 compared to those in Figure 4.24, 

the mechanically polished compared to the electropolished, is due to the work hardened layer 

that exists after mechanical polishing. This is particularly noticeable at the 200nm depth, which 

yielded a value of 4.71±0.34 GPa, compared to 2.67±0.44 GPa in the electropolished material. 
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Plotting H2 versus 1/h, the effect of surface roughness on the size independent nano scale 

hardness can be observed. Note the 200nm depth was removed from the data set and the 500nm 

depth was removed from the micro-scale hardness due to the inflated value from work 

hardening, i.e. the micro scale NG model stopped at the 600nm depth, as seen in Figure 5.6 

below.  

 

Figure 5.6: H2 versus 1/h for mechanically polished, unirradiated Ni 

 

Table 5.6:Ho and h* values, obtained from NG model in equation 4.6, for mechanically polished, unirradiated Ni 

99.4 % Ni Length Scale Ho [GPa] δH [GPa] h* [nm] δh* [nm] 

Unirradiated  Nano 3.62 N/A  41.57  N/A 

Micro 1.51  0.29 2457.8 985.7 

 

Note that the size independent hardness in the micro-scale regime agree within error for the 

unirradiated mechanically polished and electropolished material. This is expected as one would 

assume the work hardening layer would not effect the microscopic hardness, i.e. an indentation 

depth lower than about 600nm. Additionally, the error in the depth independent hardness 
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becomes larger with more surface roughness, another expected result. The largest discrepancy in 

the results arises in the nano-scale regime. We see an increase in the size independent hardness 

of 1.10± GPa in the nano-scale for the mechanically polished surface compared to the 

electropolished surface. Although the effect of surface roughness on nano-scale hardness 

measurements was not the intent of this research, the integral role it plays when determining 

GNDs density and deformation mechanism is highlighted by these results. Moving forward into 

GNDs analysis of section 5.3, all results will be presented for electropolished surfaces.  

5.3 Geometrically Necessary Dislocation (GND) Density Analysis  

In section 5.2.3, a comparison of the ISE in and plots of H2 versus 1/h for the irradiated and 

unirradiated 99.4% Ni promoted the idea that the GND density produced from a pyramidal 

Berkovich indentation is larger for an irradiated material at indentation depth shallower than 

about 900nm, compared to the equivalent unirradiated material. In the following sections, 

experimental evidence will be provided to defend this hypothesis.  

5.3.1 Ma and Clarke Strain Gradient Plasticity (SGP) Modelling 

A similar analysis was conducted to Z. Zong et al. in ‘Indentation size effects in the nano- and 

micro-hardness of FCC single crystal metals’ [20], to determine both the statistically stored 

(SSD) and geometrically necessary dislocation density. The model proposed by Ma and Clarke 

in [41] states that according to strain gradient plasticity, a strain gradient has to be 

accommodated by a certain number of GNDs, which in turn increases the flow stress of the 

material. The model assumes the flow stress, τ, on the slip plane can be expressed in terms of the 

dislocation density as; 

 𝜏 = 𝐶𝜇𝑏√𝜌𝑠 + 𝜌𝑔 (5.9) 
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where ρg and ρs are the GND and SSD density, respectively, μ is the shear modulus, b is the 

magnitude of the Burgers vector and C is a constant taken to be 1/3, as proposed by Ashby in 

[42]. From Ashby, we also know the GND density is directly proportional to the strain gradient 

by geometrical requirements as; 

 
𝜌𝑔 =

4𝛾

𝑏𝑙
 

(5.10) 

Where γ is the shear applied on the primary slip plane and l is defined as some finite length. Ma 

and Clarke indicate that the dislocation distribution of the indent is very complicated, as 

observed in TEM. A bright-field TEM micrograph from the Ma and Clarke paper [41] is shown 

in the Figure 5.7 below. 

 

Figure 5.7: TEM image,[001] beam direction, of 1.8μm indentation, showing complex dislocation strucutre [41] 

 

 For an order of magnitude estimate, Ma and Clarke use average dislocation densities and state 

that the magnitude of the strain gradient imposed during indentation has to be on the order of the 
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average shear strain below the indent over the local length scale, defined as the indent dimeter, 

D. Therefore, the GND density can be expressed in terms of the average shear strain as; 

 
𝜌𝑔 =

4𝛾𝑎𝑣𝑔

𝑏𝐷
 

(5.11) 

A direct measurement of the impression area through SEM and AFM can be made to determine 

the indentation diameter. The indentation diameter is defined as; 

 𝐴 = 24.56𝐷2  (5.13) 

For a three-sided pyramidal Berkovich indenter the nominal area-depth function is defined as; 

 𝐴 = 24.56ℎ𝑐
2  (5.14) 

where hc is the plastic/contact depth of the indentation. Note that this is the nominal area 

function, which does not account for experimental variations. This can be corrected by plotting 

multiple load-displacement curves and computing the projected contact area for each curve. A 

corrected relationship between indent area and contact depth can then be established. This was 

done by Z. Zong et al. in [20] and takes the form.  

 
𝐴 = 24.5ℎ𝑐

2 + 𝐶1ℎ𝑐 + 𝐶2ℎ𝑐

1
2 + 𝐶3ℎ𝑐

1
4 + 𝐶4ℎ𝑐

1
8 + 𝐶5ℎ𝑐

1
16 

(5.15) 

We will assume the indentation contact depth is equivalent to the indentation diameter. This is 

based on the geometric self-similarity of the indenter and assumes a perfect indentation tip. 

Namely, we assume that equation (5.13) and (5.14) are equivalent for all indentation contact 

depths, equation (5.16) below. 

 𝐷 = ℎ𝑐  (5.16) 

Therefore, measurements of the plastic/contact depth directly from the nano indenter yields the 

indent diameter. The assumption made in equation (5.16) above, will be used for the duration of 
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these results. Sources of error related to this assumption will be discussed in section 5.3.4. The 

last assumption made in the Ma and Clarke model is that the hardness is about three times the 

flow stress, which yields; 

 

𝐻 ≈ 𝜇𝑏 [𝜌𝑠 +
4𝛾𝑎𝑣𝑔

𝑏𝐷
]

1
2
 

(5.17) 

From equation (5.17) above, it is apparent that a relation now exists for the hardness as a 

function of indentation size. Note the 1/D dependence of the hardness, which accounts for the 

ISE. In Figure 4.24 of section 4.3.3, the hardness of the unirradiated 99.4% Ni is plotted as a 

function of indentation depth. The SGP model, given in equation (5.17), can be fit to the 

experimental data in Figure 4.24, using 𝜌𝑠, the SSD density and 𝛾𝑎𝑣𝑔, the average shear strain 

around the indent, as the modelling parameters. Using MATLAB’s built in curve fitting tools, 

equation (5.17) was fit to the data as shown in Figure 5.8 below; 

 

Figure 5.8: Fitting Ma and Clarke SGP model of equation 5.17 to experimental hardness versus indentation depth for 

unirradiated Ni. The 200nm indentation was omitted from the fit.  

Note the hardness value for the 200nm indentation depth was removed to obtain a better fit. A 

plot of the residuals from the Ma and Clarke fit to the unirradiated hardness are shown below, to 
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access the quality of the fit. The residuals, despite the 200nm indentation depth, are close to zero 

and randomly orientated about the horizontal access.   

 

Figure 5.9: Residuals of SGP fit applied in Figure 5.8  

 

The values obtained for the SSD density and the average shear strain around the indent are 

provided in table 5.7 below. Also given is μ, the shear modulus and b, the magnitude of the 

Burgers vector for Ni. These are known parameters and were from the literature [20].  

Table 5.7: Shear modulus and Burgers vector for pure Ni, used in equation 5.17, to model hardness data and values determind 

for modelling paramters ρs and γavg, from Matlab. Values included from Z. Zong et al. for Pure singe crystal Ni 

Parameter 99.4% Ni Error LIGA Ni [20] 

μ (GPa) 73 N/A 73 

b (nm) 0.249 N/A 0.249 

ρs (m-2) 1.47E+16 1.01E+15 4.27E+15 

γavg (%) 16 3.92 21 

 

The values for LIGA Ni, an addictive manufacturing process, were taken from the paper [20] by 

Z. Zong et al. This manufacturing process produces polycrystalline Ni, with a [100] 

crystallographic columnar structure orientated parallel to the indentation [20]. As can be seen in 
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table 5.7, the values obtained from the model agree with what is seen in literature. Using the 

value for the SSD density obtained from the model an experimental GND density can be 

determined from equation (5.17). Additionally, using the value for 𝛾𝑎𝑣𝑔 𝑢𝑛𝑖𝑟𝑟𝑎𝑑 from the model 

and the Ashby relation in equation (5.11) a model for the GND density can also be established. 

Plotted in Figure 5.10 is the calculated GND density, blue data points and GND density 

determined from  𝛾𝑎𝑣𝑔 𝑢𝑛𝑖𝑟𝑟𝑎𝑑 and the Ashby relation, blue line. The error bars determined for 

the experimental GND density were determined through error propagation. 

 

Figure 5.10: Calculated GND density, blue data points and GND density determined from  𝛾𝑎𝑣𝑔 𝑢𝑛𝑖𝑟𝑟𝑎𝑑 and Ashby relation of 

equation (5.11), blue line 

 

Recall from section 5.2.3 the definition of the variable HGND, the difference between the 

irradiated hardness measurements and the value measured for the increase in hardness due to 

irradiation induced defects. That is, the value measured for ΔHirrad Micro in section 4.3.2 subtracted 
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from the measured irradiated hardness in Figure 4.26. The deviation of HGND from the 

unirradiated hardness, Figure 5.4, was accounted for by the increase in GND density needed to 

accommodate indents in the irradiated material. We can therefore define the size dependent 

measured hardness of the irradiated material as; 

 𝐻𝑖𝑟𝑟𝑎𝑑 = 𝐻𝐺𝑁𝐷 + ∆𝐻𝑖𝑟𝑟𝑎𝑑 

 

(5.18) 

It is assumed that the  ∆𝐻𝑖𝑟𝑟𝑎𝑑 fully accounts for the increase in hardness from irradiation 

induced defects and the 𝐻𝐺𝑁𝐷 term accounts for the hardness from the prior SSD density and the 

GND density from indentation deformation. Substituting equation (5.17) into equation (5.18) 

yields the Ma and Clarke SGP model for the irradiated hardness. In equation (5.19) below, 

ΔHirrad could also be modeled by the BKS expression and superposition principle, given in 

equation (5.6) and (5.3) respectively, from section 5.1.  

 

𝐻𝑖𝑟𝑟𝑎𝑑 = 𝜇𝑏 [𝜌𝑠 +
4𝛾𝑎𝑣𝑔 𝑖𝑟𝑟𝑎𝑑

𝑏𝐷
]

1
2
+ ∆𝐻𝑖𝑟𝑟𝑎𝑑 

 

(5.19) 

Note that if GND density was the same in both irradiated and unirradiated material for a given 

indent depth, then HGND would be equivalent to Hunirrad. Therefore, it is predicated that 𝜌𝑠 𝑖𝑟𝑟𝑎𝑑 =

 𝜌𝑠 𝑢𝑛𝑖𝑟𝑟𝑎𝑑 and 𝛾𝑠 𝑖𝑟𝑟𝑎𝑑 ≠ 𝛾𝑠 𝑢𝑛𝑖𝑟𝑟𝑎𝑑. HGND can be plotted versus indentation depth and the SGP 

model in equation (5.17) can be used as a fit to the data. Analogous to what was done for the 

unirradiated material, 𝜌𝑠 and 𝛾𝑎𝑣𝑔 𝑖𝑟𝑟𝑎𝑑 were used as the two modelling parameters and 

MATLAB curve fitting tools were used to fit equation (5.17) to the HGND data, plotted in Figure 

5.11.  
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Figure 5.11: Fitting Ma and Clarke SGP model of equation 5.17 to experimental hardness versus indentation depth for, 

irradiated Ni. The 200nm indentation was omitted from the fit 

 

The same values were used for the shear modulus of magnitude of the Burgers vector of Ni, as 

referenced in table 5.7. Figure 5.12, below, shows a plot of the residuals from the HGND and the 

Ma and Clarke fit. Similar to Figure 5.9, the residuals are randomly distributed and have a value 

close to zero, indicating the quality of the fit.  

 

Figure 5.12: Residuals of SGP fit applied in Figure 5.11 
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The values obtained for the modeling parameters, the SSD density and the average shear strain 

around the irradiated indent are given in table 5.7 below. The values obtained for unirradiated Ni 

from the Ma and Clarke SGP model are also provided in table 5.7.  

Table 5.8: SGP modelling paramters, determined from Matlab curve fitting, for SSD desnity and average shear strain around the 

indentation for both irradiated and unirradiated Ni 

Parameter  99.4% Ni Unirrad Error 99.4% Ni Irrad Error 

ρs (m-2) 1.474E+16 1.005E+15 1.393E+16 1.755E+15 

γavg (%) 16 3.9 31 5.3 

 

As predicted, the SSD density remains constant, within error, as it should and the average shear 

strain around the indent increases by 15±6.6%. This is a significant result as the SSD is a 

modeling parameter and was therefore not a fixed value. This confirms ours assumption that 

SSD remains constant, when accounting for the irradiation induced defects in the ∆𝐻𝑖𝑟𝑟𝑎𝑑 term, 

as proposed by Nix and Gao in [22]. Referring to the equation by Ashby, equation (5.11), for the 

GND density as a function of the shear strain, this is the first empirical evidence we provide that 

the GND density around indent deformation is larger within the irradiated material. According to 

the Ma and Clarke SGP model, the GND density difference should in fact grow increasingly 

larger with smaller indentation depth, i.e. shifting to a nano-scale regime. As was done with the 

unirradiated material, rearranging equation (5.17) and substituting the SSD density from the Ma 

and Clarke model and the experientially measured value for HGND, values for the experimental 

GND density as a function of indentation depth can be calculated. These are indicated by the 

black data points in Figure 5.13. Additionally, using equation (5.11) and the value for 𝛾𝑎𝑣𝑔 𝑖𝑟𝑟𝑎𝑑, 

the GND density from the SGP model can be calculated, plotted as the black line. Also, included 

in Figure 5.13 is the same data from Figure 5.10, the GND density as a function of indentation 
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depth for the unirradiated material. The uncertainty in the values calculated for the experimental 

GND density for the irradiated material were calculated through error propagation methods. 

 

Figure 5.13: GND desnity modelled, Asheby relation and calcuated, data points for unirradiated, blue and irraidated, black, as a 

function of indentation depth. 

 

Figure 5.13 provides evidence that the GND density around an indent increases in an irradiated 

material. Therefore, the irradiation induced defects, identified in section 4.3.5, directly increase 

the GND density around deformation from a pyramidal indent. Recall from section 4.3.4 an 

EBSD analysis was conducted on the 200, 300, 500 and 1200nm depth indents for both the 

irradiated and unirradiated material. Using the EBSD data, a surface analysis of the GND density 

was done using Travis Skippon’s MATLAB code, also described in section 4.3.4. In the 

following section, a comprehensive comparison between indentation depth and GND density 

around the surface of the indent was done to provide further proof to the above result.  
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5.3.2 EBSD Analysis of GND density  

In section 4.3.4, a surface GND density analysis was done on each of the EBSD maps to produce 

GND density maps. A MATLAB script was written to analyse the mean GND density within a 

circular area, defined by a radius in μm around a selected point on the map. The script was used 

to analyse the GND density and distribution around each indent. Recall that the plastic zone 

around the indent has been seen to extend as far as 10 times the indentation depth [23].We 

therefore defined the standard for the analysis radius to be 10 times the indentation depth. For 

each of the indents imaged and mapped in section 4.4.1, this analysis was done to determine the 

mean GND density within a radius 10 times the indentation depth, centred at the indentation 

centre. Note, that for the irradiated material only the top three indents were analysed due to poor 

map quality along the edge of the material. Additionally, for the 200, 300,500 and 1200nm depth 

indentations in the unirradiated material, only two indents were imaged. Also, for the 200nm 

depth indents in the unirradiated material, the data from the two indents varied largely. The 

second indent was along a grain boundary, artificially increasing the GND density, which 

appears larger on grain boundaries due to geometrical requirements in the MATLAB script. This 

indent was omitted from the data, however the average GND density was still smaller in the 

unirradiated material before removing the data point. In the following 4 figures the GND density 

map and the mean GND density around an unirradiated and irradiated indent, at four different 

depths, are provided.  
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Figure 5.14: GND desnity map around 200nm deep indentation for unirradiated (Left) and irraidated (Right) Ni. (Mean GND 

density for unirradiated map=300.8 μm-2 and Mean GND density for irradiated map=505.7 μm-2) 

 

Figure 5.15: GND desnity map around 300nm deep indentation for unirradiated (Left) and irraidated (Right) Ni. (Mean GND 

density for unirradiated map=293.1 μm-2 and Mean GND density for irradiated map=382.0 μm-2) 
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Figure 5.16: GND desnity map around 200nm deep indentation for unirradiated (Left) and irraidated (Right) Ni. (Mean GND 

density for unirradiated map=188.8 μm-2 and Mean GND density for irradiated map= 373.1 μm-2) Note the difference between 

the two sclae bars. 

   

Figure 5.17: GND desnity map around 1200nm deep indentation for unirradiated (Left) and irraidated (Right) Ni. (Mean GND 

density for unirradiated map=170.2 μm-2 and Mean GND density for irradiated map=216.8 μm-2) 

 

As was seen from SGP modelling of the indentation, the GND density is, on average, larger 

around a pyramidal indent in an irradiated material then an indent of the same depth in an 

unirradiated material. This is particularly noticeable in the nano-scale regime as the difference 

between the mean GND density for the 500nm indent depth is 189.1±8.4μm-2, while for the 

1200nm depth it is only 21.2±45.2μm-2. This directly agrees with the results plotted in Figure 
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5.13. This also confirms the theory behind the mechanism suggested in section 5.2.3, namely, 

that GND density is larger in the irradiated material with the largest difference occurring in the 

nano-scale regime.  

In figures 5.14 to 5.17 the GND density maps with the highest EBSD indexing and resolution 

were plotted, however, the mean GND density was determined from the average of multiple 

indents. The average of the mean GND densities is plotted in Figure 5.18 below. The uncertainty 

was determined from the standard deviation in the mean GND density around each indent.  

 

Figure 5.18: The average of the Mean GND desnity in an area 10x the indentation depth, as a function of indentation depth, 

detemrined from EBSD analysis 

 

Recall, that both the irradiated and unirradiated samples had the same surface preparation, 

however the local GND density in each indentation area may change. Additionally, the 

‘background’ GND density, the GND density outside of the deformed region, may also vary 

between the irradiated and unirradiated sample. In order to get a more accurate comparison of the 

GND density in the deformed region between the irradiated and unirradiated sample, the 
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background GND density was measured for each of the GND density maps in figures 4.38 to 

4.45. Using the same script for measuring the mean GND density around the indentation, the 

mean GND density within a circular area, with radius 3μm, was measured three or four times for 

each GND density map. This yielded the mean background GND density. The corrected mean 

GND density around each indent was then calculated by subtracting the mean background GND 

density. These results are plotted in Figure 5.19 below. The error in the mean background density 

was determined from the standard deviation of the three or four measurements.  

 

Figure 5.19: The average of the Corrected Mean GND desnity in an area 10x the indentation depth, as a function of indentation 

depth, determined from EBSD analysis, with background GND desnity accounted for 

 

In section 5.2.3, the slope of the H2 versus 1/h, in the nano-scale regime, was compared for the 

irradiated and unirradiated material. It was concluded that the larger slope, in the irradiated 

material, was a result of a larger GND density for each step downward in indentation depth, i.e. a 

larger increase in H2 for a smaller indentation depth. Note that this is also observed in the micro-

scale regime, promoting slightly larger GND density in the irradiated material for micro-scale 
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indents. This is seen from both modelling and EBSD mean GND density calculations. Let us 

now compare the change in GND density between to 500, 300 and 200nm indentation depths as 

determined from the EBSD/Matlab calculations. The mean GND density for the 200, 300 and 

500nm indentation depths, seen in Figure 5.19 above, are plotted below with a linear trendline in 

Figure 5.20 below. A linear regression was then performed to determine the error in the slope of 

each line. 

 

 Figure 5.20: Nano-sclae section from Figure 5.19 with linear trendline  

 

The slope of the trendline for the mean GND density for the irradiated material was determined 

to be -4.96±0.82∙1011m-2/nm and -4.42±0.83∙1011 m-2/nm for the unirradiated material.  

5.3.3 Limitations of Strain Gradient Plasticity Model 

The quality of the results presented in section 5.3.1, is directly dependent on the SGP model used 

and several assumptions made during the modelling.  In this section, limitations and sources of 

error within the model will be discussed.  
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The first assumption made in the SGP modelling was that the GND density follows the Ashby 

relationship, equation (5.11), in the nano-scale regime. If it is assumed that the geometrically 

necessary dislocation density follows the 1/D relationship, inverse of indentation depth, the bi-

linear relationship is not observed in the plot of H2 versus 1/h. Therefore, the Ashby relationship 

is an overestimate of the GND density in the nano-scale regime. This is shown in Figure 5.21 

below.  

 

Figure 5.21: Comparison of H2 versus 1/h for experimentally detemrined harndeness of unirradiated Ni and hardness calculated 

from SGP model, using Ashby equation (5.11) for GND desnsity 

 

The hardness values plotted in Figure 5.21, are the values calculated from the Ma and Clarke 

model and the experimental values for the unirradiated 99.4% Ni, taken from Figure 5.8. It 

becomes evident that the equation used to model the hardness as a function of the indentation 

depth, equation (5.17), does not account for the bi-linear change in the plot of H2 versus 1/h, i.e. 
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the linear plot in Figure 5.21. Nevertheless, this does not change the fact that the GND density 

was both modelled and measured to be larger in the irradiated material. This simply means a new 

relationship should be proposed for the magnitude of the GND density in the nano-regime.  

The second source of error in the SGP modelling was the assumption that the indentation depth 

is the same as the contact/plastic indentation depth. The plastic depth of a particular indentation 

can be determined from its load versus displacement curve, shown in Figure 5.22 below.  

 

Figure 5.22: Figure taken from [41] to show indentation plastic depth, i.e. elastic portion of deformation 

 

The plastic indentation depth accounts for the elastic deformation/recoil of the material and can 

be determined using linear interpolation. By not accounting for the plastic indentation depth, we 

are assuming the irradiated and unirradiated material have the same plastic indentation depth. Let 

us consider the experimental increase in yield strength measured from both TEM analysis and 

indentation, σys ̴ 200MPa. If we assume the Young’s Modulus for both the irradiated and 

unirradiated material is about the same, 200GPa, the stress-strain curves for the two materials are 

predicted in Figure 5.23 below.  
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Figure 5.23: Schematic showing change in indentation contact depth as a result of the increase in yield strength from irradiation   

 

Figure 5.23 shows that the plastic/contact depth for the irradiated material is smaller, assuming 

the same elastic properties for irradiated and unirradiated. In reference to equation (5.11), the ρg 

density, if the plastic depth is smaller for the irradiated material, this would result in a larger 

GND density. Therefore, the contribution to a larger GND density in the irradiated material, as 

determined by equation (5.11), may be a result of indentation size and not the shear strain around 

the indent, γ. It is predicted that the 2D indentation area would be smaller in the irradiated 

material compared to the unirradiated material, as a result of smaller contact depth in irradiated 

material. This prediction can be confirmed through high resolution images of irradiated and 

unirradiated indents, done at the same depth control, see section 5.3.5. Additionally, future work 

includes tensile tests for both an irradiated and unirradiated sample to determine elastic 

properties.  
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The final source of error or limitation in the Strain Gradient Plasticity modeling is pile-up related 

to indentation. Without accounting for pile-up, similar to the argument above, it is assumed the 

indentation diameter and structure is the same in the irradiated and unirradiated material. Pile-up 

around the irradiated and unirradiated indentation can be determined through surface AFM. 

Doing AFM experimentation to determine pile-up will also provide information regarding the 

deformation of the material, dependent on irradiation. Consideration for pile-up are made in 

section 5.3.5.  

5.3.4 Possible Mechanisms for GND increase  

Recall observations i. to iii. is section 5.2.3. The mechanism that accounts for these observations 

is a larger GND density in the irradiated material in the nano-scale regime. This hypothesis was 

supported by both SGP modelling and experimental GND density calculations. Let us consider 

now, why the GND density is larger in the irradiated material.        

Firstly, we know the irradiated material is harder from irradiation induced defects. We can take 

the same argument used by Zong et al. 2006, to describe the bi-linear transition in the ISE, to 

help explain this result. Analogous to Figure 5.13, Z. Zong et al. [20] plot the GND density 

calculated from SGP modeling for pure Ni, Ag and Au, shown in Figure 5.24 below; 
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Figure 5.24: GND density as a function of indentation contact depth done by Z. Zong et al. in [20], when studying the ISE in the 

nano and micro-scale regime for pure Ni, Ag and Au.  

Consider an indentation size of 100nm in the nano-scale regime and an indentation size of 

100μm in the macro-scale regime. The GND density is calculated, from SGP modeling, to be 

about 1016 m-2 from the nano-scale regime and 1015 m-2 for the macro-scale regime. Now 

consider the average dislocation spacing, L, given by; 

 𝐿 = 1/√𝜌𝑔 

 

(5.20) 

Therefore, the dislocation spacing is 7nm for a nano-indentation of depth 100nm and 45nm for a 

micro-indentation depth of 50μm. Zong et al. state that, in the nano-scale regime, only relatively 

few rows of GNDs are introduced into the deformed region, i.e. the spacing of the dislocations is 

on the same order of magnitude as the indentation depth, as opposed to the micro-indentation. 

They use the schematic in Figure 5.25 below to describe this relationship. 
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Figure 5.25: Schematic done by Z. Zong et al. in [20], used to depict the dislocation spacing and density as indentations 

transition from the micro to nano scale and used to explain bi-linear behavior. 

 

One may be thinking at this point, that this contradicts what has already been said. The number 

of GNDs is larger in the macro-scale, which is proposed by the schematic in Figure 5.25 and the 

argument that a few rows of GNDs are introduced into the deformed region in the nano-scale. 

However, recall that what we are proposing is that the GND density and not the total number of 

GNDs, is larger in the nano-scale regime. Simply due to the geometrical definition of GNDs the 

total number would have to be larger for a larger indent. Additionally, the total number of GNDs 

around an unirradiated and irradiated indent must be the same due to the geometrical nature, 

however, we are proposing a different density around the indent. Coming back to the argument 

for a bi-linear transition in the ISE, now consider the ratio of dislocation spacing to indentation 

depth. The ratio of dislocation spacing (Equation 5.20) to the assumed indentation depth, for the 

nano and macro-scale is given by; 

(
𝐿

ℎ
)
𝑁𝑎𝑛𝑜

= 0.07 & (
𝐿

ℎ
)
𝑀𝑖𝑐𝑟𝑜

= 0.0009 

We can see the ratio is about 100 times larger in the nano-scale regime. This directly results in a 

larger GND density in the deformed region around a nano-scale indent. This argument explains 

the increase in hardness in the nano-scale regime and the ISE, but how do we account for the bi-

linear transition? Recall from Figure 5.25b), that we have fewer dislocations in the nano-scale 

a) b) 
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regime. Z. Zong et al. state that this results in the requirement to initiate and multiply the number 

of dislocations. This is defined as dislocation source limited condition, i.e. fewer dislocation 

sources/Frank-Read sources exist in the nano-scale regime. They go on to reference Greer and 

Nix [21], who state that in a dislocation-starved condition, very high stresses are required to 

nucleate new dislocations, resulting in high strengths. In the macro-scale indents, Figure 5.25 a), 

a well-established dislocation network exists. Let’s apply this theory to the observations made in 

section 5.2.3. 

Observation i. states that the bi-linear transition occurs in the unirradiated material prior to the 

irradiated material. It is proposed that irradiation defects may act as a source for dislocation 

production and may delay the onset of dislocation starvation and resulting in a shift in the length 

scale. A more simplified way to describe this length scale shift would be to consider the increase 

in hardness from irradiation induced defects. Transitioning from an indentation depth of 500nm 

to 400nm in the unirradiated material requires less GND density than the transition from 500nm 

to 400nm in the irradiated material, i.e. the change in hardness is larger in the irradiated material 

from 500nm to 400nm than in the unirradiated. Additionally, irradiation induced defects are 

assumed to act as sources for GNDs, creating a larger GND density and smaller dislocation 

spacing. A larger GND density is required to accommodate the stress in the harder irradiated 

material and more sources are available. Thus, the NG model holds true for a slightly shallower 

indentation size in the irradiated material. This is consistent with the idea that dislocation 

starvation occurs in the unirradiated material first. It is at this transition, the largest difference 

between unirradiated and irradiated GND density should be observed, as the unirradiated 

material shifts to a source limited condition. This is consistent with what was observed in Figure 
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5.25. It is therefore proposed that a more accurate representation for GND as a function 

indentation depth for both irradiated and unirradiated follows the form; 

 

Figure 5.26: Schematic showing proposed relationship between GND density and indentation depth for irradiated material, i.e. 

correction to Ashby equation (5.11) 

 

Recall observation ii. and iii. respectively, the slope of H2 versus 1/h, in the nano-scale, is larger 

in the irradiated material compared to the unirradiated material and the increase from the 

microscale hardness to the nanoscale hardness is larger for the irradiated material. These 

observations are rationalized by the assumption that GND density is larger in the irradiated 

material. Y. Huang et al. state in [37] that there are strong repulsive forces between GNDs, 

which push dislocations to spread beyond the hemisphere, first proposed by Nix and Gao [22], at 

small indentation depth. It is hypothesised that, at the microstructural level, the larger GND 

density in the irradiated material results in more repulsion and thus a larger hardness. 

Alternatively, the irradiation induced defects result in stronger dislocation repulsion, resulting in 

a larger GND density to accommodate the deformation. 
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 It was previously stated that the total number of GNDs must be the same in irradiated and 

unirradiated material for indentations of equivalent depth, due to geometrical arguments. Let us 

consider the macro-scale deformation in order to assist in the rationalization that a larger GND 

density exists in the irradiated material. Up to this point the argument has been, ‘we have 

observed this phenomenon because GND density is larger in the irradiated material’. Now 

consider the argument, ‘GND density is larger in the irradiated material because…’. In section 

5.3.3 it was noted that material pile-up was not accounted for. Also, as will be shown in section 

5.3.5, the size of the plastic zone around the deformation from indentation must be considered. 

On the macroscale, the irradiation induced defects act as obstacles for deformation and moving 

dislocations. Therefore, pinning of dislocations during deformation occurs and fewer slip planes 

become activated. This directly results in a larger GND density around the indent, with a more 

localized deformation around the indent. This conforms with the constraint that the total GND 

population is the same, with a different distribution around the indent. It is therefore proposed 

that more pile-up will occur in the irradiated material as it becomes less plastic and more 

resistant to deformation.  If evidence for what is suggested above can be found, links can be 

drawn between the microstructural and macroscopic observation. That is, nanometer size 

dislocations loops result in a smaller plastic zone around the deformation, namely more 

deformation in single slip planes will be observed. Some evidence of this has already been 

collected for irradiated pure Zr, shown in section 5.3.5.  

5.3.5 Plastic Zone and Pile-up Phenonium Related to GND production 

In another experiment, not included in detail in this thesis, pure Zr was irradiated to 0.1dpa at 

140oC, using 6MeV proton irradiation. Indentations were performed on a number of different 

grains, oriented in the c and c+a axis, at a depth of 1200nm. The GND content has not yet been 
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studied in this experiment, however, high resolution SEM images have been taken of indents 

prior to and after irradiation. Note that indentations were performed in the same grains prior to 

and after irradiation. The SEM image, in Figure 5.27 below, shows the indentation done prior to 

irradiation, while Figure 5.28 shows the orientation of the grains indented.  

 

Figure 5.27: High resolution SEM image taken in emersion mode to identify indentations prior to irradiation 
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Figure 5.28:EBSD orientation map showing orientation of indented grains 

 

For the purpose of this study, we will only examine two indents, one made prior to, and one post 

irradiation, both in the same grain, grain 1 above. High resolution images of the indentation 

surface were taken using the CCD camera in the SEM, while in emersion mode, Figure 5.29. The 

emersion mode images captured by the SEM are also provided, Figure 5.30. 

Grain 1 Ф1=17.6 

Grain 2 Ф2=9.3 

Grain 3 Ф3=25.9 & 34.2 
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Figure 5.29: High resolution SEM image, taken with CCD camera, of 1200nm indentation before (Top) and after (Bottom) 

irradiation in 0.1dpa Zr. Note that these indentations were performed in grain 1, from image 5.28. 
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Figure 5.30: High resolution SEM image, taken in emersion mode, of 1200nm indentation before (Top) and after (Bottom) 

irradiation in 0.1 dpa Zr. Note that these indentations were performed in grain 1, from image 5.28. No stage bias, zero volts, was 

used, resulting in the electrical charging of slip planes.  

 

The size of the indentation can be compared before and after irradiation, as it was hypothesized, 

in section 5.3.4, that the indentation in the irradiated material would be slightly smaller and the 
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deformation would be more localized. This would directly result in a larger GND density around 

the indentation. Before measuring the size of the indents, let us consider some surface features 

that can be observed in figures 5.29 and 5.30 and what they can tell us about the deformation. 

These observations are listed below; 

i. In Figure 5.29 and 5.30, the slip planes in the irradiated material become more defined, 

however the spacing between slip planes becomes larger. More defined slip planes result 

from larger deformation in single slip planes. The ‘step size’ of the deformed plane, 

vertical to the sample surface, becomes more visible in SEM. If one looks closely at the 

indentation in the unirradiated material, the top image, it can be observed that the slip 

planes are very close together and less defined. This is characteristic of dislocation 

pinning upon deformation and results in a more localized deformation zone. This is in 

agreement with the theory discussed in section 5.3.4. 

ii. The second observation that can be made, is pile-up around the irradiated indents, the 

bottom images. With indentation pile-up observed around the irradiated indents, one 

would expect the indentation size in the irradiated material to be smaller than the 

unirradiated material, for indentations of equivalent depth.  

The sizes of the indents were measured in figures 5.29 and 5.30, measuring each side length of 

the indentation. This size of the idents yields a rough measurement of the size of the deformation 

zone and the GND density, as discussed in section 5.3.4. Table 5.9 below summarizes the results, 

which agree with the theory that the indentation size is smaller in the irradiated material, 

resulting in larger GND density. Note that more analysis has to be done in future work to 

conclude this definitively. 
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Table 5.9: Indentation size of 1200nm indentation in 0.1dpa, proton irradiated, Zr and unirradiated Zr 

Material  Indentation depth [nm] Edge size [μm] Error [μm] 

0.1dpa Zr 1200 9.50 0.17 

Unirradiated Zr 1200 9.69 0.19 
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Chapter 6 Conclusions and Future Work   

 

6.1 Conclusions  

The work conducted in the body of this thesis is separated into three chapters; the experimental 

methods, the results, and the discussion and analysis of the results. In the experimental methods 

section, we introduced a novel apparatus, the PISH, used for proton irradiation. In the results 

chapter, micro and nano mechanical testing was conducted on unirradiated and 0.1dpa, proton 

irradiated, 99.4% Ni. The deformation from the mechanical testing, in both unirradiated and 

irradiated material, was observed using SEM and EBSD. Finally, the microstructure of 

unirradiated and irradiated 99.4% Ni was observed in TEM and the irradiation induced defects 

were characterized. In chapter 5 a comprehensive analysis of these results was provided.  Using 

the information from the TEM analysis, irradiation hardening models were provided to estimate 

the increase in yields strength from irradiation induced defects. These results agreed with the 

experimental increase in yield strength, measured from the indentation results. The indentation 

size effect was analysed in both the irradiated and unirradiated Ni. Strain gradient plasticity 

models were employed to model the depth dependent hardness. An order of magnitude estimate 

for the GND density in deformed unirradiated and irradiated Ni was obtained. These results were 

compared with GND density maps obtained from experimental EBSD results. These results 

showed the same relationship, namely the GND density around an indent is larger in an 

irradiated material than an indent, of equivalent depth, in the unirradiated material. Furthermore, 

the largest difference in GND density occurs in the nano-scale regime, i.e. for indentations 

depths less than 500nm. This is believed to be a direct result of irradiation induced defects in the 

material, which alter the deformation and plastic zone around the indentation. The conclusions 

for each of the three chapters are as follows.  
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6.1.1 Conclusion form Experimental Methods  

i. The Queen’s RMTL can safely and accurately measure and control the proton beam 

current and sample temperature, under UHV conditions, to preform material irradiations. 

A 99.4% Ni target was irradiated with 6MeV protons, with a beam current of 20μA, for 

32.6 hours to achieve a dose of 0.1dpa, with an irradiation depth of 100μm and a dose 

rate of 10-6 dpa/s. The irradiation was performed over a period of five days and the 

average temperature of the sample was recorded to be 119.4±22.7oC. During UHV 

irradiations target interface and surface contact between materials was the most important 

variable for temperature control  

ii. When the dose delivered to the target was calculated using the total charge delivered to 

the target, a function of the proton beam current on target, it did not agree with the total 

dose delivered when calculating from the irradiation time. The total charge delivered to 

the target was measured to be 2.11±0.05C, yielding a dose of about 0.04dpa along the 

penetration depth of the protons. An error was since found in the beam current 

measurement system that has been fixed. Additionally, calculating dose from irradiation 

time does not account for the beam ramping up and down, to and from 20μA, when beam 

alignment and showdown is occurring. This dose was considered to be negligible 

compared to the 32.6-hour irradiation.  

6.1.2 Conclusion from Experimental Results  

i. The first result indicating irradiation induced defects had been inducted in the 99.4% Ni, 

was a VH 0.2 Vickers hardness test. The difference in hardness from the irradiated 

surface to the unirradiated surface was measured to be 49.0±12.8, for an indentation 

depth of 6.08±0.24μm. Nano-mechanical testing was performed using the Micro 

Materials NanoTest Vantage indenter. An indentation experiment was performed along 
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the cross-section of the irradiated 99.4% Ni, measuring the hardness along the damage 

peak. The hardness increased with increasing dpa, characteristic of the proton irradiation 

damage peak, Figure 4.20. The NG model was used to determine the indentation size 

effect and the characteristic hardness of the unirradiated (As received) and irradiated Ni. 

A bi-linear relationship in the plot of H2 versus 1/h was observed in both the irradiated 

and unirradiated material, defining a micro and nano-scale regime. Using the NG model 

to calculate the depth independent micro-hardness, an increase of 558.3±138.1 MPa was 

measured between the irradiated and unirradiated material. The increase in hardness 

resulted from irradiation induced defects.  

ii. TEM characterization was done on the irradiated and unirradiated area of the Ni target, 

observing the [101] zone axis with the [1-1-1], [200] and [11-1] g vectors. The 

unirradiated material showed no irradiation induced defects, showing a characteristic 

microstructure of an annealed material. SFTs and irradiation induced dislocation loops 

were observed in the irradiated Ni. g∙b analysis was conducted to determine the burgers 

vector of the dislocation loops, yielding 1/3<111> Frank loops on the (111) family of 

planes and ½<110> perfect loops on the (1-1-1) family of planes. The size distribution 

and density of the irradiation induced defects was measured from multiple different TEM 

micrographs. The size of the irradiation induced defects showed a log-normal 

distribution. The mean size of the SFTs was measured to be 3.02nm, while the mean size 

of the 1/3<111> Frank loops and ½<110> perfect loops were measured to 7.20nm and 

11.50nm respectively. The total defect density was measured to be 3.1±0.46∙1022 m-3, 

with 24.3% consisting of SFTs, 49.5% Frank loops and 26.2% perfect loops. EELS was 
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used during TEM operation to measure the thickness of the TEM foil and BF, DF and 

HAADF images were to observe irradiation induced defects in the microstructure.  

6.1.3 Conclusions from Discussion and Analysis  

i. Plastic properties can be determined through deformation induced from indentation. The 

increase in the tensile yield strength of the 99.4% Ni, from irradiation, was determined 

from the measured increase in the hardness from indentation using the relationship from 

Busby et al. [34]. The increase in the tensile yield strength was calculated to be 

171.4±42.2 MPa, which agreed with the value of  211.3 MPa measured in the thesis work 

by Dr. Yao for Ni irradiated to 0.1dpa with 590MeV protons at 233K [16]. The increase 

in tensile yields strength was then calculated from irradiation induced obstacle hardening 

models and using a superposition principle, defined in equation 5.2. The three obstacle 

hardening models used were the DBH, FKH and the BKS model, which yielded values 

for the increase in tensile strength of 315.7±0.1 MPa, 45.5±0.003 and 169.8±25.8 MPa, 

respectively. The BKS model agrees, within error, closest to the experimentally measured 

increase in tensile yield strength.  

ii. The ISE in the unirradiated and irradiated material was compared using the value of h* 

from the NG model in the micro-scale regime. h* is defined as the characteristic length 

and represents the indentation depth at which the ISE effects the hardness measurement. 

An increase of 38.6±116.6 in h* was found as a result of the irradiation of 99.4% Ni, 

which agrees with the results present by Peter Hosemann et al. in [23]. It is believed that 

the decrease in h* for irradiated material is a result of irradiation induced defects delaying 

the onset of dislocation starvation. 
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iii. The hardness versus indentation depth was plotted using the NG model, i.e. a plot of H2 

versus 1/h, a bi-linear relationship observed in the plots for the unirradiated and irradiated 

Ni. As suggested by Z. Zong et al. in [20], a nano and micro scale regime were defined 

and the transition was observed at 600nm depth indentation for the unirradiated material 

and the 400nm depth indentation for the irradiated material. The increase in the nano-

scale depth independent hardness from irradiation was calculated to be 930±128 MPa. 

Additionally, the increase in hardness from the micro-scale depth independent to the 

nano-scale depth dependent hardness is larger in the irradiated material, i.e. we see a 

larger increase in hardness in the irradiated material for indentations of equivalent depth. 

We know that the increase in hardness from the irradiation induced defects is about 600 

MPa and therefore these observations indicate a larger GND density for deformation in 

irradiated material compared to the unirradiated material and a shift in the bi-linear 

transition, i.e. the onset of dislocation starvation.  

iv. The Ma and Clarke SGP model was used for the hardness as a function of indentation 

depth for the unirradiated material hardness and the irradiated material hardness subtract 

the measured increase in hardness from irradiation induced defects. The modelling results 

yielded an order of magnitude estimate for the GND density as a function of indentation 

depth. Using the Ashby relation in equation 5.11, the average shear strain around the 

indent was shown to increase from 16±3.9% in the unirradiated Ni to 31±5.3% in 

irradiated Ni. This was the first confirmation for an larger GND density, as a function of 

indentation depth, in the irradiated material. Travis Skippon’s Matlab code uses SEM 

EBSD data as an input to determining GND density maps. The mean GND density, in a 

circular area 10x the indentation depth, was determined for 200, 300, 500 and 1200nm 
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depth indentations in both irradiated and unirradiated Ni. The GND density results agreed 

with the SGP modelling, showing an increase in the mean GND density around the 

indentation for the irradiated material. Additionally, the relationship between GND 

density as function indentation depth from the SGP modelling agreed with the GND 

density mapping results.   

6.2 Future Work  

After completing the discussion and modelling analyses in chapter 5, future work has been 

identified to confirm and provide more accurate results. The first comment regarding future work 

is the control system used for heating the target. Recall that the power supply to the solid-state 

relay is a 208V AC supply with an ON/OFF control system. Better temperature control can be 

implemented using a DC power supply with variable control. Additionally, the Omega 

controllers have PID control that can be implemented. This was one of the summer projects 

undertaken at RMTL during the summer of 2017. In regards to the work done in this thesis, 4 

things have been identified for future work, outlined below; 

i. As discussed in section 5.3.3, the plastic indentation depth can be accounted for by 

reviewing the depth versus load hysteresis plots from the NanoTest Vantage results. A 

more accurate value for the GND density can be determined by accounting for this. 

ii. Using AFM, the indentation pile-up can be determined. Accounting for the pile-up yields 

a more accurate value for the indentation area and therefore indentation diameter. The 

corrected area function can then be used the calculate the exact indentation diameter. 

Using AFM will yield an accurate measurement of the indentation area, which can then 

be compared between irradiated and unirradiated Ni. 
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iii. A new relationship can be determined for the GND density that accounts for the bi-linear 

transition in the plot of H2 versus 1/h. Relationships have been proposed in the literature, 

that accounts for the bi-linear change in H2 versus 1/h, that are dependent on indenter tip 

radius. These expressions can be extended to the GND density, to apply a correction 

factor to the Ashby relationship in equation (5.11), that takes into consider the indenter 

tip radius and the change in GND density in the nano-scale regime.  

iv. Perform more indentations and get a larger sample size to reduce uncertainty in single 

hardness measurements.  
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